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Abstract Low-temperature plasticity is a deformation mechanism that occurs mainly at high stress and
low temperatures and may be important in the shallow lithosphere, at the tips of cracks, and in laboratory
experiments. Previous studies investigating the low-temperature plasticity of themineral olivine have exhibited
wide variability in their extrapolations to the athermal flow strength or Peierls stress. To better constrain the
rheology of olivine, nanoindentation tests were performed on samples in the temperature range of 0–175°C.
The indentation properties were converted to uniaxial properties using a finite element-based method. The
data were fit to a standard flow law for low-temperature plasticity, and Peierls stresses between 5.32 and
6.45GPa were obtained. These results provide increased confidence in the extrapolation of high-pressure and
high-temperature laboratory experiments to low-temperature conditions and illustrate the applicability of
nanoindentation methods to the study of mineral rheology.

1. Introduction

Convection in planetary mantles is accommodated mainly by the subsolidus flow of minerals such as olivine,
the most abundant mineral in the upper mantle [Karato and Wu, 1993]. Deformation may occur by one of
several microscopic mechanisms, involving motion of dislocations, diffusive mass transfer, grain boundary
sliding, or some combination thereof [e.g., Frost and Ashby, 1982; Poirier, 1985; Karato, 2008]. At high tempera-
tures and low convective stresses characteristic of the sublithospheric upper mantle olivine is expected to
deform by dislocation creep or by dislocation-accommodated grain boundary sliding [Hirth and Kohlstedt,
2003; Hansen et al., 2011]. Both mechanisms produce texture, which is detected through the observation
of widespread seismic anisotropy in the upper mantle [e.g., Panning and Romanowicz, 2006]. However,
experiments show that at lower temperatures or higher stresses there is an additional contribution to
deformation by power law breakdown or “low-temperature” plasticity [Tsenn and Carter, 1987], which may
reflect a transition to obstacle-limited dislocation glide [Kocks et al., 1975; Frost and Ashby, 1982].

It is generally assumed that the effects of low-temperature plasticity areminimal in deeper parts of the Earth when
temperatures are high and convective stresses are low [Solomatov and Moresi, 2000; Solomatov et al., 2002;Wong
and Solomatov, 2015]. However, stresses may be larger within the ductile or semibrittle regions in the lithosphere
[Kohlstedt et al., 1995; Skemer and Karato, 2008; Behr and Hirth, 2014] or at the tips of cracks [Rice and Thomson,
1974; Argon, 1987]. Moreover, large shear stresses are common in laboratory experiments and the effects of
low-temperature plasticity must be considered when extrapolating experimental data to geologic strain rates
[Katayama and Karato, 2008; Mei et al., 2010]. Hence, precise measurements of rheology at low temperatures
are critical for interpreting geologic observations and reconciling these observations with experimental data.

In this study we present new data obtained using instrumented nanoindentation that further constrains the
low-temperature rheology of olivine while demonstrating the efficacy of this technique for the general study
of mineral rheology. Although indentation methods have been used extensively in fields such as materials
science, [e.g., Oliver and Pharr, 2010], their application to geological sciences has been limited [Barnes et al.,
1971; Evans and Goetze, 1979; Goldsby et al., 2004; Broz et al., 2006; Whitney et al., 2007; Zhu et al., 2007;
Bandini et al., 2012]. Nanoindentation provides a number of advantages over traditional high-pressure and
high-temperature rock deformation experiments. First, nanoindentation is a relatively precise technique, with
subnanometer displacement resolution and force resolution as low as 100nN [Fischer-Cripps, 2011, p. 263].
Second, brittle deformation is readily suppressed due to the self-confined nature of the indentation method
[Tabor, 1970]. Hence, plasticity is easily achieved for hard materials at room temperature conditions without
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secondary confinement from a gaseous or solid medium. Finally, experiments are rapid and minimally destruc-
tive, so many tests can be performed in a short period of time.

2. Background

At low-temperature conditions, obstacle-limited dislocation glide is expected to be the dominant deformation
mechanism inmanyminerals [Frost and Ashby, 1982; Tsenn and Carter, 1987]. While there are several formulations
for constitutive relations in the exponential regime, we follow here the derivation from Frost and Ashby [1982].
Orowan [1940] provided the well-known equation for strain accumulation by dislocation motion:

ε̇ ¼ ρbv (1)

which states that strain rate ( ε̇ ) is the product of dislocation density (ρ, itself a nonlinear function of stress),
the Burgers vector of the slip system b, and the average velocity of the dislocationv. A general formulation for
the velocity of dislocations is

v ∝ exp � H�

RT

� �
(2)

where H* is the activation enthalpy, R is the gas constant, and T is the absolute temperature [Frost and Ashby,
1982]. In the case of low-temperature plasticity, H* is stress dependent:

H� ¼ H�
0

1� σ
σc

� �p� �q

(3)

where H0
* is the zero stress activation enthalpy, σ is the differential stress, and σc is the critical stress where

dislocations move freely through obstacles at T= 0 K (the “athermal flow strength” of Frost and Ashby [1982]).
Dimensionless constants p and q depend on the details of the energy barriers to dislocation motion and are
constrained to fall within ranges 0 ≤ p ≤ 1 and 1 ≤ q ≤ 2 [Kocks et al., 1975]. For the specific case where plasticity
is rate-limited by the lattice friction, σc= σp, where σp is the Peierls stress [cf. Karato, 2008].

Combining equations (1)–(3), and noting that ρ is proportional to σ2, yields a constitutive expression describing
low-temperature plasticity [cf. Frost and Ashby, 1982, equation (2.12)]:

ε̇LTP ¼ Aσ2 exp � H�
o

RT

� �
1� σ

σp

� �p� �q� �
(4)

where ε̇LTP is the strain rate of the material deforming by this mechanism and A is a material-dependent
parameter. As σ/σp approaches unity materials begin to yield plastically at a rate that is nearly independent
of temperature.

Previous studies have attempted to constrain the low-temperature behavior of olivine through microinden-
tation [Evans and Goetze, 1979] and high-pressure and high-temperature deformation experiments using
either Griggs or the D-DIA apparatus [Raterron et al., 2004; Katayama and Karato, 2008; Mei et al., 2010].
Data are fit to an equation such as equation (4), assuming particular models for dislocation obstacles.
Previous studies determined Peierls stresses for dry olivine that range from 5.9 GPa [Mei et al., 2010] to
15.4 GPa [Raterron et al., 2004]; Katayama and Karato [2008] conducted a study under water-saturated condi-
tions, in which they determined Peierls stresses of 1.6–2.9 GPa. Although rheological experiments at high
temperature are relatively straightforward, experiments approaching room temperature are challenging
due to the strength of olivine and its propensity to deform by brittle mechanisms when the applied differen-
tial stress is greater than the confining pressure [Evans and Goetze, 1979; Kohlstedt et al., 1995]. Furthermore,
precise stress measurements under high confining pressures are technically difficult, requiring either in situ
measurements of changes to lattice spacing with a synchrotron light source [e.g., Raterron et al., 2004;
Mei et al., 2010], which have significant uncertainty [Burnley and Zhang, 2008], or measurements based on
calibrated relationships with dislocation density [e.g., Katayama and Karato, 2008].
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3. Experimental Procedure
3.1. Materials

Two olivine samples were investigated in this study. The first sample was derived from a single crystal of San
Carlos olivine, which was separated from a mantle xenolith. Optical microscopy confirmed the sample to be
free of fluid inclusions, fractures, and subgrain boundaries. A second polycrystalline sample was synthesized
from ground powders of the Balsam Gap Dunite, which was vacuum sintered at 1390°C for 4 h at a pressure of
10 Pa (see Sundberg and Cooper [2010] for details of sample preparation). The polycrystalline olivine sample
had a grain size of approximately 250μm and no preferred crystallographic orientation. The single crystal of
olivine was unoriented. Both samples are inferred to contain very low concentrations of water: San Carlos
olivine is considered to be nearly anhydrous [Li et al., 2008], while the high-temperature preparation proce-
dure for the polycrystalline sample should have effectively removed any preexisting water. The samples were
polished to a 0.1μm finish using diamond paste and mounted on stainless steel disks. The single crystal
olivine was attached to the disk using H20E EPO-TEK silver conductive epoxy suitable for testing at elevated
temperatures. The polycrystalline sample was mounted to a separate disk using cyanoacrylate adhesive,
which is appropriate for room temperature testing.

3.2. Nanoindentation

Nanoindentation measurements were obtained using a Hysitron TI950 TriboIndenter outfitted with a
heating/cooling stage capable of maintaining temperatures between �10 and 200°C. The sample was
clamped to the heating/cooling stage, the desired temperature was set, and the sample was left to equi-
librate for at least 40min before testing. The area function, which relates indent depth to projected area,
of a diamond Berkovich probe was calibrated using a fused quartz standard. The single crystal olivine
sample was tested in this manner at temperatures of 0, 75, 125, and 175°C, as well as at a room tempera-
ture of 23°C without activating the temperature control stage. At least 33 indents were made at each
temperature setting; a total of 175 indents were made during this part of the study. Dry nitrogen gas
was flowed over the sample for the 0°C tests to prevent condensation on the sample surface. For each
indent, the sample was loaded at a rate of 1000 μN/s to a maximum load of 5000 μN with a 2 s hold at
maximum load.

Additional constant strain rate indentation tests were performed at room temperature at an indentation
strain rate of 0.05 s�1. Nanoindentation strain rate ε̇ ið Þ is calculated as the displacement rate of the nano-
indentation probe divided by the instantaneous displacement [Mayo and Nix, 1988; Lucas and Oliver, 1999;
Wang et al., 2010; Cordova and Shen, 2014]. During these constant strain rate tests, the load is increased
exponentially over a calculated time interval to achieve the desired strain rate. A set of 16 indents
performed in this manner were conducted to a maximum load of 5000 μN with a 2 s hold at maximum load
and a linear unloading rate of 1000 μN/s. The nanoindentation strain rates for both the quasi-static
temperature tests and the constant strain rate tests were converted to uniaxial strain rates ε̇uð Þ through
ε̇u ¼ ε̇ i=3, which is based on relationships found in other material systems [Mayo and Nix, 1988; Poisl et al.,
1995; Lucas and Oliver, 1999; Wang et al., 2010; Cordova and Shen, 2014].

In order to study the effect of crystallographic orientation, tests were performed on 24 individual grains
from the untextured polycrystalline olivine sample at room temperature. Approximately nine indents
were performed on each of the 24 individual grains at a rate of 28 nm/s to a maximum displacement
of 140 nm. All indents were placed in the center of the grains to avoid any potential influence from
grain boundaries.

3.3. Data Analysis

The resulting load-displacement curves from the nanoindentation testing were first analyzed using classical
relations to obtain the reduced modulus from indentation (Er) and the hardness (H):

Er ¼ S
ffiffiffi
π

p
2

ffiffiffiffiffi
Ac

p (5)

H ¼ Pmax

Ac
(6)
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where S is the slope of the load-displacement curve upon unloading, Ac is the projected contact area of the
indentation, and Pmax is the maximum indentation load. The reduced modulus was also converted into a
compressive Young’s modulus for an isotropic material via

1
Er

¼ 1� ν2

E
þ 1� ν2i

Ei
(7)

where ν and E are the Poisson’s ratio and modulus of the sample and νi and Ei are those of the indenter probe
(νi= 0.07, Ei= 1140GPa for the diamond indenter used here). The Poisson’s ratio of olivine was taken to be
0.247 for all temperatures [Christensen, 1996].

Each curve was further analyzed according to the method of Mata and Alcala [Mata et al., 2002; Mata and
Alcalá, 2003] in order to extract uniaxial mechanical properties. This method is based on finite element
modeling for nonlinear plastic deformation following the power law stress-strain relation:

ε ¼ σy
E

� � σ
σy

� �1=n

(8)

where σy is the yield strength at which plastic deformation commences, E is the Young’s modulus, and n is the
power law strain-hardening exponent. The von Mises yield criterion was used for their simulations. To apply
Mata and Alcala’s method, first a quadratic function is fit through the loading portion of the load-displacement
curve in order to determine the curvature (K). The curvature is used to calculate the pile-up factor (α), a dimen-
sionless quantity describing the amount of material pile-up or sink-in around the boundary of the probe during
indentation according to the relationship

α ¼ K
fH

(9)

where f is a geometric factor equal to 24.56 for a Berkovich probe. Pileup and sink-in increase or decrease the
contact area, respectively, from what is expected from the indent depth. A value of α0.5> 1 indicates the
development of pile-up, while α0.5< 1 implies sink-in. E and H (from equations (6) and (7)) are then used
to determine σr, the uniaxial stress at a total characteristic strain of 0.1, from numerical fits to finite element
data [Mata and Alcalá, 2003, equation (5)]. Further numerical fits relate the values of σr, E, and α0.5 to the
power law strain-hardening coefficient n [Mata and Alcalá, 2003, equation (7)]. Finally, E, σr, and n are used
to calculate the yield strength of the indented material by rearranging equation (8) and applying the
condition that ε= 0.1 when σ = σr:

σy ¼ σr 0:1Eð Þ�n½ �1 1�n= (10)

Complete details of this method are described in Mata et al. [2002] and Mata and Alcalá [2003].

Once the yield strength was obtained, the data were analyzed according to the flow law in equation (4).
Several combinations of p and qwere chosen to correspond with those values used in other low-temperature
plasticity studies [Evans and Goetze, 1979; Raterron et al., 2004; Katayama and Karato, 2008; Mei et al., 2010].
Due to the limited data set in this study, not all of the parameters in the flow law could be constrained
through a nonlinear least squares inversion. Therefore, a zero stress activation enthalpy of 320 kJ/mol, as
determined by Mei et al. [2010], was used for the fitting process. The choice of activation enthalpy has only
a minor effect on the calculated Peierls stress. This was also demonstrated by Katayama and Karato [2008]
who found less than 10% difference in the calculated Peierls stress between activation enthalpies of 518
and 300 kJ/mol.

4. Results

The experimental conditions and results from all of the temperature tests, the constant strain rate tests, and
the average values from the polycrystalline olivine are given in Table 1 with standard error from repeated
measurements reported. For all of the testing conditions, the calculated α0.5 was approximately 0.88, indicat-
ing a slight sinking-in of material around the indent perimeter. This can be seen in the scanning probe micro-
scopy (SPM) image of an example indent in Figure 1. The average strain-hardening exponent nwas calculated
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to be 0.22 on average for the single crystal olivine and 0.09 for the polycrystalline sample. The ratio E/σr, which
describes the elastic and plastic contributions to the stress field under the indenter, was approximately 30 for
all conditions. Figure 1, as well as all other SPM images acquired during testing, shows no evidence for crack
formation at the sample surface. This indicates that all permanent deformation was accommodated by nonbrit-
tle phenomena. Figure 2 shows the load-displacement curves for the temperature tests as well as the indenta-
tion strain rate evolution over time for a quasi-static temperature test and a constant strain rate test. The strain
rate was calculated from the final 20 nm of loading for each test. A uniaxial strain rate of approximately 0.04 s�1

was measured for each of the temperature tests. Because this strain rate cannot be considered steady state due
to the nature of the quasi-static test, constant strain rate tests were performed to ensure that the properties
obtained from the quasi-static tests are valid. The constant strain rate tests exhibit less variation in measured
strain rate and are in good agreement with the quasi-static tests for all of the calculated properties.

Figure 3 shows the data obtained in this study fitted to flow laws of the form given in equation (4) with (p, q)
combinations of (1/2, 1), (1, 2), (2/3, 2), (3/4, 4/3), and (1, 1). The first four combinations were chosen for their
use byMei et al. [2010], Raterron et al. [2004], Evans and Goetze [1979], and Frost and Ashby [1982], respectively.
The (1, 1) combination was also evaluated because it defined a lower bound for the Peierls stress [cf. Katayama
and Karato, 2008]. Also plotted in Figure 3 are the flow laws of Evans and Goetze [1979], Raterron et al. [2004],
and Mei et al. [2010] adjusted to a strain rate of 0.04 s�1. The fitting procedure produced ~1GPa spread in
the Peierls stress, ranging from 5.32GPa (p=1, q=1) to 6.45GPa (p=2/3, q=2). The average room temperature
yield strength measured from the polycrystalline olivine was 5.65GPa with a standard deviation of 0.39GPa
from the orientation effects.

5. Discussion

Figure 3 shows that the Peierls stres-
ses determined by this study, 5.32–
6.45 GPa, are among the lowest for
any comparable study on dry olivine.
These values are well below those
determined by Evans and Goetze
[1979] and Raterron et al. [2004]; how-
ever, they are in good agreement with
the results of Mei et al. [2010], who
obtained a Peierls stress of 5.9GPa.

Because indentation tests require the
activation of many independent slip
systems, it is likely that the orientation
of the single crystal sample had some
systematic effect on the measured
properties in our study. While the
orientations of the samples used in
this study were not determined, the

Figure 1. Scanning probe microscopy image of an indent made at 75°C.
The topographical image is obtained by rastering the nanoindentation
probe across the surface while maintaining a constant load between the
probe and the surface. The z axis describes surface distortions relative to the
height of the original surface, which is set to 0 nm. The lack of any visible
cracking on the surface indicates that all permanent deformation was
accommodated plastically.

Table 1. Summary of Experimental Conditions and Resultsa

Temperature
(°C)

Reduced Modulus
(GPa)

Hardness
(GPa)

Indentation Strain Rate,
ε̇ i (×10

�1 s�1)
Uniaxial Strain Rate,

ε̇u (×10
�2 s�1)

Yield Strength
(GPa)

Single crystal 0 164.10 ± 7.40 14.12 ± 0.58 1.21 4.04 4.60 ± 0.27
Single crystal 23 181.29 ± 6.47 14.32 ± 0.42 1.11 3.70 4.59 ± 0.24
Single crystalb 23 184.27 ± 12.25 14.29 ± 0.74 0.538 1.79 4.51 ± 0.35
Single crystal 75 178.55 ± 5.22 14.91 ± 0.45 1.21 4.04 4.38 ± 0.22
Single crystal 125 160.64 ± 9.37 13.12 ± 0.55 1.20 4.01 4.28 ± 0.28
Single crystal 175 160.77 ± 9.01 13.12 ± 0.48 1.20 3.99 4.19 ± 0.32
Polycrystal 23 168.60 ± 11.53 14.42 ± 0.76 2.21 7.37 5.65 ± 0.39

aStandard error from repeated measurements is reported.
bConstant strain rate.
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indentation arrays performed in the untextured polycrystalline olivine showed that the variation in yield
strength between the grains was only ~7%. Similarly, Evans and Goetze [1979] reported less than 10%
variation in properties measured by indentation due to orientation effects. Because the testing volume
of nanoindentation is well below the size of the individual olivine grains, this technique can only provide
measurements of the individual grains (as if they were individual single crystals) not of the aggregate
polycrystalline sample. Thus, performing the nanoindentation on a polycrystalline sample does not
provide comprehensive properties for the sample as a whole. Conversely, the experiments by
Mei et al. [2010] and Raterron et al. [2004] determined the average properties of an entire polycrystalline
sample, which has the benefit of averaging any effects of crystallographic orientation. There is, however,
a possibility that grain boundaries influenced the mechanical properties through the activation of
additional deformation mechanisms.

In comparison to the high-temperature and high-pressure methods typically used to measure rheological
properties of geologic materials, nanoindentation provides a relatively simple and precise method to quan-
tify rheology in low-temperature deformation regimes. However, two particular aspects of nanoindentation

Figure 2. (a) Example of load-displacement curves from the different temperature tests. Indentation strain rate-time
curves obtained at (b) 75°C for quasi-static and (c) 23°C for constant strain rate. For Figures 2b and 2c, the average
strain rate over the final 20 nm of loading (constant strain rate segment; green) was used in the analysis. Each of these
plots used an averaging window of 1.5% of the duration of the test. The scatter is due to fluctuations in displacement
during the load-controlled testing.
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testing that pertain to this study
should be reviewed: thermal effects
and conversion between indentation
and uniaxial properties.

Thermal drift, the expansion or con-
traction between the sample and the
indenter tip, is a concern at room tem-
perature and even more so with the
use of a heating or cooling stage.
This drift can adversely affect the
accurate measurement of the probe
displacement into the sample, result-
ing in incorrect property measure-
ments. While this study attempted to
mitigate the effects of drift by waiting
a sufficient amount of time for the
sample and probe to reach thermal
equilibrium, large drift rates on
the order of 0.8 nm/s were observed
for the 175°C testing. However, the
instrument software corrects the
displacementmeasurements to account
for the measured thermal drift.
Additionally, a study on thermal

drift in nanoindentation reports that its effects are negligible on the computed nanoindentation
modulus if the time from the beginning of the test to the start of unloading is less than (S · hc)/Ṗ ,
where hc is the contact depth and Ṗ is the unloading rate [Feng and Ngan, 2002]. At all of
the temperatures tested in the current study, the test time was less than this quantity. The short test
duration and automatic correction routine suggest that the effects from thermal drift on the data
collected here are minimal.

The conversion of indentation measurements to uniaxial properties is not a trivial procedure. There is a very
small body of literature, primarily tailored toward metals, that explores the relationship between indentation
and uniaxial properties, and there is no universally applicable method to convert between the two. The
uniaxial strain rate was calculated here as one third of the indentation strain rate, similar to a study by
Cordova and Shen [2014] on Sn and a SnAgCu alloy, while other studies have found the conversion factor
to be on the order of 0.1 [Wang et al., 2010].

The method of calculating yield strength [Mata and Alcalá, 2003] also comes with some uncertainties.
This method was designed for metals with any combination of yield strength in the range of 50–1000MPa,
Young’s modulus in the range of 70–200 GPa, and strain-hardening exponent between 0 and 0.4. While
the properties of olivine should fall within the acceptable ranges for strain-hardening exponent and
Young’s modulus, the yield strength falls above the intended range. The analysis depends on defining
the contact under the indenter as either fully plastic or in an elasto-plastic transition. The conditions for
fully plastic deformation are met when the plastic zone under the indenter is unconstrained and spreads
outward from the material’s free surface. This tends to be satisfied when the ratio E/σr is greater than
100. Applying our data to this analysis method shows that E/σr is around 30, meaning that the olivine
indentation lies well within the elasto-plastic transition regime. The model covers E/σr ratios between 20
and 3000 and is applicable regardless of the deformation regime, but the calculations within the elasto-
plastic regime are much more sensitive to the pile-up factor α0.5. Slight variations in this factor can greatly
affect the calculated strain-hardening coefficient and, by consequence, the yield strength. However, the
calculation of the pile-up factor obtained from equation (9) was verified for randomly selected indents
by measuring the deformation from their SPM profiles, with less than 1% difference between the values
calculated through equation (9) and measured from the SPM profile. This lends confidence to the
applicability of Mata and Alcala’s method to the data collected here.

Figure 3. Yield strength plotted against temperature for the single crystal
olivine tests (blue squares; ε̇ ¼ 0:04 s�1). Each curve was plotted using
H�
o = 320 kJ/mol. A and σp given for each curve have units of s-1·GPa-2 and

GPa, respectively. The error bars on the single crystal data points reflect the
potential orientation effect, which is estimated as one sigma uncertainty
from the distribution of measurements on the polycrystalline sample. The
single crystal olivine data were fit to Equation (4) using several combinations
of p and q values. For comparison, the flow laws of Mei et al. [2010], Evans
and Goetze [1979], and Raterron et al. [2004] at ε̇ ¼ 0:04 s�1 are also
included. The shaded gray regions on these flow laws indicate the range
where experimental data were collected for each respective study.
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6. Conclusions

Experimental determinations of mineral rheology are central to our understanding of the dynamics of Earth’s
interior. Here we provide data obtained using instrumented nanoindentation that constrains the rheology of
olivine under conditions that favor low-temperature plasticity. These data provide increased confidence in
the extrapolation of previous laboratory data to low temperatures and contribute to our basic understanding
of olivine rheology at conditions relevant to the shallow lithosphere. We have demonstrated that the
nanoindentation technique provides valuable data that complement traditional high-pressure and high-
temperature rock mechanic experiments but also presents a number of advantages and opportunities for
future research. In particular, the high precision of the stress measurements and the ability to generate large
data sets mean that uncertainties in flow law parameters can be reduced significantly. Nanoindentation
offers tremendous potential for micromechanical testing in parameter space previously unexplored for
geologic materials.
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