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SUMMARY

Low-temperature plastic rheology of calcite plays a significant role in the dynamics of Earth’s
crust. However, it is technically challenging to study plastic rheology at low temperatures
because of the high confining pressures required to inhibit fracturing. Micromechanical tests,
such as nanoindentation and micropillar compression, can provide insight into plastic rheology
under these conditions because, due to the small scale, plastic deformation can be achieved
at low temperatures without the need for secondary confinement. In this study, nanoinden-
tation and micropillar compression experiments were performed on oriented grains within a
polycrystalline sample of Carrara marble at temperatures ranging from 23 to 175 °C, using
a nanoindenter. Indentation hardness is acquired directly from nanoindentation experiments.
These data are then used to calculate yield stress as a function of temperature using numerical
approaches that model the stress state under the indenter. Indentation data are complemented
by uniaxial micropillar compression experiments. Cylindrical micropillars ~1 and ~3 um in
diameter were fabricated using a focused ion beam-based micromachining technique. Yield
stress in micropillar experiments is determined directly from the applied load and micropillar
dimensions. Mechanical data are fit to constitutive flow laws for low-temperature plasticity
and compared to extrapolations of similar flow laws from high-temperature experiments. This
study also considered the effects of crystallographic orientation on yield stress in calcite.
Although there is a clear orientation dependence to plastic yielding, this effect is relatively
small in comparison to the influence of temperature.

Key words: Creep and deformation; Plasticity, diffusion, and creep; Rheology: crust and
lithosphere.

£{1012}(2201), can be activated at low temperatures (De Bresser &
Spiers 1997). There is also evidence of other deformation processes
at low temperature such as crystal plasticity or recrystallization-
accommodated dislocation creep (Vernon 1981; Kennedy & White
2001; De Bresser et al. 2002; Liu et al. 2002; Rybacki et al.
2011) and grain boundary sliding (Wells et al. 2014; Negrini
etal. 2018).

Numerous experiments have been performed to characterize the
rheology of calcite over a wide range of pressure, temperature and
stress states. Deformation experiments in compression and tension

1 INTRODUCTION

Calcite is a common rock-forming mineral in the upper crust and
plays a major role in crustal deformation and rheology. While cal-
cite may deform by one of several mechanisms there is abundant
microstructural evidence for viscoplastic deformation at shallow
conditions, within calcite-rich faults and shear zones. Over tem-
peratures ranging from 100 to 500 °C natural calcite exhibits de-
formation microstructures that include twins and intracrystalline
dislocations (Vernon 1981; Kennedy & White 2001; De Bresser

et al. 2002; Liu et al. 2002; Rybacki ez al. 2011; Wells et al. 2014;
Kim et al. 2018; Negrini et al. 2018). At temperatures less than 400
°C (T/Tn =~ 0.3), deformation of calcite is dominated by twinning
(Ferrill et al. 2004). Twinning on e{1018}(4041) is common in
calcite at low temperatures because it has a small critical resolved
shear stress and is only weakly temperature-dependent (Burkhard
2000). However, if an individual crystal is unfavorably oriented for
twinning, other slip systems, including slip on r{1014}(2021)and

have been conducted on single crystals (Turner et al. 1954; Griggs
et al. 1960; De Bresser & Spiers 1990, 1997; De Bresser et al.
1993; De Bresser 1996) and polycrystalline samples (Rowe & Rutter
1990; Rutter 1995; De Bresser 1996; Renner et al. 2002; Platt &
De Bresser 2017), at temperatures of 20—1000 °C and confining
pressures of 0.2—1.0 GPa. Additional experiments in direct shear
(Schmid et al. 1987; Verberne et al. 2013) and torsional geometries
(Pieri, Burlini, et al. 2001; Pieri, Kunze, et al. 200; Barnhoorn et al.
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2004; Schuster et al. 2017) have been conducted on polycrystalline
samples at temperatures of 25 to ~1500 °C and confining pressures
of 0.2-6.0 GPa.

Despite the microstructural evidence for viscoplastic deforma-
tion in natural calcite samples deformed at shallow crustal depths
(corresponding to temperatures of 100—500 °C), most laboratory
experiments have been performed at temperatures greater than 300
°C. Indeed, only a handful of studies report results from experi-
ments below 300 °C (Turner ef al. 1954; Schmid et al. 1987; Rowe
& Rutter 1990; Verberne et al. 2013; Schuster ef al. 2017). High
temperatures are commonly used in rock deformation experiments
to promote thermally activated processes including diffusion and
dislocation creep at laboratory strain rates that are greater than tec-
tonic strain rates. High pressures are also needed to suppress frac-
turing. Low-temperature flow laws are therefore mainly constrained
through the extrapolation of data from higher temperatures (e.g. De
Bresser & Spiers 1997; De Bresser ef al. 2002; Renner et al. 2002;
Mei et al. 2010). This extrapolation increases the uncertainty in
any modeling or inference of deformation conditions of calcite-rich
rocks deformed in shallow crustal faults and shear zones (e.g. Hirth
& Kohlstedt 2015).

In this study, we determine directly the rheology of calcite at low
temperatures (23—175 °C) using micromechanical methods, includ-
ing instrumented nanoindentation and micropillar compression. In
a nanoindentation experiment, a sharp probe is pushed into the
material of interest at a constant loading rate or a constant displace-
ment rate, referred to as load-control and displacement-control,
respectively (Oliver & Pharr 1992, 2004; VanLandingham 2003).
Simultaneous records of load and probe displacement are used to
determine the mechanical response of the sample. Nanoindentation
facilitates the study of plastic deformation in geologic materials
at low temperatures because the self-confined nature of the exper-
iment suppresses fracturing (Goldsby et al. 2004; Kearney et al.
2006; Kranjc et al. 2016; Kumamoto et al. 2017; Thom & Goldsby
2019). Nanoindentation experiments are also quick in comparison
to other rock deformation experiments, facilitating the collection of
large data sets (e.g. >2000 individual deformation experiments in
this study). However, the complex stress state below the indenter
tip presents a challenge when uniaxial properties are desired, ne-
cessitating a numerical analysis to obtain material properties such
as yield stress.

Nanoindentation can be complemented by additional micropillar
compression tests, which enable the direct measurement of uniaxial
yield stress at length scales similar to those in nanoindentation
experiments. In a micropillar compression experiment, a micron-
scale pillar is micromachined using a focused ion beam (FIB) and
then deformed in uniaxial compression using a flat probe (Uchic
et al. 2009). Due to the small size of the pillar, brittle processes are
suppressed and viscoplastic deformation may be observed (Korte
& Clegg 2009; Korte-Kerzel 2017). In this study, we use data from
both nanoindentation and micropillar compression experiments to
elucidate the rheology of calcite at low temperatures that are relevant
to geological studies and geodynamic modeling of crustal rheology
and orogenesis.

2 METHODS

2.1 Specimen preparation and initial characterization

Indentation experiments were conducted within individual grains
of a single polycrystalline sample of Carrara marble, which has
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Figure 1. Equal angle, upper hemisphere, antipodal pole figure showing the
crystallographic orientations used in this study. Colors correspond to crystal
orientation and are the same colors used in Figs 3—6. All grains chosen for
testing are oriented such that one of the directions shown here is within 10°
of the indentation direction.

an average grain size of 100-200 um. A 7 x 9 x 1 mm sam-
ple was cut from a larger block that has been widely used in rock
deformation studies (e.g. Fredrich ef al. 1989, 1990; Xu & Evans
2010), and polished using progressively finer diamond grit, with
a final polish using 0.02 pm colloidal silica. Crystallographic ori-
entations of individual grains were determined using an Oxford
Instruments Electron Backscatter Diffraction (EBSD) system on
a JEOL 7001 FLV scanning electron microscope (SEM), operat-
ing at an accelerating voltage of 20 kV and working distance of
19 mm. For this study, grain orientation is defined by the crys-
tallographic direction parallel to the direction of indentation. These
orientations were selected to maintain consistency with previous ex-
periments by Turner et al. (1954) and De Bresser & Spiers (1997),
both of which investigated the orientation dependence of twinning
in calcite. Five crystallographic orientations were chosen for in-
dentation experiments: [0001], (1120), (1010), (2243) and (4041)
(Fig. 1). [0001] corresponds to the c-axis of the calcite grain, while
(1120) and (1010) correspond to the g-axes and the poles to mir-
ror planes, respectively; these two orientations are normal to the
c-axis. Crystals deformed parallel or subparallel to [0001] are ori-
ented unfavorably for twinning, while crystals deformed normal
to the c-axis ({1 120) and (1010)) are oriented favorably for twin-
ning on e{1018}(4041) under uniaxial compression (Turner e al.
1954; De Bresser & Spiers 1997). The two remaining orientations,
(2243) and (4041), are also unfavorable for twinning under uniax-
ial compression (De Bresser & Spiers 1997). Twenty-four grains,
including four to five grains in each orientation defined above, were
chosen for testing. Due to the weak texture of Carrara marble and
the paucity of ideal matches to the desired orientations, the grains
chosen for this study are within 10° of a desired orientation. We do
not account for the azimuthal orientation of the grain with respect
to the faces of the three-sided pyramidal indenter. Differences in
azimuthal orientation of grains may introduce small scatter in our
results, which is on the order of 5%.
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Figure 2. Load-displacement curves for high quality (blue) and poor quality
(red) indentations from the same grain at the same temperature. Typical load
displacement curves have continuous curvature, and occasionally show few,
small increases in displacement (~1-10 nm) referred to as pop ins. A small
change in displacement at the maximum load results from creep during the
2 s hold in the loading function. Load functions that deviate from this shape
often imply that the data are not useful and are not used in this study.

2.2 Nanoindentation

Load-controlled nanoindentation experiments in this study were
performed using a diamond Berkovich indenter probe in a Hysitron
TI 950 Tribolndenter equipped with a temperature control stage.
Individual indentation experiments consist of three segments: 5 s
of loading at a constant rate to the maximum load of 5 mN, a 2-s
hold at the maximum load and 5 s of unloading at a constant rate.
We use a maximum load of 5 mN to ensure contact depths are
sufficiently deep to avoid complications with misshapen or blunted
indenter tips. The indentation load, P, and probe displacement, /4,
are recorded simultaneously during each indentation experiment
(Fig. 2). Load measurements have a nominal precision of <1 nN
and displacement measurements have a precision of <0.02 nm.

The probe displacement is then converted to contact depth, /.., for
each indent using the maximum load applied, Py, and the initial
unloading contact stiffness, .S, which is determined from the slope
of the initial portion of the unloading curve.

Pmax

he= h—0.75
N

(M

Contact area is related to contact depth through a polynomial
function of the form:

A¢. = aohg + alhc + azhi/z + a3hi/4 —+ ..., (2)

where a; are constants determined by indenting a material with
well-known indentation hardness and reduced elastic modulus over
a wide range of loads. Fused silica was indented over the range of
100-10000 pN for this calibration. Indentation hardness, H, and
reduced elastic modulus, E,, are calculated for each indent using
eqs (3) and (4), respectively, and compared to the known values to
determine the accuracy of the area function.
PmEIX

H == ©)
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The area function is considered acceptable if the calculated values
are within 10% of the known values.

The measured load and displacement, along with the contact area,
are used to calculate the indentation hardness and the reduced elastic
modulus of the indented material. The reduced elastic modulus is
related to Young’s modulus by:

1 1 -2 1 —v?
- = + ; )
Er E sample E indenter

where £ is Young’s modulus and v is Poisson’s ratio, and the sub-
scripts refer to the properties of the sample and the indenter tip. The
Young’s modulus and Poisson’s ratio for the diamond indenter are
1140 GPa and 0.07, respectively.

The shape of the load—displacement curve is used to assess the
quality of the data (Fig. 2). Indents with atypical load—displacement
curves may indicate that the probe tip encountered something other
than the flat sample surface (e.g. defects, debris on the sample or
surface roughness) and are excluded from subsequent analysis.

Between 20 and 25 indents were made in each grain at four
temperatures (23, 75, 125 and 175 °C) resulting in approximately
100 indents in each grain and over 2000 indents in total. The vol-
ume affected by each indent extends beyond the contacted area and
individual indents were spaced 10 wm apart to avoid interaction
between indents. For experiments at all temperatures the sample
was clamped to the stage and allowed to equilibrate to the desired
temperature for at least 30 min prior to the start of the experiment.
After the indents were completed, the structure and morphology
of individual indents were examined in sifu using Scanning Probe
Microscopy (SPM) in the Hysitron TI 950 TriboIndenter, as well as
ex situ using SEM. SPM produces topographical images by scan-
ning the nanoindenter probe across the sample while maintaining
a constant load between the probe and the surface. SPM images
were taken of representative indentations in each orientation. Using
the SEM, secondary electron images were taken of representative
indents produced at each temperature and orientation.

“4)

2.3 Micropillar compression

Micropillars were fabricated using a focused ion beam (FIB) mi-
cromilling technique that was originally developed and applied to
metallic materials (Uchic ef al. 2009). Two instruments were used: a
Zeiss Crossbeam 540 FIB-SEM and an FEI Quanta 3D FEG. Prior
to fabricating micropillars, the entire Carrara marble sample was
coated with iridium to avoid sample charging. The Ga* ion beam
was then used to sputter away small amounts of the sample material
in concentric annular rings to produce a well with a cylindrical pil-
lar at the centre. To minimize ion implantation damage, the pillars
are machined using progressively smaller concentric rings with pro-
gressively lower ion beam doses to produce a 25 um diameter well
with a 1 or 3 um diameter pillar in the centre. The micropillars have
an approximate diameter to height ratio of 1:2. Multiple micropil-
lars were made in several grains oriented for compression parallel
to (2243) (unfavorably oriented for twinning), and for compression
parallel to (1010) and (1120) (favorably oriented for twinning).
Micropillar compression experiments were conducted in load
control using monotonic, stair-step loading functions with alternat-
ing segments of loading and holding. Experiments were stopped
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when a sharp change in displacement with respect to time was ob-
served, which was assumed to coincide with the onset of brittle
failure or plastic yielding. The load at which yielding occurred is
converted to yield stress by:
by

o, = —, 6

=7 ©)
where P, is the load at the time of failure or yielding and 4,, is the
area of the top of the micropillar prior to testing.

2.4 Scanning transmission electron microscopy

A thin foil from a deformed micropillar was prepared using a Hi-
tachi NB5000 focused ion and electron beam system. The top of the
micropillar was coated with a 1-um-thick layer of carbon followed
by a 1-um-thick layer of platinum. Additionally, a 2-um-thick plat-
inum coating was deposited to protect both sides of the micropillar
from collapsing during FIB lift-out. A 20 kV beam with 0.7 nA
current was used to cut the foil from the base of the micropillar,
while beam currents of 0.07 nA at 10 kV and 0.01 nA at 5 kV
were used to perform rough and fine milling, respectively, to make
the foil electron transparent. The resulting foil was mounted on
a Cu grid for scanning transmission electron microscopy (STEM)
experiments.

STEM imaging was carried out using the aberration-corrected
Nion UltraSTEM™ 200 (operating at 200 and 100 kV) at Oak
Ridge National Laboratory, which is equipped with a fifth-order
aberration corrector and a cold-field emission electron gun. The
Cu grid was baked at 160 °C under vacuum prior to the STEM
experiments to remove organics.

3 RESULTS

3.1 Nanoindentation

The indentation hardness of calcite varies systematically with crys-
tallographic orientation (Table 1 and Fig. 3). Grains indented parallel
([0001]) and subparallel ({2243)) to the c-axis, are harder than those
indented normal to the c-axis ((1120) and (1010)). The fifth ori-
entation tested ((4041)), which lies between the c-axis [0001] and
(1010}, exhibits intermediate hardness. Differences between grains
of similar orientations are assumed to be due to small misalignments
of grains with respect to the indenter.

At room temperature (23 °C) grains with hard orientations, par-
allel or subparallel to the c-axis, have an average hardness of
2.82 £ 0.12-2.86 % 0.13 GPa. Grains in softer orientations have an
average hardness of 2.59 £ 0.10-2.60 £ 0.09 GPa. Anisotropy of
hardness, 4y, is defined as:

Hmax - Hmin
Ay = | ——— ) x 100, (7
" < Hyy )

where Hp,y is the average hardness of the grains in the strongest
orientation, Hy, is the average hardness of the grains in the weak-
est orientation and H,y is the average hardness computed for all
indents at a given temperature. Hy,y is always the average hardness
of the grains indented parallel or subparallel to the c-axis ([0001]
or (2243)). Hy, is always the average hardness of the grains in-
dented in one of the two orientations normal to the c-axis ({1120) or
(1010)). At room temperature, the anisotropy of hardness is 10.0%.

Indentation hardness of calcite is also temperature dependent
(Table 1 and Fig. 3). For orientations [0001] and (2243) the hardness

decreases to 2.16 4= 0.08 and 2.17 £ 0.05 GPa, respectively, at 175
°C. Similarly, the hardness in the softer orientations, (1120) and
(1010), decreases to 1.98 + 0.11 and 1.98 + 0.08 GPa, respectively,
at 175 °C. The anisotropy of hardness at 175 °C is similar to that at
room temperature, with a value of 9.2%.

Fig. 4 shows representative secondary electron images of the tri-
angular indents produced by the three-sided pyramidal Berkovich
probe. Indent size and depth both increase with temperature. The
apothem and depth of room temperature indents are approximately
500 nm and 240-280 nm, respectively. The indents increase in
size to an apothem of 750 nm and depths of 280-330 nm at
175 °C. At lower temperatures, the sides of indents performed
in grains oriented with the indentation axis parallel or subparal-
lel to the c-axis are rough and cracks are present. The most extreme
cracking appears in grains indented parallel to the c-axis at room
temperature (Fig. 4). As temperature increases, the number and
density of cracks decreases and the sides of the indents become
smoother. There are only a few cracks in indents performed at
125 °C and no cracks observed in indents performed at 175 °C.
There is positive relief, referred to as ‘pile-up’, around the sides
of the indents, formed by material that is displaced during inden-
tation. SPM images in Fig. 5 show additional examples of this
feature.

3.2 Micropillar compression

Fourteen micropillar compression experiments performed on pil-
lars with a nominal diameter of 1 um and oriented unfavorably
for twinning (compression parallel to (2243)) exhibit yield stresses
varying from 0.82 to 1.15 GPa at 23 °C and 0.55-0.77 GPa at 175
°C. Pillars were examined before and after experiments to iden-
tify the mode of failure (Table 2). All pillars were characterized
as having failed by brittle fracture, diffuse ductile deformation, or
via deformation along shear bands. Brittle fracture was identified
by the presence of open cracks. Diffuse ductile deformation was
identified by a change in the shape of the pillar without any associ-
ated cracking or deformation along shear bands. Shear bands were
identified in secondary electron images as narrow bands of high
contrast.

Twelve 1 um diameter pillars tested in grains oriented favorably
for twinning (compression parallel to (1010)) were more variable,
with yield stresses ranging from 0.56 to 1.03 GPaat23 °C and 0.27—
0.72 GPa at 175 °C. All of the 1 um pillars show either fracture
or diffuse ductile deformation, without any noticeable shear bands
(Table 2).

Additional micropillar compression experiments were conducted
on 12 pillars with a diameter of 3 um in both unfavorable (com-
pression parallel to (2243)) and favourable (compression parallel
to (1010) and (1120))orientations for twinning. The yield stresses
of the 6 pillars in the unfavorable orientation are comparable to
those of the 1 um pillars in the same orientation, ranging from
0.73 to 1.15 GPa. However, the 6 pillars tested in favourable ori-
entations for twinning are markedly weaker than the 1 pm pillars
tested under similar conditions, with yield stresses ranging from
0.10 to 0.36 GPa. The 3 um pillars exhibit notably different de-
formation features from the 1 wm diameter pillars. While brittle
and diffuse plastic deformation are observed in the 3 um pillars,
the larger samples also exhibit shear bands in the pillars favorably
oriented for twinning that are not apparent in pillars unfavorably ori-
ented for twinning (Fig. 6). STEM observation of these shear bands
indicates that they are deformation twins on e{1018}. Fig. 7(a)
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Table 1. Indentation hardness as a function of orientation and temperature.
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Hardness (GPa)
Temperature (°C) - - _ _ Anisotropy (%)
All [0001] (2243) (4041) (1120) (1010)
23 2.71 £ 0.15 2.82 £ 0.13 2.86 £ 0.13 2.71 £ 0.07 2.59 + 0.10 2.60 = 0.09 10.0
75 2.44 £ 0.11 2.54 £ 0.07 2.53 £+ 0.08 2.42 £ 0.06 2.35 £ 0.07 2.35 £ 0.08 7.8
125 221 £ 0.11 2.34 £ 0.07 2.30 £ 0.06 2.19 £ 0.05 2.14 £+ 0.08 2.11 + 0.06 10.4
175 2.07 £ 0.12 2.16 £ 0.08 2.17 £ 0.05 2.05 £ 0.10 1.98 £ 0.11 1.98 £ 0.08 9.2

Temperature (°C)
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Figure 3. Indentation hardness plotted against temperature. Small triangles
represent the individual indentations (n = 2183), and large triangles rep-
resent averages for 20-25 indentations performed in a single grain (colour
corresponds to the orientation of the grain following the colour scheme in
Fig. 1). Error bars in the bottom of the figure, which are offset for clarity,
show =+ one standard deviation for each orientation.

shows a medium-angle annular dark field (MAADF) image of pil-
lar 2086_P02, which is oriented nominally with the m{1010}plane
as its surface, with a shear band traversing across the pillar from top-
left to bottom-right at an angle of ~59° from the horizontal. This
angle is comparable to the known angle between m and e of ~64°.
Fig. 7(b) shows a high-angle annular dark field (HAADF) image of
the pillar, with shear band highlighted as Region II, and either sides
of the shear band highlighted as Regions I and III. Fig. 7(c) shows
the fast Fourier transform (FFT) diffraction patterns of Regions I—
II1. We have used the crystal structure of calcite from Chessin et al.
(1965) to index the FFT patterns. The FFT patterns confirm twin-
ning during deformation, with an in-plane rotation of 43.78° for the
shear band (Region II) with respect to the undeformed crystal on
either side (Region I and II). This angle is close to the theoretical
angle of 52.5° (Barber & Wenk 1979). The differences between the
angles measured here and the theoretical angles are likely because
the STEM foil was not cut perfectly orthogonal to the twin. The
out of plane direction corresponds to [2201] orientation of calcite
crystal structure (Chessin et al. 1965).

4 DISCUSSION

4.1 Yield stress from nanoindentation experiments

While indentation hardness measurements are precise and relatively
straightforward to collect, there remains a significant challenge to
scale these values to uniaxial properties used in traditional consti-
tutive flow laws and models of deformation. To relate indentation
hardness measurements to uniaxial mechanical properties, indenta-
tion hardness must be converted to yield stress, o,,. This relationship
is commonly expressed by a simple linear function, where hardness
is proportional to yield stress via the constraint factor, C (eq. 8)
(Tabor 1970).

H = Co,. (®)

The constraint factor may vary from 1.1 to 3.0, where 1.1 repre-
sents the elastic limit, and 3.0 represents the plastic limit (Johnson
1970; Evans & Goetze 1979). Constraint factors are typically around
3 for materials with high E/o, ratios (>133), such as metals, and can
be as low as 1.5 for materials with low E/o, ratios, such as glasses
and polymers (Swain & Hagan 1976; Fischer-Cripps 2011; Shaw
& DeSalvo 2012). Calcite has a relatively low E/o, ratio, which
means that the constraint factor is predicted to be in the range of
C=15-130.

Multiple models have been used to estimate the constraint factor
and yield stress. Here we present calculations for four such models:
Johnson (1970), Evans & Goetze (1979), Mata et al. (2002), Mata
& Alcala (2003) and Ginder et al. (2018) (Table 3). As we have
no independent constraint on the yield stress at these deformation
conditions, we make no determination that one model is more valid
than the others.

The first of these models, derived by Johnson (1970), compares
indentation to an expanding cavity in an elastic—plastic solid. This
method states that the ratio of indentation hardness to yield stress is
determined by the geometry of the indenter and the elastic modulus
of the material.

E tan(6)
H 2 £ 1 4(1 - 2v)

Here, H is indentation hardness, o, is yield stress, E is Young’s
modulus, v is Poisson’s ratio and 6 is the angle between the surface
of a conical indenter and the indented surface. The value for 0
can be adjusted to compensate for different indenter tip geometries
by relating the volume of material displaced by differently shaped
indenter probes (Fischer-Cripps 2011). We use eq. (9) to determine
yield stress, though it can be simplified to eq. (10) if a Poisson’s
ratio of 0.5 (i.e. an incompressible material) is assumed.

_2 [1 +ln <17Etan(9))] . (10)
o, 3 3 o
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Figure 4. Array of representative secondary electron images of indentations at each temperature step (rows) and in each orientation (columns). Images are
colored based on orientation following the colour scheme in Fig. 1. The size of the indentations increases with increasing temperature; apothems increase from
500 to 750 nm and depths increase from 240 to 330 nm from 23 to 175 °C. Linear cracks are present in each of the four images of indentations performed
parallel to (4041) (marked by dashed arrows). All of these features appear in the same orientation, but do not appear to align with twin planes. The images
of these indentations were taken after the sample was coated with iridium in preparation for micropillar fabrication, and these features are interpreted to be
cracks or tears in the iridium coating caused by the SEM electron beam. There are bright linear features present in the lower, right-hand face of the indentations
performed parallel to (1010}, and dark linear features present in the upper face of the indentations performed parallel to (1120), though these are less prominent
(marked by solid arrows). Due to the orientation of these grains and the fact that these features are not present in other grains, it is thought that these features

are twin planes.

[0001]

(2243)

<
N

Figure 5. Scanning probe microscope (SPM) images of indentations made
at room temperature in each orientation tested. Images are colored based
on orientation following the colour scheme in Fig. 1. Pile up is observed in
4 of the 5 orientations (solid arrows) in varying amounts and on different
sides of the indentation. This variation is due to the anisotropy of the calcite.
Fractures are observed on the surface of the indentation parallel to [0001]
(dashed arrow).

Evans & Goetze (1979) determine an empirical model based on
the expanding cavity model of Johnson (1970) using microindenta-
tion data in olivine. This model shows the same relationship between
yield stress and indentation hardness as Johnson’s model, though

with slightly different coefficients.

H Etan(6
22019 + 1.6log (L()) (11)
Oy Oy

Eq. (11) is used in combination with Tabor’s eq. (8) to solve for
yield stress and constraint factor simultaneously.

Mata et al. (2002) and Mata & Alcala (2003) use finite element
analysis to develop a new model for indentation in metals. Mata
& Alcala use Johnson’s idea that the constraint factor is a func-
tion of the term, In(£ /o,), where o, is the reference stress at 10%
strain. They then use finite element analysis to determine a polyno-
mial function of In(£ /o, ), which is used to solve for the reference
stress.

1

7_ 24 G [m (£>] . (12)
[ i=0 (o

Here ¢; are constants determined by the finite element analysis.
This reference stress o, is comparable to the yield stresses deter-
mined by Johnson (1970), Evans & Goetze (1979), and Ginder
et al. (2018). The reference stress is then used in conjunction with
the curvature of the indentation load-displacement curve to deter-
mine a pile-up factor and work hardening exponent that are used
to calculate yield stress. Due to these additional steps, the yield
stress determined by Mata & Alcala is approximately a factor of
4 lower than the reference stress. However, because the reference
stress from Mata & Alcala (2003) is defined the same way as the
yield stresses from the other models, we use it in subsequent com-
parisons. This model was initially developed for materials with yield
strengths between 50 and 1000 MPa and Young’s moduli between
70 and 200 GPa. The results from our study show that yield stress for
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Table 2. Micropillar compression results.

Favorable for Twinning

Yield Strength )
Experiment Compression Diameter ~ Height  Temperature (MPa)g Yield Type
Number Direction m m °C .
(um) ) (C) First Test Retest Bands Diffuse Fracture

1020_P01? (1010) 1.3 2.2 23 0.466 0.661
1020_P02 (1010) 1.3 2.1 23 0.78
1020_P05 (1010) 1.3 21 23 0.63
1020_P00 (1010) 1.4 2.1 23 1.04
1020_P06 (1010) 1.4 2.0 23 0.60
1020_P03 (1010) 1.4 21 23 0.32
1020_P04? (1070) 14 2.0 23 088 056 ]
2086_P00 (1010) 2.6 7.0 23 0.16
2086_P01 (1010) 2.6 6.2 23 0.36 [ ]
1018_P00 (1120) 3.0 6.7 23 0.16
1018_PO1 (1120) 3.0 5.3 23 0.23
1018_P02 (1120) 3.0 6.3 23 0.10
1020_P10? (1010) 1.3 2.0 175 0.35 0.57
1020_P09 (1010) 1.3 21 175 0.51
1020_P08 (1010) 1.3 2.1 175 0.27
1020_P11 (10710) 1.3 2.1 175 0.72
1020_P0O7° (1010) 1.4 2.1 175 0.49
2086_P02 (1010) 3.1 6.4 175 0.16
Unfavorable for Twinning
) ) ) . Yield Strength )
Experiment ~ Compression ~ Diameter ~ Height ~ Temperature (MPa) Yield Type
Number Direction (um) (um) (°C)

First Test Retest Bands Diffuse Fracture

1005_P05°2 (2243) 1.3 2.2 23 0.94 0.66
1005_P08 (2243) 1.3 2.1 23 1.10
1005_P00 (2243) 1.3 2.1 23 0.93

1005_P01 (2243) 1.3 2.2 23 1.01
1005_P02? (2243) 1.3 2.2 23 0.82 N/A
1005_P03 (2243) 1.3 2.3 23 0.96
1005_P13° (2243) 1.4 2.6 23

1005_P042 (2243) 1.4 2.0 23 0.88 0.77
1008_P02 (2243) 2.9 5.6 23

1008_P01 (2243) 3.0 6.2 23

1008_P03 (2243) 3.0 6.4 23 0.73

1008_P04 (2233) 3.0 6.1 23 1.15

1008_P00 (2243) 3.0 6.2 23 1.05
1005_P122 (2233) 1.4 2.2 23/175¢° 0.86 0.72
1005_P06 (2243) 1.3 2.2 175 N/A

1005_P11 (2233) 1.3 2.0 175 0.76
1005_P10° (2243) 1.3 2.0 175 N/A 0.77
1005_P07"° (2233) 1.4 2.0 175 N/A 0.68
1005_P09° (2243) 1.4 2.2 175 N/A 0.55
1008_P05 (2243) 3.1 6.7 175 1.11

@ A potential yield was observed and the initial test was stopped, however, after imaging the pillar, little to no deformation occurred.
® |nitial testing was stopped early due to a high instrument drift rate.

¢ Pillar 1005_P13 was tested at a constant load of 1000 uN for 4 hours.

4 The initial test on pillar 1005_P12 was conducted at 23°C and the second test was conducted at 175°C

calcite, as defined in Mata & Alcala (2003) (~250 Mpa), is within Finally, Ginder et al. (2018) developed a model similar to that
the validated range, and that the Young’s modulus (50—65 GPa, de- of Johnson (1970) but for a power-law creeping solid as opposed
pending on temperature and orientation) is just below the validated to an elastic—plastic solid. This method uses Johnson’s analysis of

range. the dependence of indentation hardness on yield stress and Young’s
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1008_P02

1018_P00

Figure 6. 3 um diameter micropillars before (left-hand side) and after (right-hand side) a compression test. (a) A pillar oriented unfavorably for twinning
(experiment 1008_PO2). The image taken after deformation shows that the pillar changed shape uniformly, exhibiting mainly diffuse ductile deformation with
some minor fractures forming near the top of the pillar. (b) A pillar oriented favorably for twinning (experiment 1018_P00). There is a shear band shown in
bright relief at approximately a 45° angle to the axis of the pillar that appears after testing.

modulus during the indentation of an elastic—plastic solid (Johnson
1970) and simplifies the finite element model developed by Bower
that takes a similar approach (Bower et al. 1993). Like Bower’s
model, Ginder’s method correlates two power-law relationships:
one for uniaxial compression, ¢ = a0/, and one for indentation,
& = PBH", where ¢ is uniaxial strain rate, o, is yield stress, ¢;
is the indentation strain rate, H is the indentation hardness and
n is the stress exponent. « and f are terms related to creep and
indentation creep, respectively, and take an Arrhenius form. These
expressions are related to one another by « = BF”, where F' is
the reduced contact pressure and a function of the stress exponent,
n, derived from Johnson’s interpretation of the cavity expansion
problem (Johnson 1970; Ginder et al. 2018). An explicit assumption
in the Ginder model is that the rheology of the tested material is
best modelled as a power law and is suitable for stress exponents
less than ~7. However, it is previously observed that the stress
exponent of calcite is likely greater than 9 and may be as great as

70, even in experiments at high temperature (De Bresser & Spiers
1997). Higher stress exponents in the Ginder model results in lower
calculated yield stresses. As such, we use a stress exponent of 7 in
our calculation, which represents a conservative upper bound on the
yield stress determined using the Ginder model.

4.2 Yield stress from micropillar compression

The 3 pum diameter pillars show a greater variation in yield stress
with crystal orientation than the 1 um diameter pillars. The yield
stresses for the 1 um pillars are distributed widely over the total
range of yield stresses, while the 3 um pillars show a distinct con-
trast between the pillars oriented favorably for twinning and those
oriented unfavorably for twinning (Table 2). The differences are
interpreted to be a consequence of the size of the micropillars; the
3 um pillars are approximately 30 times larger in volume than the
1 wm pillars. Smaller pillars appear to suppress the formation of
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Figure 7. (a) A medium-angle annular dark field (MAADF) image of pillar 2086_P02 with a shear band traversing the pillar from the top left to bottom centre.
The white box shows the area shown in (b). (b) A high-angle annular dark field (HAADF) image of the pillar rotated by 30°. Scale bars in A and B correspond
to 300 and 30 nm, respectively Regions I and III are the undeformed regions of the material and region II is the twin. (c) Fast-Fourier transform patterns
of Regions I, II and III, as highlighted in B. This shows an in-plane rotation of 44° between the twin, red, and the host, green. This angle differs from the
theoretical angle of rotation because the sample was not perfectly orthogonal to the twin plane.

Table 3. Yield stress as a function of orientation and temperature of the four models used.

Yield Stress (GPa) (Johnson, 1970)

Temperature (°C) Anisotropy (%)
All [0001] (2243) (4041) (1120) (1010)
23 1.88 & 0.19 1.99 + 0.19 1.97 £ 0.11 1.83 £ 0.11 1.81 &+ 0.17 1.84 + 0.24 9.6
75 1.62 + 0.15 1.73 £+ 0.15 1.66 £ 0.10 1.55 4 0.08 1.58 4 0.18 1.60 & 0.18 11.1
125 1.46 £+ 0.16 1.60 £ 0.16 1.46 £+ 0.09 1.39 £ 0.10 142 + 0.15 1.43 £+ 0.20 14.4
175 1.32 £+ 0.13 1.43 + 0.13 1.32 + 0.08 1.28 + 0.08 1.27 £ 0.10 132 £ 0.17 12.1
Temperature (°C) Yield Stress (GPa) (Evans & Goetze 1979) Anisotropy (%)
All [0001] (2243) (4041) (1120) (1010)
23 1.23 £ 0.10 1.30 + 0.10 1.29 + 0.06 1.21 & 0.05 1.18 & 0.09 1.20 £ 0.11 9.8
75 1.08 + 0.08 1.14 £ 0.07 1.11 £ 0.05 1.04 £ 0.04 1.05 £+ 0.09 1.06 £+ 0.09 93
125 0.97 £ 0.08 1.05 £ 0.08 0.98 + 0.04 0.94 £ 0.05 0.94 £ 0.07 0.94 + 0.08 113
175 0.89 =+ 0.06 0.95 + 0.06 0.90 + 0.04 0.87 £ 0.05 0.85 £ 0.05 0.88 =+ 0.07 11.2
Temperature (°C) Yield Stress (GPa) (Mata & Alcala 2003) Anisotropy (%)
All [0001] (2243) (4041) (1120) (1010)
23 1.08 + 0.06 1.12 £ 0.06 1.13 £ 0.05 1.07 & 0.03 1.03 £ 0.04 1.04 £ 0.05 93
75 0.96 + 0.04 1.01 £ 0.03 1.00 £ 0.03 0.95 £ 0.03 0.93 £ 0.04 0.93 £ 0.04 8.3
125 0.87 + 0.04 0.93 &+ 0.03 0.90 + 0.03 0.86 + 0.02 0.84 + 0.03 0.84 + 0.03 10.3
175 0.81 £ 0.05 0.85 + 0.03 0.85 + 0.03 0.80 £ 0.04 0.78 £ 0.04 0.78 + 0.03 8.6
Temperature (°C) Yield Stress (GPa) (Ginder et al. 2018) Anisotropy (%)
All [0001] (2243) (4041) (1120) (1010)
23 0.83 £ 0.05 0.86 + 0.04 0.87 + 0.04 0.83 £ 0.02 0.79 £ 0.03 0.79 + 0.03 9.6
75 0.74 + 0.03 0.78 + 0.02 0.77 £ 0.02 0.74 £ 0.02 0.72 =+ 0.02 0.72 + 0.02 8.1
125 0.68 £ 0.03 0.71 £ 0.02 0.70 £ 0.02 0.67 £ 0.02 0.65 £ 0.02 0.64 £ 0.02 103
175 0.63 =+ 0.04 0.66 + 0.02 0.66 + 0.01 0.63 £ 0.03 0.60 =+ 0.03 0.49 + 0.02 27.0
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Figure 8. Several combinations of p and q were chosen for fitting eq. (13) for each of the four models described above. Resulting flow laws are shown as
colored lines and fitting parameters are provided in Table 4. The shaded region shows the temperature range of our experiments. The flow laws from our study
are in good agreement with higher temperature results from Renner et al. (2002), shown in grey circles.

twins and shear bands and are inferred to exhibit more stochas-
tic behavior, resulting in a wider range of yield stresses (Table 2).
Similar stochastic behavior has been observed in metallic glasses
(Bharathula et al. 2010). The variation in yield stresses of the 1 um
pillars could also be due to differences in defect density from pillar
to pillar, or a preexisting twin in the micropillar. The 3 pum pillars
may have a more representative defect density making their behavior
more predictable. The difference in yield stresses between favorably
and unfavorably oriented 3 wm pillars is interpreted to be due to
the ease of deformation twinning in the favorably oriented pillars.
Other slip systems, namely r{1014}(2021) and f{1012}(2201), re-
quire higher stresses to activate than the twin system (De Bresser
& Spiers 1997). The yield stresses in pillars oriented favorably for
twinning are on average ~50% lower than the yield stresses calcu-
lated from indentation in grains of similar orientations, while the
pillars oriented unfavorably for twinning show similar, though still
slightly lower, yield stresses to their indentation counterparts. This
is likely caused by the geometry of the sample and the number of
active slip systems required for plastic deformation. It is assumed
that secondary slip systems are activated during indentation exper-
iments, which are needed to accommodate the spherical pattern of
deformation. In contrast, a micropillar may require only one slip
system (Evans & Goetze 1979). Hence, we conclude that the yield
stresses determined for the twinned micropillars represent a lower
limit on the rheology of calcite and are in general agreement with
the data obtained from nanoindentation experiments.

4.3 Low-temperature flow laws

We fit our indentation data to a flow law for plasticity limited by
lattice resistance [from eq. 2.12 from Frost & Ashby (1982)]:

6= Ao2exp {—;[—;[1 - (Z—;)p]q} , (13)

where ¢ is strain rate, 4 is a pre-exponential factor, H* is the acti-
vation enthalpy, R is the gas constant, T is temperature, o, is yield
stress, o, is athermal Peierls stress and p and g are dimensionless
quantities that depend on the energy barriers to dislocation motion
with values 0 < p < 1and 1 < g <2 (Kocks et al. 1975). Calculated
yield stresses and strain rates for several predefined values for p and
q are used to fit the athermal Peierls stress, o, and 4, to eq. (13)
(Table 2and Fig. 8). A value of activation enthalpy, Hx*, of 200 kJ
mol~! has been determined in a previous study and is used to fit the
data here (Renner et al. 2002). Values for 4 of 6.4 x 105-2.0 x 10'°
GPa~?s~! and 0, of 1.2-9.9 GPa were calculated using MATLAB’s
Curve Fitting Tool.

4.4 Size effect

Additional indentation experiments were conducted over a range of
maximum loads of 0.1-25 mN in five individual grains to investigate
the effect of contact radius on indentation hardness. The maximum
loads correspond to contact radii ranging from 0.2 to 1.8 wm. These
tests show a weak dependence of indentation hardness on contact
area of the form H oc a.”, with m =—0.05 (Fig. 9). a. is the contact
radius defined by: a. = h. tan(f) where /. is the contact depth of
a given indent and 6 is the effective cone angle of a Berkovich tip
(Fischer-Cripps 2011). The majority of the curvature observed in
this study occurs at very small contact radii and indentation hardness
remains fairly constant for contact radii > ~1 pm. While the effect
of indentation size on hardness is minor, additional tests at higher
loads or with larger indenter tips are necessary to fully understand
the indentation size effect in calcite.

Given that the maximum load for all indents in this study was
set to a constant value of 5 mN, the size effect does not affect
the results of our study. For a given maximum load, differences
in contact radius reflect differences in indentation hardness and by
extension yield stress.
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Table 4. Flow law parameters.
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p=1q=1 p=12,q9=1 p=1lg=2 p=12,q9=2
Johnson (1970)

21 103-50x10'0 103.87x1010 103-80x1010 g1.75x10°
A(Gpa=“s™) 2.00 x 10775 50% 109 2.00 x 1077550 109 2.00 x 10775 055 109 8.13 x 10% 50 108
op (GPa) 2.842:0 4.8832 4.62478 10.735134
Evans & Goetze (1979)

21 103-35x1010 99.39x10° 103-63x1010 79.88x107
A(Gpa=“s™) 2.00 x 10777530 109 507 x 107970 108 2.00 x 107%57,° 109 513 x 10757617 06

1.86 2.07 3.05 5.97
op (GPa) 1.8218¢ 2.04%07 2.993:93 5.6439]
Mata & Alcala (2003)

21 103-13x10!0 1.85 x10°8 10347 x101° 51.32 x10°
A4(Gpa~7s™) 2.00 % 10775 74100 116 x10% 67 107 2.00 x 10775 59 109 794 x 1067, 108
op (GPa) 1.60{%2 2.093.83 2.603%] 3.803%%
Ginder et al. (2018)

I 103-09 x 100 71.47 x10° 10346 x1010 51.04 x10°
A (Gpa=“s") 2.00 x 1077507 109 9.33 x 10"599 5 107 2.00 x 1077544 109 6.38 x 10°, 55 " 05
op (GPa) 121433 1.561%9 1.97293 2.8032%

Values for the preexponential, A, and athermal Peierls stress, o, are shown for each set of p and q. 95% confidence intervals are shown as super- and subscripts

representing the positive and negative confidence intervals, respectively.

3 T T T

Hardness (GPa)
& o

—_
T
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H = 232300

0 1 | Il Il
0 0.2 0.4 0.6 0.8

1.2 1.4 1.6 1.8 2

Figure 9. Indentation experiments done over a range of contact radii to look at the effect of indent size on indentation hardness. Indentation experiments were
binned based on indentation contact depth into 20 nm bins, then converted to contact radius. The average (grey triangles) and standard deviation (error bars)
for indentation hardness in each bin are shown. From this we see that the majority of the size effect appears at very low contact radii, but @, > ~0.8 shows

little variation. A power-law relationship is fit to the data (black line) and gives a relationship of 4 = 2.32a_

4.5 Comparison to previous studies

At temperatures greater than ~800 °C, the four different mod-
els used to determine yield stress are in good agreement with one
another (Fig. 8). Moreover, the yield stresses obtained through these
calculations are broadly consistent with the results from triaxial
deformation experiments by Renner & Evans (2002), when ex-
trapolated to the temperature range and strain-rates used in that
study. Renner’s study was conducted using synthetic polycrystal
calcite samples with grain sizes ranging from ~6 to > 65 pum, at
strain rates of 5 x 1077-3 x 1073 s~! and temperatures of 600—
800 °C. Extrapolating Renner’s results to the higher strain-rates
of this study, the yield stresses range from ~250 MPa at 600 °C
down to ~80 MPa at 800 °C (Fig. 8). The athermal Peierls stresses

—0.06

calculated by Renner et al. (2002) (0.47-1.5 GPa depending on
grain size) are lower than those determined in this study. The differ-
ence is likely due to the different temperature ranges in each study:
much of the curvature of the flow law occurs at low temperatures
(T < ~500 K), which makes it difficult to constrain the athermal
Peierls stress using only data from experiments at 7 > 800. Further-
more, differences in the formulation of the low temperature plastic
flow laws may explain some differences in the calculated flow law
parameters. Renner ez al. (2002) define their flow law as:

b= Ao’ exp (ﬁ - 2), (14)
o
p

where Q is activation energy and o, includes a temperature depen-
dent Peierls stress as well as a grain size dependent term (Renner &
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Evans 2002; Renner et al. 2002). All other parameters are the same
as in eq. (4.3). This formulation allows the yield stress to exceed the
athermal Peierls stress given a finite strain rate at 7= 0 K, whereas
eq. (4.3) requires o, = 0, at T'=0XK. Although our flow laws agree
with the results from Renner er al. (2002) at higher temperature (7
> 800 K), it is also likely that different deformation mechanisms are
active in the two studies, dislocation creep in the study by Renner
et al. (2002) and low temperature plasticity in our study, and that
direct comparison may not be appropriate.

The results from our study are less consistent with the results from
studies by Turner et al. (1954) and De Bresser & Spiers (1997), who
performed uniaxial and triaxial compression experiments on calcite
single crystals. Turner et al. (1954) performed triaxial deforma-
tion experiments from 20 to 400 °C, confining pressure from 0.3
to 1.0 GPa, and strain rates of 2.5 x 107> s~! in single crystals of
calcite oriented favorably and unfavorably for twinning. In the sam-
ples favorably oriented for twinning, the yield stresses (~15 MPa),
once extrapolated to higher strain rates using the power-law expres-
sion ¢ oc ", where n ranges from 9.3 to 71.7 (De Bresser Spiers
1997), are still an order of magnitude lower than the yield stresses
of the 3 um diameter micropillars favorably oriented for twinning
(~150 MPa) and close to two orders of magnitude lower than the
yield stresses calculated from indentation experiments (~1 GPa)
at room temperature. The unfavorably oriented samples tested by
Turner exhibit yield stresses of ~350 MPa at room temperature,
which is about a factor of three smaller than the results from both
the micropillar compression experiments and the indentation ex-
periments (~1 GPa). The anisotropy observed in Turner ef al.’s
work is greater than the anisotropy observed in our nanoindentation
experiments. We attribute this to the complex stress state during
the indentation test, which requires multiple active slip systems to
activate in order for deformation to occur. In contrast, a single slip,
or twin system can accommodate the majority of the deformation
in uniaxial and triaxial deformation experiments on single crystals.

De Bresser & Spiers (1997) conducted uniaxial compression
experiments on calcite single crystals at temperatures ranging from
300 to 800 °C and strain rates of 3 x 107*-3 x 1078 s~!. Yield
stresses measured in their study are a factor of 5 less than the
yield stresses determined in this study, even after correcting for
the difference in strain rate using the same power-law relationship
as above. The scale of the samples in the studies by Turner and
De Bresser and Spiers—approximately 12 mm in diameter—may
be one reason for the inconsistencies between the results from our
study and theirs. Further investigation is needed to understand the
role of sample size.

5 CONCLUSIONS

This study used methods from materials science, including nanoin-
dentation and the first known application of micropillar compression
testing in geologic materials, to constrain the rheology of calcite at
low temperatures. The yield stress of calcite depends on both tem-
perature and orientation; however, the temperature dependence is
the dominant effect. The data collected in this study agree gener-
ally with the data and flow law from previous work (Renner et al.
2002). These data also provide flow laws that are more confidently
extrapolated to low temperatures at which natural deformation has
been observed. The athermal Peierls stress for calcite is determined
by these flow laws to be 1.2-9.9 GPa depending on which model
is used to convert indentation hardness to uniaxial yield stress, and
which values of p and ¢ are selected. The flow laws obtained here

can be used to constrain the rheology of calcite at temperatures
from 23 to 175 °C, thus improving the interpretation of data from
naturally deformed calcite rocks.
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