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Abstract Grain size sensitive (GSS) power law creep of San Carlos olivine aggregates was investigated
by comparing strain rates measured in laboratory deformation experiments to strain rates determined
from a micromechanical model of intragranular dislocation processes. The plastic flow behavior of olivine
aggregates due solely to intragranular slip was determined using flow laws for olivine single crystals
in combination with grain orientations measured by electron backscatter diffraction. Measured strain
rates were compared to results from the micromechanical model for samples deformed in compression
to an axial strain of <0.2 and in torsion to a shear strain of up to 7.4. Olivine aggregates deform up to a
factor of 4.6 times faster than the maximum possible rates determined from the micromechanical
model of intragranular slip. Comparison of our data to published flow laws indicates that diffusion creep
cannot account for this difference. The ratio of experimentally determined strain rates to those from the
micromechanical model is strongly dependent upon grain size but is independent of stress and strength
of lattice-preferred orientation. These observations indicate that GSS power law creep, consistent with
dislocation-accommodated grain boundary sliding, occurs in both weakly and strongly textured olivine
aggregates at the studied conditions.

1. Introduction

Geodynamic simulations of solid-state flow in the upper mantle require flow laws derived from experimen-
tal deformation of olivine-rich rocks. These flow laws define rheological regimes, which describe conditions
at which materials behave mechanically in a defined manner. An important aspect of experimental defor-
mation is relating flow laws to deformation mechanisms that describe the atomistic processes that give
rise to flow [Frost and Ashby, 1982]. Multiple deformation mechanisms may operate simultaneously dur-
ing high-temperature deformation. The relative influence of each mechanism depends upon state variables
including grain size, stress, and strength of lattice-preferred orientation (LPO) [Evans, 2005], each of which
may vary significantly between laboratory and upper mantle conditions. It is therefore possible that the
dominant deformation mechanism at laboratory conditions is not the dominant mechanism under mantle
conditions, a situation that would result in significant error in geodynamic simulations. To evaluate the con-
tributions of different deformation mechanisms operating during polycrystalline deformation, we compared
strain rates measured in deformation experiments on olivine aggregates to strain rates determined from a
micromechanical model.

The micromechanical model used in this paper allows for isolation of the contribution of the motion of lattice
dislocations, a grain size insensitive (GSI) process, to the total strain rate of an aggregate. This step is carried
out by combining crystallographic orientation data from deformation experiments on olivine aggregates with
flow laws for individual slip systems obtained from high-temperature creep experiments on olivine single
crystals. We compare strain rates determined from the micromechanical model to strain rates measured from
experimentally deformed samples to quantify the influence of grain size sensitive (GSS) processes. These data
are then used to identify the dominant deformation mechanism that is operating at different conditions of
grain size, stress, and strength of LPO.

Multiple rheological regimes have been identified during high-temperature steady state deformation of
olivine aggregates. These regimes include GSS linear creep, GSS power law creep, and GSI power law creep.
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The steady state rheological behavior of olivine aggregates under high-temperature conditions is well
described by flow laws of the form

�̇� = A
𝜎n

dp
f m
O2

f r
H2Oexp

(−Q
RT

)
, (1)

where �̇� is strain rate, A is a material specific parameter, 𝜎 is differential stress, n is the stress exponent, d is
the mean grain size, p is the grain size exponent, fO2

is oxygen fugacity, m is the oxygen fugacity exponent,
fH2O is water fugacity, r is the water fugacity exponent, Q is activation enthalpy, R is the gas constant, and T
is temperature. If the rheological regimes represent deformation mechanisms that operate independently of
one another, the total strain rate for a viscously deforming aggregate, �̇�total, can be expressed as a constitutive
equation of the form

�̇�total = �̇�GSS linear + �̇�GSS power + �̇�GSI power, (2)

where the subscripts GSS linear, GSS power, and GSI power refer to the strain rates from GSS linear creep, GSS
power law creep, and GSI power law regimes, respectively.

The flow law parameters that define individual rheological regimes of a plastically deforming olivine aggre-
gate may be used to infer the dominant, or rate controlling, deformation mechanism operating in each
regime. During GSS linear creep, n equals 1 and p equals 2 or 3, and deformation occurs by a diffusion
mechanism [Nabarro, 1948; Herring, 1950; Coble, 1963]. GSS power law creep occurs when n is greater than
1 and p is greater than 0 and indicates deformation occurs by a mechanism that involves the motion of
lattice dislocations aided by deformation associated with the migration of and displacement along grain
boundaries [Langdon, 1994]. GSI power law creep occurs when values of n are 3 to 4 and values of p are
0 and indicates that dislocation creep is dominant [Poirier, 1985, pp. 103–109]. The dominant deformation
mechanisms operating during GSS linear creep and GSI power law creep are well agreed upon. However,
the deformation mechanism operating during the GSS power law regime of olivine aggregates has been
attributed to dislocation-accommodated grain boundary sliding (disGBS) [Hirth and Kohlstedt, 2003; Drury,
2005; Hansen et al., 2011, 2012] or dynamic recrystallization-controlled (DRX) dislocation creep [Platt and Behr,
2011; Johanesen and Platt, 2015].

The dominant deformation mechanism may also be inferred from microstructural observations of deformed
rocks. Typically, a strong LPO is interpreted as evidence of dislocation creep, while a weak LPO or nearly ran-
dom orientation distribution is interpreted as evidence of diffusion creep [e.g., Warren and Hirth, 2006; Mehl
and Hirth, 2008; Toy et al., 2010]. However, determination of the dominant deformation mechanism based on
microstructural observations is not always straightforward. In olivine aggregates that were experimentally
deformed in GSS linear and GSS power law regimes, LPOs of various strength have been observed. For exam-
ple, a LPO has been observed in very fine grained olivine aggregates deformed at low differential stress with
n close to 1, suggesting fabric development may occur when diffusion creep is the dominant deformation
mechanism [Miyazaki et al., 2013; Sundberg and Cooper, 2008]. Similarly, a LPO has been observed in olivine
aggregates in which n is approximately 3 and p equals 0.7 [Hansen et al., 2011], indicating that a LPO develops
during GSS power law creep.

In naturally deformed mantle rocks interpreted to have deformed by both GSS linear and GSS power law creep,
a LPO has also been observed. Lherzolite deformed at lithospheric mantle conditions displays a weak olivine
LPO at conditions of stress and grain size near the transition from GSS linear to GSS power law creep [Drury
et al., 2011]. Peridotite deformed at conditions consistent with GSS power law creep develops an LPO whose
strength and orientation correlates with grain size [Précigout and Hirth, 2014]. Numerical simulations indicate
that mantle materials retain a preexisting LPO after deformation via GSS linear creep [Wheeler, 2009], further
complicating the interpretation of observations of LPO in the field.

These observations highlight the need for a method, in addition to experimentally determined flow law
parameters and observation of microstructure, to infer the activity of individual deformation mechanisms in
deformed rocks. In this paper, results from a micromechanical model are compared to measurements of strain
rate from experimentally deformed olivine aggregates to investigate the operation of GSS power law creep
as a function of grain size, stress, and LPO strength. This process provides an additional tool to investigate the
nature of the deformation mechanism that operates during GSS power law creep of olivine aggregates.
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Figure 1. Maps of grains, reconstructed from EBSD data, for samples (left) PI3-1477, (middle) PI10-941, and (right)
PI10-949. Colors represent values of Schmid factor calculated for the (010)[100] slip system.

2. Methods

Mechanical and crystallographic orientation data from experiments on olivine aggregates deformed in triax-
ial compression, general shear (samples sheared between pistons cut at 45∘ to the compression direction),
or torsion were utilized for the micromechanical model. The starting material for all experiments consisted of
dried powders of San Carlos olivine that were uniaxially cold pressed at 100 MPa pressure and room tempera-
ture and then isostatically hot pressed at 300 MPa and 1200 or 1250∘C. During the hot press and deformation
portion of the experiments, the samples were surrounded by a nickel sleeve to control oxygen fugacity at the
Ni/NiO buffer.

Values of grain size were determined from electron backscatter diffraction (EBSD) analyses of deformed sam-
ples using the MTEX toolbox for MATLAB®; [Bachmann et al., 2010]. Examples of typical EBSD maps used to
quantify grain size and LPO are presented in Figure 1. Step sizes used for EBSD mapping were between 0.25
and 1.0 μm, and a critical misorientation angle of 10∘ was used to separate grains. Clusters of less than five
pixels were omitted from calculations of grain size values for each sample. The mean grain size for each sam-
ple was determined by taking the arithmetic mean of the equivalent diameter of the grains calculated from
the area. Values of grain size for each sample are well fit by a lognormal distribution. The mean value was then
multiplied by a factor of 1.5 to correct for artifacts introduced by the nonspherical nature of olivine grains as
described by Underwood [1970, pp. 8–93].

The steady state values of stress and strain rate at the last segment of deformation of each experiment were
used in the micromechanical model. Therefore, measurements of crystallographic fabric and grain size directly
correspond with the mechanical data. A uniform stress condition is assumed such that the strain rate of each
grain is calculated from the orientation of the dislocation slip systems with respect to the applied stress. This
simplifying assumption yields the fastest possible estimates of strain rate from the motion of dislocations, and
therefore, the smallest possible estimates of the contribution of GSS deformation mechanisms to the total
strain rate of an aggregate. The strain rate from dislocation creep for each grain in a deformed aggregate is
estimated using published single crystal flow laws combined with the crystallographic orientation of the grain
determined from EBSD.

The stress tensor in the sample reference frame for triaxial compression, 𝝈𝑡, is

𝝈𝑡 =
⎡⎢⎢⎣
𝜎𝐴 + Pc 0 0

0 Pc 0
0 0 Pc

⎤⎥⎥⎦ (3)

and the stress tensor in the sample reference frame for torsion or general shear experiments, 𝝈𝑠, is

𝝈𝑠 =
⎡⎢⎢⎣

Pc 𝜎𝐴 0
𝜎A Pc 0
0 0 Pc

⎤⎥⎥⎦, (4)

where 𝜎A is the applied stress and Pc is the confining pressure. Either stress tensor can then be rotated into
the crystallographic reference frame, as indicated by the prime symbol, by𝝈′ = R𝑇𝝈 R, where R is the rotation
matrix defining the orientation of the crystal reference frame relative to the sample reference frame.
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The symmetric glide tensor, 𝝁𝛼 , for each slip system (𝛼) is determined from the relation

𝝁𝛼 = 1
2

(
b𝛼

i n𝛼

j + b𝛼

j n𝛼

i

)
, (5)

where b is the Burgers vector and n is a unit vector normal to the slip plane for each slip system [Lebensohn
and Tomé, 1993]. The shear stress resolved onto each slip system, 𝜏𝛼 , is calculated by

𝜏𝛼 = 𝝁𝛼 ∶ S′, (6)

where the deviatoric stress tensor, S′, is

S′ =
⎡⎢⎢⎣
𝜎11 − 𝜎𝑚 𝜎12 𝜎13

𝜎21 𝜎22 − 𝜎𝑚 𝜎23

𝜎31 𝜎32 𝜎33 − 𝜎𝑚

⎤⎥⎥⎦ , (7)

and 𝜎𝑚 = 1
3

trace(𝝈′).

Once the differential stress on each slip system, Δ𝜎𝛼 , is determined from

Δ𝜎𝛼 = |2𝜏𝛼|, (8)

the strain rate due to dislocation glide is calculated. The strain rate due to glide, �̇�𝛼g , on each slip system is
then calculated using the flow laws from Table 4 of Bai et al. [1991] for olivine single crystals deforming by
dislocation creep, which is

�̇�𝛼g = �̇�𝛼g

(
Δ𝜎𝛼, T , 𝑓O2

)
sgn (𝜏𝛼), (9)

where sgn (𝜏𝛼) indicates the sign (positive or negative) of the value of the resolved shear stress on the given
slip system. The [110]𝑐 , [101]𝑐 , and [011]𝑐 orientations were assumed to deform by operation of the (010)[100],
(001)[100], and (010)[001] slip systems, respectively. To calculate the total strain rate due to glide in each grain,
shear strain rates from glide, ̇𝛾𝛼g , are required:

̇𝛾𝛼g = 2 �̇�𝛼g . (10)

The strain rate tensor for glide in the crystallographic reference frame, �̇�′g, is determined for each grain by
summing the contribution from all of the slip systems:

�̇�
′
g =

3∑
𝛼=1

𝝁𝛼�̇�𝛼g . (11)

To calculate the strain rate of the aggregate, the strain rate tensor must be rotated back into the sample
reference frame. The strain rate tensor for each grain in the sample reference frame, �̇�grain, is

�̇�grain = RT �̇�′g R =
⎡⎢⎢⎣
�̇�11 �̇�12 �̇�13

�̇�21 �̇�22 �̇�23

�̇�31 �̇�32 �̇�33

⎤⎥⎥⎦ . (12)

Assuming a uniform stress state and ignoring strain compatibility, we estimate the fastest possible
volume-averaged strain rate from intragranular deformation from

�̇� =

N∑
𝛼=1

�̇� 𝛼
grainV 𝛼

grain

N∑
𝛼=1

V 𝛼
grain

, (13)

where Vgrain is the volume of each grain. The calculated value of the equivalent strain rate due to dislocation
creep using the measured crystallographic orientations from deformation experiments, �̇� dis, is

�̇� dis =
√

2
3
�̇� ij �̇� ji , (14)

which allows for comparison among experiments carried out in different deformation geometries. Values of
�̇� dis were calculated using both the set of grain orientations as determined from EBSD analyses, �̇� calc−fabric,
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Figure 2. Calculated values of equivalent strain rate
for each grain in a compression experiment as a
function of resolved shear stress on the (010)[100]
slip system.

and a set of grain orientations randomly drawn from
a uniform distribution, �̇� calc−uni, generated from a large
population of random grain orientations.

3. Results

Calculated values of equivalent strain rate for individ-
ual grains determined from equation (12) depend upon
grain orientation, as illustrated in Figure 2. The grains with
the largest values of resolved shear stress on (010)[100]
(RSS(010)[100]) have the highest values and smallest range
of calculated equivalent strain rate. Grains that have the
smallest values of RSS(010)[100] generally have lower values
and a larger range of calculated equivalent strain rate.

The primary microstructural difference between samples
deformed in triaxial compression to those deformed in
general shear and torsional shear is the strength and
geometry of the LPO as presented in Figure 3. For the case
of compression, the [010] axes align preferentially with the

compression axis, and the [100] and [001] axes form a girdle perpendicular to the orientation of the com-
pression axis. For general shear and torsion experiments, the [100] axes preferentially align in the direction of
shear, and the [010] and [001] axes form a girdle around the direction of shear that is associated with a max-
imum of [010] perpendicular to the shear plane. Values for the J index, a measure of fabric strength [Bunge,
1982], range from 1.2 for compression experiments and up to 5.5 for torsion experiments.

To quantify the difference between the measured strain rate, �̇�meas and �̇� calc−fabric, we define the strain rate
enhancement factor, f , as

f =
�̇�meas

�̇� calc−fabric
. (15)

Measured and calculated values of strain rate and associated values of f are presented in Table 1. The values
of f vary as a function of grain size but are nearly independent of stress and LPO, as illustrated in Figure 4. A
least squares fit of f as a function of grain size measured at the end of each experiment yields

f = 101.1 ± 0.6d−1.1 ± 0.7 , (16)

where d is the grain size in 10−6 m.

4. Discussion

The values of f presented in Table 1 indicate that the strain rates obtained from the micromechanical model
are often significantly slower than those measured experimentally over a large range of conditions of grain
size, stress, and LPO strength. Calculations of aggregate plasticity can be made using end-member models
(uniform stress versus uniform strain rate) to bound the most realistic scenarios [e.g., Dawson and Wenk, 2000].
Here we made the simplifying assumption that all grains were subject to the same stress state [Sachs, 1928],
which ignores compatibility requirements. This end-member model describes the fastest strain rates pos-
sible with purely intragranular plasticity. Although more sophisticated grain-scale micromechanical models
are available, such as those described by Lebensohn and Tomé [1993], we have taken the most conservative
approach to characterizing the discrepancies between experiments and calculations.

A consequence of using the uniform stress bound in our calculations is that values of f < 1 are possible even
when deformation occurs in a GSS creep regime. To approximate the lowest possible values of f that still reflect
deformation in a GSS regime, the micromechanical model was applied to experiments carried out on Åheim
dunite with a mean grain size of ∼900 μm [Keefner et al., 2011]. The large grain size of the sample analyzed
from that study results in a negligible contribution from GSS deformation at the experimental conditions and
therefore yields approximate values of f for deformation occurring in the GSI regime. Calculated values of
f from a coarse grained dunite (PI3-1166) are 0.5 or 0.7 using either a nearly uniform distribution of grain
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Figure 3. Equal area, lower hemisphere pole figures generated from EBSD measurements for each data set used in the micromechanical models. Values of
multiples of uniform distribution are represented by the color scale. All of the experiments labeled with a PI3 prefix were carried out in triaxial compression, with
the exception of PI3-284, which was carried out in general shear. The experiments preformed using PI10 were carried out in torsional shear. The orientation of
maximum compression is to the north for pole figures from compression experiments and the direction of shear is top to the right for pole figures from shear
experiments.
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Table 1. Table of Experimental Conditions and Results of the Micromechanical Modela

Exp # 𝜎 (MPa) d (μm) T (K) 𝛾 J �̇�meas (s−1) �̇�calc−fabric (s−1) �̇�calc−uni (s−1) f

PI3-1477↓ 304 6.3 1473 0.4 1.2 5.60E−05 2.30E−05 2.99E−05 2.4

PI3-1514↓ 328 20.0 1473 0.1 1.3 1.50E−05 3.10E−05 3.90E−05 0.5

PI3-1519↓ 290 4.6 1473 0.2 1.3 6.20E−05 2.00E−05 2.54E−05 3.1

PI3-1523↓ 420 5.4 1473 0.3 1.3 9.80E−05 7.30E−05 9.27E−05 1.3

PI3-1543↓ 441 16.0 1473 0.4 1.2 7.00E−05 8.60E−05 1.10E−04 0.8

PI3-1166↓ 240 ∼900 1523 0.4 2.7 2.43E−05 3.49E−05 5.01E−05 0.7

PI3-284⇌ 414 7.0 1473 1.1 1.7 1.70E−04 1.00E−04 5.18E−05 1.7

PI10-941↻ 227 7.2 1523 1.3 2.4 1.30E−04 2.80E−05 6.32E−06 4.6

PI10-264↻ 369 3.6 1473 3.5 1.7 1.86E−04 8.50E−05 3.46E−05 2.2

PI10-951↻ 171 12.1 1523 3.6 5.1 3.60E−05 5.48E−05 2.35E−06 0.7

PI10-951↻ 177 12.1 1523 4.0 5.2 4.00E−05 5.84E−05 2.65E−06 0.7

PI10-951↻ 182 11.4 1523 4.3 4.8 4.40E−05 6.32E−05 2.92E−06 0.7

PI10-951↻ 187 11.5 1523 4.7 5.5 4.70E−05 7.58E−05 3.21E−06 0.6

PI10-951↻ 191 10.9 1523 5.1 5.3 5.10E−05 7.77E−05 3.45E−06 0.7

PI10-951↻ 197 11.6 1523 5.5 3.3 5.70E−05 5.86E−05 3.85E−06 1.0

PI10-949↻ 238 6.8 1523 7.4 2.9 1.90E−04 6.40E−05 7.46E−06 3.0
aValues of 𝜎 and �̇� are in equivalent terms. Strain in compression experiments was converted to shear strain for com-

parison. The deformation geometry for each experiment is indicated by the symbols referenced below the table. Data
from compression and general shear experiments were previously reported in Hansen et al. [2011], Keefner et al. [2011],
and Lee et al. [2002], respectively. All data are from experiments on aggregates of San Carlos olivine, except for PI3-1166,
which was from Åheim dunite. ↓ triaxial compression, ⇌ general shear, and ↻ torsional shear.

orientations or a small sample size of grain orientations from EBSD measurements of the deformed sample,
respectively. Therefore, the transition from GSI to GSS creep likely occurs near values of f of 0.5 to 0.7.

In light of these observations, it is clear that the experimentally measured strain rate cannot be accounted
for by the activity of intragranular dislocations alone. As illustrated in Figure 4a, the ratio of the measured to
calculated strain rates increases with decreasing grain size, implying that a grain size sensitive deformation
mechanism is operating. Published flow laws for olivine aggregates [Hansen et al., 2011; Hirth and Kohlstedt,
2003] demonstrate that strain rates due to diffusion creep (a grain size sensitive mechanism) at the condi-
tions of these experiments account for only 0.1 to 21% of the measured strain rates; thus, diffusion creep
cannot be responsible for the observed discrepancies. Furthermore, values of stress exponents measured by
load-stepping sequences in triaxial compression experiments and rate-stepping excursions in torsion exper-
iments are between 2 and 4, indicating the importance of the motion of dislocations to the strain rate. The
combination of high values of n and observed grain size sensitivity indicate deformation occurred in the GSS
power law rheological regime.

One mechanism proposed to account for GSS power law creep of quartz [Platt and Behr, 2011] and olivine
[Johanesen and Platt, 2015] is dynamic recrystallization (DRX) controlled dislocation creep. In this creep
regime, strain-induced grain boundary migration acts to grow grains with low dislocation densities at the
expense of those with high dislocation densities. This process works to counteract strain hardening induced
by dislocation-dislocation interactions within grains. Johanesen and Platt [2015] argue that this mechanism
was operating in exhumed peridotite shear zones, largely because curved and lobate grain boundaries are
taken to indicate high rates of grain boundary migration.

Microstructural observations from laboratory experiments argue against DRX controlled creep as the primary
mechanism operating during high-temperature deformation of olivine aggregates. Analyses of experimen-
tally deformed olivine aggregates indicate that grains with the largest dislocation densities are those with the
largest Schmid factor for the (010) [100] dislocation slip system in both low strain compression experiments
[Farla et al., 2011] and higher strain general shear experiments [Lee et al., 2002]. Thus, one would expect that
strain driven grain boundary migration selectively removes grains that are well orientated with respect to the
externally applied stress for deformation on the (010)[100] dislocation slip system. If DRX controlled creep
were the dominant mechanism operating during deformation, migration of grain boundaries would create
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Figure 4. (a) Strain rate enhancement factor (f ) as a
function of grain size of olivine aggregates. The line is a
least squares fit of the data represented by equation (16).
(b) f as a function of J index. (c) f as a function of
equivalent stress. The values of f in Figures 4b and 4c
were normalized to grain sizes of 1 (black circles), 10
(grey circles), and 100 μm (white circles) using
equation (16), and the triangles represent
nonnormalized values. The lines in Figures 4b and 4c are
least square fits of grain size normalized values of f as
function of J index or stress. The results indicate that at
constant grain size, f is independent of J index and stress
with f ∝ J−0.2±0.5 and f ∝ 𝜎0.0±1.0.

an aggregate with either a random LPO or a LPO with
a maximum of [001] parallel to the shear direction.
We therefore conclude that, although DRX creep may
be important during low-temperature deformation,
observations of the LPOs that develop during anhy-
drous deformation of olivine aggregates argue against
its importance at high-temperature conditions.

Dislocation-accommodated GBS (disGBS) has been
identified as an important deformation mechanism in
olivine aggregates based on experiments performed
in the GSS power law rheological regime [Hirth and
Kohlstedt, 1995, 2003; Wang et al., 2010; Hansen et al.,
2011]. Similar behavior has been documented in other
geological materials including calcite [Schmid et al.,
1977; Walker et al., 1990] and ice [Goldsby and Kohlstedt,
2001]. The results of these studies are in good agree-
ment with theoretical models of grain boundary slid-
ing accommodated by the motion of intragranular
dislocations as described by Langdon [1994].

In contrast to the incompatibility of DRX controlled
creep with observed LPOs, disGBS is compatible with
the nature and strength of the LPO observed in
samples deformed in laboratory experiments. During
disGBS, displacements along grain boundaries are
coupled with the motion of lattice dislocations in
adjacent grains [Hirth and Kohlstedt, 2003]. This cou-
pling results in a significant contribution of intracrys-
talline dislocation processes to the strain rate of a
deforming aggregate and therefore to the rotation
and preferred alignment of individual grains. Observa-
tions of LPO development during GSS power law creep
[e.g., Hansen et al., 2012, 2014] are consistent with this
process. The similarities between observations of LPO
in olivine aggregates deformed during GSS power law
creep and those predicted from models of GSI power
law creep [e.g., Tommasi et al., 2000; Kaminski and Ribe,
2001; Castelnau et al., 2009] are consistent with signifi-
cant operation of intracrystalline dislocation processes
during disGBS.

Laboratory-derived flow laws for GSS power law creep
have values of n between those for diffusion creep and
dislocation creep. This observation suggests that GSS
power law creep may be due to simultaneous opera-
tion of diffusion and dislocation creep. However, the
results presented in Figure 4 indicate the observed GSS
power law regime is attributed to the operation of one
deformation mechanism. If the rheological behavior
attributed to disGBS were actually only the result of
simultaneous operation of diffusion creep and disloca-
tion creep, then one would expect the LPOs observed
at high-strain conditions in Figure 3, which promote
an increase in the resolved shear stress acting upon
the weakest dislocation slip system, to promote dis-
location creep over diffusion creep. In this scenario,
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increasing the strength of the crystallographic fabric
would result in a significant decrease of the contri-
bution of grain size sensitive deformation to the total
strain rate, a situation that would result in a strong
decrease in f with increasing LPO strength. In con-
trast, the results presented in Figure 4b indicate that
values of f , which describe the contribution of grain
size sensitive deformation, remain essentially constant
with increasing LPO strength.

Figure 5. Strain rate as a function of stress with flow
laws for diffusion creep (diff) and dislocation creep
(disl) from Hirth and Kohlstedt [2003] and dislocation-
accommodated grain boundary sliding (disGBS) from
Hansen et al. [2011] at conditions typical of laboratory
experiments. The dashed line is a sum of the strain rates
from the diffusion and dislocation creep flow laws.

The results presented in Figure 4c indicate that f is
not dependent on stress for the studied experimen-
tal conditions. This result is also consistent with the
operation of all of the experiments in one rheologi-
cal regime. If the observed GSS mechanism were the
result of a combination of two processes, the values of
f would decrease with increasing stress, which is not
observed. Therefore, disGBS must be a separate defor-
mation mechanism rather than a transition between
diffusion creep and dislocation creep. This conclusion
is supported by the experimentally derived flow laws
for olivine aggregates presented in Figure 5, where it is

apparent that the strain rate from the disGBS flow law cannot be explained by a combination of the diffusion
and dislocation creep flow laws. If the strain rate from disGBS were actually due to a combination of diffusion
and dislocation creep, the dashed line, which represents a combination of diffusion creep and dislocation
creep in Figure 5, would correspond with the solid line representing disGBS. However, the dashed line is a fac-
tor of 6 lower in strain rate than the disGBS flow law for the stress at which the diffusion and dislocation creep
flow laws intersect.

Goldsby and Kohlstedt [2001], based on experiments on ice, and Hirth and Kohlstedt [2003], based on experi-
ments on olivine, suggested that the strain rate of the disGBS mechanism is limited by either the strain rate
from displacement along grain boundaries (�̇�GBS) or the strain rate from the weakest dislocation slip system
(�̇�easy). Comparison of values of �̇�easy determined from the flow laws of Bai et al. [1991] and �̇�GBS estimated
from the analyses of Jackson et al. [2014] indicates that �̇�easy ≈10−6 �̇�GBS for the experimental conditions used
in this study. Therefore, �̇�disGBS would be expected not to surpass �̇�easy. This relationship is consistent with
the observations presented in Figure 6. As the value of the J index increases, �̇�meas∕�̇�easy increases rapidly.

Figure 6. Ratio of measured strain rate of olivine
aggregates to the strain rate for the flow law for single
crystals in the [110]c orientation from Bai et al. [1991] as
a function of J index. Conditions at which the measured
strain rate is equal to the flow law for the easy slip
system are indicated by the horizontal dashed line.

However, for a value of J index greater than ∼2,
�̇�meas∕�̇�easy remains relatively constant at approxi-
mately unity. This observation is consistent with defor-
mation that is rate limited by the strength of the
weakest dislocation slip system. The implication of
these observations is that the strain rate of olivine
aggregates deforming by the disGBS mechanism will
approach the strain rate of the weakest slip systems
once an LPO has developed. However, if deformation
is indeed limited by �̇�easy, it remains to be demon-
strated that strain rate is independent of grain size and
exhibits the same activation energy as observed for
olivine single crystals oriented for easy slip.

5. Conclusions

Our analysis demonstrates that the observed strain
rate in deformation experiments of olivine aggregates
cannot be explained by the operation of intragranular
dislocation or diffusion mechanisms alone. A deforma-
tion mechanism that is both grain size sensitive and
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has a power law dependence of strain rate upon stress must operate. The independence of values of f on stress
and fabric strength indicates a simple combination of diffusion creep and dislocation creep cannot account
for the observed strain rate. Therefore, disGBS operates in olivine aggregates over a large range of conditions
of stress and crystallographic fabric strength.
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