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Abstract Synthesized polycrystalline enstatite samples were deformed in a Paterson gas-medium
apparatus at 1200–1300°C, oxygen fugacity buffered at Ni/NiO, and confining pressures of 300MPa
(protoenstatite field) or 450MPa (orthoenstatite field). At both confining pressures, the mechanical data
display a progressive increase of the stress exponent from n= 1 to n~3 with increasing differential stress,
suggesting a transition from diffusional to dislocation creep. Nonlinear least squares fits to the high-stress
data yielded dislocation creep flow laws with a stress exponent of 3 and activation energies of 600 and
720 kJ/mol for orthoenstatite and protoenstatite, respectively. Deformed samples were analyzed using
optical microscopy and scanning and transmission electron microscopy. Microstructures show undulatory
extinction and kink bands, evidence of dislocation processes. Crystallographic preferred orientations
measured by electron backscatter diffraction are axisymmetric and indicate preferential slip on (100)[001].
Most deformed grains comprise an interlayering of orthoenstatite and clinoenstatite lamellae. While many
lamellae may have formed during quenching from run conditions, those in samples deformed in the
orthoenstatite field are often bordered by partial [001] dislocations, suggesting transformation due to glide of
partial [001] dislocations in (100) planes. Comparison of our orthoenstatite creep law with those for
dislocation creep of olivine indicates that orthoenstatite deforms about a factor of 2 slower than olivine at our
experimental conditions. However, as orthoenstatite has a higher activation energy and smaller stress
exponent than olivine, this strength difference is likely smaller at the higher temperatures and lower stresses
expected in much of the upper mantle.

1. Introduction

The minerals olivine, orthopyroxene, clinopyroxene, and garnet comprise the bulk of the upper mantles of
Earth and the other terrestrial planets. As olivine is the most abundant and arguably the weakest of these
minerals under uppermantle conditions, significant effort hasbeenexpended inunderstanding itsmechanical
behavior [see, e.g., Carter and Avé Lallemant, 1970; Chopra and Paterson, 1981, 1984; Zeuch and Green, 1984;
Mackwell et al., 1985; Karato et al., 1986; Borch and Green, 1989; Hirth and Kohlstedt, 1995a, 1995b; Bystricky
et al., 2000; Mei and Kohlstedt, 2000a, 2000b; Karato and Jung, 2003; Durham et al., 2009; Raterron et al., 2009;
Keefner et al., 2011]. Due to the importanceof clinopyroxene in crustal lithologies, a number of studies havealso
investigated the mechanical behavior of clinopyroxene single crystals and polycrystals [e.g., Avé Lallemant,
1978; Kollé and Blacic, 1982, 1983; Kirby and Kronenberg, 1984; Boland and Tullis, 1986; Raterron and Jaoul,
1991; Ingrin et al., 1991, 1992; Raterron et al., 1994; Jaoul and Raterron, 1994; Mauler et al., 2000; Bystricky and
Mackwell, 2001; Hier-Majumder et al., 2005; Chen et al., 2006; Amiguet et al., 2009, 2010]. However, much less
attentionhasbeengiven to theother importantmantleminerals, orthopyroxene andgarnet, partly due to their
perceived lesser contribution to creep in the convecting mantle; to the unavailability of suitable clean, single-
phase materials for study (orthopyroxene); and/or to their stability under conditions available for quantitative
deformation experiments (garnet and, to a lesser extent, orthopyroxene).

As the second most abundant mineral in Earth's convecting upper mantle and a dominant mineral in zones
within the depleted lithosphere and in ophiolites, orthopyroxene with a composition near (Mg0.9Fe0.1)2Si2O6

(i.e., enstatite)will exert an important influenceon themechanical behavior of the convectingmantle and litho-
sphere. Previous work on natural orthopyroxene aggregates in high-pressure Griggs' deformation apparatus
under reported “dry” [Raleigh et al., 1971] and “wet” [Ross and Nielsen, 1978] conditions provided useful infor-
mation on dislocation creep processes, showing that deformation at temperatures greater than 1000°C and
confining pressures of 1–2GPa primarily involves the (100)[001] slip system. These studies also observed
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subgrain formation and syntectonic
recrystallization. It is likely that none
of these experiments were per-
formed under truly dry conditions,
as evidenced by similar creep
strengths in the two studies and
measurements of a stress exponent
of n= 2.4 and an activation energy
for creep of Q= 290 kJ/mol by
Raleigh et al. [1971] and n= 2.8 and
Q= 270 kJ/mol by Ross and Nielsen
[1978].

Dehghan et al. [1981, 1982] reported
preliminary results for hot-pressed
aggregates formed from ground sin-
gle crystals of orthopyroxene from
Bamble, Norway. Their room pres-
sure study showed similar strengths
to those of Raleigh et al. [1971], with
n= 3.6 for “reducing” and n= 2.9 for
“nonreducing” conditions. Hitchings
et al. [1989] prepared both monomi-
neralic and two-phase samples from
powders of orthopyroxene and oli-
vine separated from spinel lherzolite
nodules. At 300MPa confining pres-
sure, 1500 K, and with the oxygen
fugacity buffered at Fe/FeO, their
orthopyroxenite samples yielded a
stress exponent of n≈ 3.0 and were
slightly stronger than pure olivine

aggregates. They report a reduction in the strength of both orthopyroxene and olivine aggregates under
more oxidizing deformation conditions. Lawlis [1998] performed experiments on enstatite and olivine-
enstatite aggregates at 300 and 450MPa confining pressure; his results for enstatite aggregates are reported
here. Ji et al. [2001] deformed pure Mg-enstatite (MgSiO3) aggregates at room pressure and 1423–1593 K
over a range of oxygen fugacities in the protoenstatite stability field (see the stability field diagram in
Figure 1). Their samples were considerably weaker than those of Hitchings et al. [1989] and yielded n= 2.0
and Q= 584 kJ/mol, suggesting a component of diffusional creep or grain boundary sliding. Studies by
McDonnell et al. [2000] and Sundberg and Cooper [2008] on two-phase enstatite-olivine aggregates focused
more on deformation in the grain boundary sliding or diffusional creep fields.

Experiments have also been performed on single crystals of enstatite to characterize behavior of individual slip
systems. Schloessin and Ranalli [1988] performed room pressure three-point bending experiments on single
crystals from Bamble, Norway, at high temperatures to demonstrate the capability of the technique at low
stresses. Mackwell [1991] performed uniaxial experiments on orthopyroxene single crystals oriented to favor
slip on the easiest dislocation slip systems at high temperatures in a room pressure deformation apparatus
(i.e., in the protoenstatite stability field). His results demonstrate that enstatite deformation does not have
the dependence on oxygen fugacity that is observed for olivine single crystals and give strengths that are sig-
nificantly higher than for the easier slip systems in olivine under comparable conditions. Ohuchi et al. [2011]
performed experiments on oriented single crystals of enstatite at a confining pressure of 1.3 GPa and tempera-
tures from 973 to 1373 K in a Griggs' high-pressure deformation apparatus. Their measurements, which they
reported to be in the low clinoenstatite field, yield a stress exponent of n= 3 and activation energy of
Q= 459 kJ/mol for high-temperature deformationon the (100)[001] slip system. These results aremuchweaker
than those ofMackwell [1991] for protoenstatite and are also somewhatweaker than those for dry deformation

Figure 1. Plot of the stability fields for enstatite, showing the stability ranges
for orthoenstatite (O), low clinoenstatite (C), and protoenstatite (Pr). The
En100 fields are bounded by the solid lines, which are taken from the
synthesis of Gasparik [2003, p. 26]. The En90 (En90Fs10) fields are bounded by
the dashed lines, which are derived from the En100 curves using the room
pressure phase relations compiled in Huebner [1980, p. 239]. The points are
the conditions of our experiments, not allowing for an effect of applied stress
on total pressure.
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of olivine single crystals andpolycrystals. Recently,Raterron et al. [2016] reported results of deformation experi-
ments on oriented enstatite single crystals at confining pressures of 3–6GPa and temperatures from 1313 to
1645 K. They concluded that the orthopyroxene (100)[001] slip system isweaker than the (010)[001] slip system
and that both orthopyroxene slip systems are significantly stronger than olivine slip systems.

2. Experimental Techniques and Procedures
2.1. Starting Material

Synthetic enstatite was produced by reacting fine-grained quartz and olivine powders at high temperature.
Laboratory-grade (99.999% purity) quartz powders and olivine single crystals from San Carlos, AZ, with com-
positions near (Mg0.906Fe0.091Ni0.003)SiO4 were selected as the source material. The olivine crystals were opti-
cally transparent and 5–20mm in diameter. They were hand-selected to exclude accessory minerals such as
spinel or pyroxene and were broken into millimeter-size fragments in a steel crusher. Olivine and quartz pow-
ders were ground separately using an agate mortar and pestle and sieved to yield grain sizes below 45μm.
Both were further ground for 1 h in a micronizing mill containing agate cylinders and distilled water.
Micronized powders were then gravitationally settled in distilled water to obtain powder batches with a
particle-size range of 0–10μm. The fine-grained powders were dried in an oven at 250°C for at least 24 h.

These fine-grained olivine and quartz powders were weighed and mixed in equal molar ratios and ground in
distilled water using an agate mortar and pestle to evenly distribute the quartz and olivine grains. The mix-
tures were placed in a crucible made from Mt. Burnet dunite composed of a 2mm thick disk and a hollow
cylinder (30mm outer diameter, 20mm inner diameter, and 45mm height), which had been prebaked at
1 atm, 1000°C, and an oxygen fugacity of 10�10 atm to remove any hydrous species. In most cases (PI-339,
PI-512, and PI-539), this configuration provided a slight excess in olivine during the synthesis and buffered
the activity of SiO2 in the enstatite at olivine-normative conditions. It also eliminated any potential contam-
ination due to use of an alumina or zirconia crucible. In the case of PI-402, excess quartz in the starting pow-
ders resulted in an enstatite sample that was quartz normative.

The mixed powders were reacted in the crucibles at 1430°C for 150 h in a 1 atm furnace under controlled oxy-
gen fugacity conditions near Ni/NiO (10�5.5 atm) using CO/CO2 gas mixtures. Subsequently, the reacted pow-
ders were ground one more time in distilled water in an agate mortar and pestle and were reacted under the
same conditions for an additional 100 h to ensure that the reaction was complete. Microprobe analysis
showed that the resulting enstatite powder was homogeneous in composition (En91), and X-ray powder dif-
fraction confirmed that its structure was monoclinic (low clinoenstatite). The powders were subsequently
stored in a vacuum oven at 150°C to minimize water contamination.

2.2. Sample Fabrication

In order to prepare fully dense polycrystalline samples the enstatite powders were cold pressed at a uniaxial
stress of 200MPa in a nickel sleeve (10mm inner diameter and 20mm height) with a hardened steel cold-
pressing die. The nickel-jacketed cold-pressed samples were loaded into an internally heated gas-medium
pressure vessel and hot pressed for 2–12 h at 1300°C and a confining pressure of 300MPa (for experiments
in the protoenstatite stability field) or 450MPa (for experiments in the orthoenstatite stability field; Table 1 and
Figure 1).

Porosities in the hot-pressed samples were less than 2%, as measured using the Archimedean method. The
samples were cored to a diameter of 8mm and ground to a length of 14–16mm for the deformation experi-
ments. In order to remove any hydrous species that may have been trapped during the hot-pressing stage,
the samples were subsequently annealed for 20 h at 1 atm and 1000°C under controlled oxygen fugacity con-
ditions near Ni/NiO. A thin slice from each hot press was kept for microstructural and infrared analyses, and
samples were stored in a vacuum oven at 150°C. The infrared analysis, performed using a Fourier transform
infrared at the Pennsylvania State University, detected no O-H-related infrared bands in the spectra of the
hot-pressed samples.

2.3. Deformation Apparatus and Experiments

Constant-load, triaxial compressive creep experiments were performed in a Paterson gas-medium deforma-
tion apparatus at the University of Minnesota [Paterson, 1990], courtesy of Prof. David Kohlstedt. In this
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apparatus, samples are heated using an internal furnace, limiting thermal gradients to <1°C/mm and <4°C
over the entire hot zone of the furnace at all temperatures (up to 1300°C). The applied load is measured
with an internal load cell, yielding differential stresses accurate to ±2MPa. Sample strains are determined from
piston displacement, which is measured using a linear variable differential transducer external to the
pressure vessel.

For each deformation experiment, a dry hot-pressed sample was taken from the vacuum oven and placed in a
nickel jacket (outer diameter 10mmand inner diameter 8mm). Sampleswere coatedwithNiOpowder in order
to buffer oxygen fugacity at Ni/NiO. Thin nickel foil diskswere placed at each endof the sample to prevent che-
mical interactions with the rest of the assembly. The jacketed sample was placed in a piston assembly of alu-
mina and zirconia pistons surrounded by an outer iron sleeve [Paterson and Chopra, 1982; Paterson, 1990].

Once the assembly was loaded into the deformation apparatus, pressure was increased in 10–15MPa incre-
ments to a pressure of 300 or 450MPa. Temperature was raised to the experimental conditions at ~1°C/s once
pressure was above 100MPa. After the pressure and temperature conditions for the experiment were
reached, the sample was allowed to equilibrate for at least 2 h before starting deformation to allow the sam-
ples to transform fully to either protoenstatite (300MPa) or orthoenstatite (450MPa).

Temperature calibration runs with blank assemblies were always performed prior to each series of deforma-
tion experiments. During deformation, temperature was monitored with a movable R-type thermocouple
positioned within 2mm of the sample. A temperature controller was used to maintain the temperature to
within 1°C of the set point. Temperature profiles of the region immediately above the sample (~5mm profile)
were recorded periodically to verify the temperature calibration, ensuring that the sample was completely
within the furnace hot zone, which did not evolve during the experiment.

The deformation experiments comprised constant-load stepping tests at temperatures from 1200 to 1300°C
and confining pressures of either 300MPa or 450MPa. The applied loads were chosen to ensure that the
resulting differential stresses did not significantly exceed the confining pressure, in order to minimize crack
nucleation and propagation, as well as maintain the samples within the protoenstatite or the orthoenstatite
fields. Measured strain rates ranged from 10�6 s�1 to 4 × 10�5 s�1.

In each deformation step, the applied load was held constant until an approximate steady state creep rate
was achieved, typically after a strain of ~1%. The load was then removed entirely before the next strain cycle.
When changing temperature, the sample was allowed to anneal for ~30min before a new load was applied.
As grain boundary migration is slow in orthopyroxene at these conditions [e.g., Skemer and Karato, 2007], no
substantial grain growth was anticipated on these time scales. In most experiments, conditions of tempera-
ture and differential stress investigated in an early constant-load step were revisited later in order to test for
reproducibility and to identify potential changes in mechanical behavior resulting from microstructural evo-
lution. The total shortening strains achieved in the different experiments ranged from 8 to 23% (Table 2).

Strain rates and flow stresses were calculated from the displacement and load data, taking into account the
instantaneous sample length and cross-sectional area and correcting the data for the load supported by the
nickel jacket and the iron sleeve using Ni and Fe flow laws [Frost and Ashby, 1982].

2.4. Microstructural and Textural Characterization

Both the startingmaterial and thedeformed sampleswere analyzedbyopticalmicroscopy, scanningelectronmicro-
scopy (SEM) using orientation contrast (OC) and electron backscatter diffraction (EBSD), and transmission electron

Table 1. Experimental Conditions for Creep of Enstatite Aggregatesa

Hot Press Deformation

Experiment Pc (MPa) T (°C) t (h) Pc (MPa) T Range (°C) σ Range (MPa) εtot (%) Grain Size (μm)

PI-339 300 1300 6 300 1250–1300 65–244 14 5–10 (80 vol%) 40–70 (20 vol%)
PI-402 300 1300 2 300 1200–1300 26–223 8 10–20
PI-512 450 1300 12 450 1200–1275 170–430 23 3–10
PI-539 450 1300 8 450 1200–1250 111–460 21 3–10

aPc is the confining pressure, T and t are the temperature and duration of hot press, “T range” and “σ range” are the ranges of temperatures and differential
stresses visited during deformation, and εtot is the total strain achieved.
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microscopy (TEM). Petrographic axial
sections ~20–30μm thick were pre-
pared for optical microscopy. For
SEMmeasurements, either the planar
surface of an axially split sample cylin-
der or thin sections prepared from the
samples were polished to a fine
polishing grade using conventional
polishing techniques and lappedwith
a high-pH colloidal silica suspension
for several hours. The polished sur-
faceswerenotcarboncoated, thereby
avoiding reduction of the intensity of
EBSD images. Electron charging of
the uncoated samples was negligible.
Samples were analyzed at the
Bayerisches Geoinstitut using a Zeiss
Gemini 1530 SEM with a Schottky
FEG cathode operating at an acceler-
ating voltage of 20 keV and a beam
current of 2 nA at a working distance
of 19mm. Orientation contrast
images were used to estimate aver-
age grain sizes in the samples before
and after deformation. A topological
correction factor of 1.2 was applied
to determine true average grain size
from grain width in the two-
dimensional images. Diffraction pat-
terns were recorded with a Nordlys II
camera from HKL Technology and
automatically indexed with the
Channel 5 software. The patterns
were recorded with large step sizes
(20–50μm) to generate pole figures
describing the overall bulk texture in
the samples.

Thin sections for TEM were thinned
with a 5 kV argon beam, carbon
coated, and investigated with a
Philips CM30 transmission electron
microscope operating at 300 kV,
which is located at the Université
de Lille.

3. Experimental Results
3.1. Deformation Results

More than 50 creep tests were con-
ducted on 4 enstatite samples in
the protoenstatite or the orthoen-

statite field. Hot-pressing and deformation conditions are detailed in Table 1. The pressure and temperature
conditions and the creep data derived from each creep test are listed in Table 2. Experiments performed at a
confining pressure Pc of 300MPa (PI-339 and PI-402) were almost entirely in the protoenstatite field or

Table 2. Creep Data for Enstatite Aggregates

Experiment Pc (MPa) T (°C) σ (MPa) _ε (s�1) ε (%)

PI-339 300 1300 229 2.4 ± 0.5 × 10�5 2.0
197 1.4 ± 0.2 × 10�5 1.1
169 9.1 ± 1.7 × 10�6 1.3
130 6.8 ± 0.7 × 10�6 1.1
108 4.5 ± 0.5 × 10�6 1.2
86 3.1 ± 0.4 × 10�6 1.0
65 2.2 ± 0.3 × 10�6 1.0
221 1.7 ± 0.2 × 10�5 1.5
244 2.3 ± 0.3 × 10�5 1.6

1250 164 1.4 ± 0.1 × 10�6 0.9
193 2.0 ± 0.4 × 10�6 0.9
225 3.3 ± 0.4 × 10�6 1.0

PI-402 300 1299 108a 1.4 ± 0.2 × 10�5a 1.4
55 4.3 ± 0.6 × 10�6 1.0
26 1.8 ± 0.3 × 10�6 1.0
137 1.2 ± 0.2 × 10�5 0.8
82 5.3 ± 0.8 × 10�6 0.9
223 3.2 ± 0.5 × 10�5 1.7

1200 221b 1.5 ± 0.2 × 10�6b 0.9
PI-512 450 1202 222 3.1 ± 0.4 × 10�6 1.7

1201 281 5.0 ± 0.6 × 10�6 1.0
1200 336 8.0 ± 1.0 × 10�6 1.2

392 1.3 ± 0.2 × 10�5 1.7
367 1.1 ± 0.2 × 10�5 1.3
430 1.8 ± 0.3 × 10�5 1.7
312 7.7 ± 0.9 × 10�6 1.1
255 4.4 ± 0.5 × 10�6 1.2
226 3.2 ± 0.4 × 10�6 1.2

1250 225 1.7 ± 0.2 × 10�5 1.4
283 2.7 ± 0.3 × 10�5 1.4
170 9.0 ± 1.1 × 10�6 1.1
199 1.2 ± 0.1 × 10�5 1.3
255 1.8 ± 0.2 × 10�5 1.3
342 4.0 ± 0.5 × 10�5 1.8

1275 227 3.3 ± 0.4 × 10�5 1.7
1200 406 1.2 ± 0.2 × 10�5 1.3

PI-539 450 1250 111 2.4 ± 0.5 × 10�6 1.3
168 5.6 ± 0.8 × 10�6 0.9
224 1.1 ± 0.2 × 10�5 1.2
281 2.1 ± 0.4 × 10�5 1.2
334 3.4 ± 0.6 × 10�5 1.5
250 1.5 ± 0.2 × 10�5 1.4
195 8.0 ± 1.5 × 10�6 1.5
138 3.9 ± 0.8 × 10�6 1.2

1200 171 1.2 ± 0.2 × 10�6 0.8
228 2.3 ± 0.4 × 10�6 0.9
286 4.1 ± 0.8 × 10�6 1.0
344 7.3 ± 1.4 × 10�6 1.2
403 1.3 ± 0.2 × 10�5 1.4
460 2.3 ± 0.3 × 10�5 1.4
259 4.4 ± 0.7 × 10�6 1.0

1228 230 6.8 ± 1.2 × 10�6 1.0
289 1.3 ± 0.1 × 10�5 1.0
407 3.6 ± 0.6 × 10�5 1.1

aTransient state; discarded from data set.
bData point in the orthoenstatite field (at 300MPa).
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possibly a mixed protoenstatite and
orthoenstatite field (except for one
stepping test at 1200°C, which falls
within the orthoenstatite field), while
experiments at Pc=450MPa were
entirely in the orthoenstatite field
(Figure 1).
3.1.1. Protoenstatite Experiments
Strain rate versus differential stress
data measured in experiments PI-
339 and PI-402 in the protoenstatite
field are plotted in Figure 2. At
1300°C, the deformation behavior
of both samples is characterized by
a low value of the apparent stress
exponent (n~1) at low differential
stresses and a higher value (n> 2)
at stresses above 200MPa. Such a
behavior has been observed
previously for several fine grain-
sized, monomineralic aggregates
(e.g., olivine [Hirth and Kohlstedt,
1995a], partially molten plagioclase
[Dimanov et al., 1998], and clinopyr-
oxene [Bystricky and Mackwell,
2001]) and has been interpreted as
a transition from grain boundary
diffusional (Coble) creep at low
stresses to a mechanism dominated
by dislocation creep at high stres-
ses. As creep rate is dependent on
grain size in the diffusional creep
regime, the differences in strength

between PI-339 and PI-402 may be due to differences in grain sizes in the two samples (see
section 3.2). For differential stresses above 200MPa, where deformation becomes dominated by disloca-
tion creep and is independent of grain size, the strengths of the two samples converge.

For most of our experimental conditions in the protoenstatite field, the samples were deformed in a
mixed-mode regime, where both components contributed to creep. While it is possible that some com-
ponents of grain-boundary sliding may also occur in these samples [e.g., Hirth and Kohlstedt, 2003], the
data fit well to a model with only dislocation and diffusional creep components. Assuming that the
diffusional and dislocation creep components are independent, the rheology of the aggregate can be
described by

_ε ¼ _εdif þ _εdis ¼ Adif
σ
dm

exp
�Qdif

RT

� �
þ Adisσnexp

�Qdis

RT

� �
; (1)

where _ε: is the total strain rate; _εdif and _εdis are the diffusion creep and the dislocation creep rates; σ = σ1� σ3 is
the differential stress; d is the grain size; T is the temperature; R is the gas constant; and Adif,m,Qdif, Adis, n, and
Qdis are the empirical parameters characterizing the diffusional creep and the dislocation creep components
[e.g., Poirier, 1985].

Fitting a complete flow law encompassing both the diffusional and the dislocation creep components (equa-
tion (1)) would require more measurements completely in each of the diffusional and dislocation creep fields.

Figure 2. Plot of log strain rate versus log stress for creep data from
experiments on dry polycrystalline enstatite deformed predominantly in
the protoenstatite field. The experiments were performed using the Ni/NiO
oxygen buffer at a confining pressure Pc of 300MPa and temperatures of
1200–1300°C. Data from experiments PI-399 and PI-402 are shown as solid
and open symbols, respectively. All data fall within the protoenstatite field,
except for one data point at 1200°C (not shown), which was likely in the
orthoenstatite field and was not used in the determination of a flow law
for protoenstatite. The solid lines represent the fit of a composite flow law
for dry protoenstatite at 1250 and 1300°C. The dotted lines represent the
diffusional creep (n = 1) and the dislocation creep (n = 3) components of
that flow law.
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Assuming that grain size remained
approximately constant in each
sample during deformation at a
given temperature, equation (1) can
be rewritten as follows:

_ε ¼ K T ; dð Þσ

þ Adisσnexp
�Qdis

RT

� �
; (2)

where the diffusional component of
the flow law is represented by the
term K(T, d), which depends on tem-
perature and grain size (i.e., takes a
constant value for each set of data
points at constant temperature in a
given experiment). We performed
several nonlinear least squares regres-
sions of equation (2) to the complete
data set from experiments PI-339
and PI-402, using different fixed
values of the stress exponentn for dis-
location creep. Varying n between 3
and 4 had little effect on estimation
of the activation energy for disloca-
tion creep. For a fixed stress exponent
n=3, we obtained an activation
energy Qdis~720 kJ/mol. This value
has a large uncertainty and should
only be taken as an estimate. In
Figure 2, the overall flow law (equa-
tion (2) using the constitutive para-
meters given above) is plotted as a

series of solid lines for temperatures of 1250 (PI-339), 1300 (PI-339), and 1299°C (PI-402), and the individual diffu-
sional (n=1) and dislocation (n=3) components are shown as dotted lines for the same conditions.
3.1.2. Orthoenstatite Experiments
Strain rate versus differential stress data measured in experiments PI-512 and PI-539, deformed within the
orthoenstatite field at a confining pressure Pc of 450MPa, are plotted in Figure 3. Results from the two experi-
ments appear quite consistent over the range of experimental conditions. One data point for PI-402 (cross
symbol in Figures 3 and 7), obtained at 1200°C and Pc= 300MPa, falls in the orthoenstatite field and demon-
strates behavior reasonably consistent with the 1200°C data for PI-512 and PI-539 (Figure 3). Nonetheless, this
result was not used in the rest of the analysis.

In these experiments, the contribution of diffusional creep is much smaller than in experiments in the proto-
enstatite field and only affects creep data at the very lowest stresses. At stresses above ~200MPa, data show a
clear linear relationship between strain rate and stress, suggesting that they can be fit to a classical Dorn-type
power law constitutive equation of the form

_ε ¼ Adisσnexp
�Qdis

RT

� �
: (3)

Fits to data measured at a constant temperature and stresses higher than 200MPa yield stress exponents
between n=2.8 and 3.1. We performed global nonlinear least squares regressions on data sets at stresses
above a fixed threshold (i.e., higher than 150, 200, or 250MPa) and always obtained a stress exponent close
to n= 3.0. Fixing n= 3, a global nonlinear least squares regression to the data measured at a confining

Figure 3. Plot of log strain rate versus log stress for creep data from experi-
ments on dry polycrystalline enstatite deformed in the orthoenstatite field.
The experiments were performed using the Ni/NiO oxygen buffer at a con-
fining pressure Pc of 450MPa and temperatures of 1200–1275°C. Data from
experiments PI-512 and PI-539 are shown as solid and open symbols,
respectively. The solid lines represent the fit of a dislocation creep flow law
for dry orthoenstatite at stresses higher than 200MPa and temperatures of
1200, 1228, 1250, and 1275°C. The dotted lines extend the flow law to lower
stress conditions. The cross symbol shows the experimental result for PI-402
at a confining pressure of 300MPa and temperature of 1200°C that fell within
the orthoenstatite field.
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pressure Pc= 450MPa and stresses greater than 200MPa yielded an activation energy Qdis = 600 ± 21 kJ/mol
and a preexponential term Adis = 108.63 ± 0.73MPa�3 s�1 for creep of orthoenstatite (solid lines in Figure 3).
Similar activation energies Qdis of 621 ± 22 and 583 ± 23 kJ/mol were determined when using only data for
stresses above 150 or 250MPa, respectively.

3.2. Microstructures and Textures

Optical and SEM analyses allowed phase identification, characterization of deformation processes, and grain
size estimations. At the cooling rates that occur during rapid quenching from run conditions in the protoensta-
tite field, protoenstatite transformsmostly to low clinoenstatite [e.g., Huebner, 1980], the stable form of ensta-
tite at low temperature andpressure (Figure 1). For the orthoenstatite samples, both high quenching rates and
high stresses favor the formation of clinoenstatite lamellae within orthoenstatite grains [e.g., Buseck et al.,
1980]. Such transformations significantly overprint deformation microstructures, making deformation
mechanism characterization challenging. In addition, stress concentrations at grain boundaries due to phase
transformation and thermal stresses during quenching under load resulted in some microfracturing at grain
boundaries, which caused some grain plucking during sample preparation for SEM and EBSD measurements.
3.2.1. Microstructures
As anticipated, all samples recovered after deformation are composed mostly of highly twinned clinoen-
statite (protoenstatite samples) [e.g., Huebner, 1980] or orthoenstatite with abundant clinoenstatite
lamellae (orthoenstatite samples; Figure 4). Most of the enstatite (80–90 vol%) is fine grained with a grain size
of 3–10μm (10–20μm in sample PI-402). In all deformed aggregates, the fine-grained enstatite grains
are elongated with their long axis perpendicular to the principal stress direction. This is particularly evident
for the larger grains (5–20μm), which have an aspect ratio of about 1:2 to 1:3, but is also true for the
smallest grains.

Figure 4. SEM orientation contrast images of deformed polycrystalline enstatite in the (a) protoenstatite and (b) orthoen-
statite stability fields. Compression axis is vertical. The horizontal field of view is 130 μm. Grain size is bimodal and
dominated by a fine-grained fraction with an average grain size of ~5–10 μm in both cases. A few larger olivine grains are
visible in the microstructure deformed in the orthoenstatite stability field (e.g., bottom right corner in Figure 4b).
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Samples deformed within the protoenstatite field (PI-339 and PI-402; 300MPa) were composed entirely of
enstatite with occasional distributed olivine grains (PI-339) or ~5% quartz grains (PI-402). The enstatite in
PI-339 has a bimodal grain size distribution, with about 20 vol% as larger grains (~40–70μm). The rest of
the enstatite (80 vol%) is fine grained, with an average grain size of 5–10μm. Both large and small grains have
abundant clinoenstatite lamellae. The enstatite in PI-402 has a more homogeneous grain size than in PI-339,
with an average grain size of ~10–20μm. The finely distributed quartz grains have an average grain size of
about 5–10μm. The differences in grain size distributions between PI-402 and PI-339 are largely due to dif-
ferent sample preparation methods and conditions (Table 1).

Samples deformed within the orthoenstatite field (PI-512 and PI-539; 450MPa) contain about 10–15% olivine.
The olivine grains are generally about 15–20μm, with a few larger grains (~50μm). Orientation contrast (OC)
imaging shows that these larger grains contain subgrains (~15μm), which are elongated perpendicular to the
principal stress direction. The enstatite grains are much finer, with a grain size of ~3–10μm, and contain
abundant clinoenstatite lamellae.
3.2.2. Electron Backscatter Diffraction (EBSD)
Crystallographic preferred orientations (CPOs) were measured by EBSD on samples deformed either in the
protoenstatite or the orthoenstatite field (Figure 5). All the enstatite CPOs exhibit the same type of axisym-
metric texture with a moderate strength (maxima in the pole figures around three multiples of uniform dis-
tribution). The (100) poles are strongly aligned with the compression direction, (001) poles tend to form a
girdle normal to that direction, and the (010) distribution remains generally more diffuse. This texture is con-
sistent with preferential slip on the easy glide system (100)[001] in protoenstatite or orthoenstatite. In sample
PI-512, which contained 10–15 vol% of olivine and was deformed in the orthoenstatite field, the olivine has a
CPO with [010] axes aligned with the compression direction and [100] axes perpendicular to that direction,
consistent with dominant slip on the (010)[100] slip system.
3.2.3. High-Resolution Transmission Electron Microscopy
Transmission electron microscopy analysis of enstatite aggregates deformed either in the protoenstatite or
the orthoenstatite field revealed very highly twinned grains (Figure 6). The twins are composed of alternating
domains of clinoenstatite and orthoenstatite lamellae separated by (100) planes. The clinoenstatite domains
are much more extensive and often appear as a clinoenstatite matrix containing very thin orthoenstatite
lamellae (Figure 6a). This is especially evident in samples deformed in the protoenstatite field, where orthoen-
statite planes are outnumbered by clinoenstatite planes by a ratio of about 15 to 1. Simulation of spot inten-
sities in high-quality diffraction patterns (precession electron diffraction) confirmed that even very small
grains are composed of a mixture of clinoenstatite and orthoenstatite, with a predominance of clinoenstatite.

Figure 5. CPOs from SEM-EBSD analysis: pole figures for polycrystalline enstatite deformed in compression in the (top) pro-
toenstatite (sample PI-339) and (bottom) orthoenstatite (sample PI-512) stability fields. Compression axis is vertical. Discrete
point distributions were smoothed with a Gaussian of 15° in full width half maximum. The contour lines are drawn for
multiples of uniform distribution (mud) equal to 0.5, 1, 2, and 3. The linear color scale indicates the low intensities in blue
and high intensities in red. n indicates the number of measurements.
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In samples deformed at 300MPa (PI-
339 and PI-402), the clinoenstatite
and orthoenstatite lamellae terminate
on grain boundaries. By contrast, in
aggregates deformed at 450MPa (PI-
512 and PI-539) the lamellae often
end in the middle of grains (see top
left area of Figure 6a) and are limited
by partial dislocations (Figure 6b).
Such features are classically observed
in deformed enstatite and consist of
twin lamellae bordered by partial
[001] dislocations [Nazé, 1987]. Here
identification of the diffraction vector
g is consistent with these observa-
tions. We were not able to observe
anyfreedislocations,possiblybecause
of the very dense clinoenstatite and
orthoenstatite interlayering.

4. Discussion
4.1. Microstructures, Textures,
and Deformation Mechanisms

As described in section 3, all of the
microstructures are mostly com-
posed of fine-grained enstatite
grains with smaller concentrations
of coarser enstatite grains and oli-
vine or quartz grains. Within the
enstatite grains, polymorphism reac-
tions are complex and greatly
depend on thermodynamic condi-
tions and factors such as cooling rate
and stress state [e.g., Smith, 1969;
Buseck et al., 1980]. For the enstatite
composition used in this study, pro-
toenstatite directly reverts to
orthoenstatite as temperature is
decreased across the phase transi-
tion (~1245–1275°C at 300MPa;
Figure 1). Further cooling below
~575°C takes the enstatite into the
low clinoenstatite field (Figure 1)
and results in the observed alternat-
ing clinoenstatite and orthoenstatite
lamellae. As observed here by TEM
and noted previously by Nazé et al.
[1987] and Mackwell [1991], disloca-
tion microstructures resulting from
high-temperature creep are at least
partially overprinted by these trans-
formation processes during quench-
ing. Nonetheless, information on the

Figure 6. TEMmicrographs of enstatite deformed in the orthoenstatite field.
The deformed microstructures present (a) highly twinned grains composed
of alternating domains of clinopyroxene and orthopyroxene separated by
(100) planes ([013] zone axis; see the diffraction pattern in the inset). The
white arrows indicate the scale (18 Å between arrows). Large domains of
clinoenstatite are observed in the middle of the image, as indicated by the
4.5 Å fringe interspacing (corresponding to the so-called Si-O “plates”). Some
of the twin lamellae end in the middle of grains (top left area of the image)
and are limited by partial dislocations. (b) Analysis in several grains confirms
that some of the (100) interphase/twin boundaries initiate inside the grains
and are bound by partial c dislocations, suggesting extensive gliding of
partial c dislocations in (100) planes during deformation.
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deformation mechanisms operative in our experiments is retained in the shape of the grains and in the EBSD
signatures that record reorientation of the grains (CPO) due to dislocation glide on preferred slip systems.

While the samples deformed within the protoenstatite field are composed predominantly of fine-grained
enstatite, they have some differences in chemical composition and grain-size distributions. PI-339 contains
a higher concentration of large enstatite grains and minor olivine, while PI-402 contains much lower concen-
trations of large enstatite grains and has a modest concentration of quartz. Despite these differences, their
mechanical behavior is very similar, presumably as the deformation is likely controlled by a combination of
diffusional and dislocation creep in the fine-grained enstatite matrix in both cases. The similarity of deforma-
tion behavior also suggests a weak or no dependence on silica activity, in contrast to earlier results for olivine
[e.g., Bai et al., 1991]. However, there is insufficient data in this study to make a definitive statement on this
issue. For these low-pressure experiments, the somewhat elongated grains perpendicular to the compression
axis and the EBSD data suggest that dislocation creep takes place predominantly by activation of the (100)
[001] slip system. As noted in Mackwell [1991] and Raterron et al. [2016], this slip system is expected to be
the easiest one under our experimental deformation conditions.

The microstructures from the 450MPa experiments, which were performed in the orthoenstatite field
(Figure 1), are similar to those from the lower-pressure experiments with interlayering of intracrystalline clin-
oenstatite and orthoenstatite lamellae but have volumetrically more orthoenstatite than the lower-pressure
experiments. Many of the planes separating the clinoenstatite and orthoenstatite layers are bordered by par-
tial [001] dislocations, which suggests “untwinning” of orthoenstatite (i.e., partial transformation of orthoen-
statite to clinoenstatite by glide of partial [001] dislocations in (100) planes), rather than a quench effect. This
interpretation is corroborated by the observation that some of the clinoenstatite lamellae start in the middle
of the grains, suggesting that the structure was quenched during shearing subparallel to that direction.

Similar microstructures have been observed previously both in experimentally deformed aggregates [e.g.,
Coe, 1970; Raleigh et al., 1971; Coe and Muller, 1973; Coe and Kirby, 1975] and in natural samples [Etheridge,
1975; van Duysen et al., 1985; Nazé, 1987; Nazé et al., 1987; Raimbourg et al., 2011; Kogure et al., 2014].
Dissociation of [001] edge dislocations in the (100) plane, according to the reaction c→ 1/6 c+5/6 c, is
reported in association with the orthoenstatite-clinoenstatite transformation; glide of the strong 5/6 [001]
partial dislocation then generates the untwinning of one orthorhombic unit cell into twomonoclinic unit cells
[Nazé et al., 1987]. Raimbourg et al. [2011] and Kogure et al. [2014] identified the formation of clinoenstatite
lamellae between dissociated [001] partials in orthoenstatite, leading to the development of subgrain
boundaries in naturally deformed crystals. It is likely that our observations are largely due to this very
mechanism, with extensive partial dislocation gliding in the (100) planes during deformation, resulting in
some orthoenstatite to clinoenstatite transformation. In addition, it is consistent with the corresponding
CPO, which is characteristic of slip on (100)[001] (Figure 5). These observations point to [001] dislocation glide
as an important deformation mechanism in these aggregates. It also gives us confidence that the experi-
ments were carried out in the orthoenstatite field. However, it cannot be excluded that additional clinoensta-
tite lamellae developed during quenching, as in the samples deformed in the protoenstatite field. Such
lamellae may have erased other features, such as free dislocations and dislocation walls. Therefore, while
microstructures, textures, and mechanical data (n=3) all suggest that deformation occurred primarily in
the dislocation creep field, we cannot exclude that additional deformation mechanisms were active.

In addition, the microstructures show that (second phase) olivine was also deforming by dislocation creep.
The large olivine grains accommodated sufficient strain to polygonize in the finer-grained enstatite matrix,
suggesting that the strength contrast between the twominerals was not that large at the conditions of defor-
mation (see also section 4.2).

4.2. Mechanical Behavior and Comparison to Previous Studies
4.2.1. Protoenstatite Deformation
Our results for the deformation of enstatite by dislocation creep in the orthoenstatite field yielded strengths
that are somewhat weaker than those measured under comparable conditions in the protoenstatite field
(Figure 7). It is notable that, while PI-402 was deformed at a confining pressure of 300MPa, the data point
for 1200°C (cross symbol in Figure 7) falls within the orthoenstatite field (cf., Figure 1). The concordance of
this result with the experiments at a confining pressure of 450MPa (orthoenstatite field) provides confidence
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that the transformation from pro-
toenstatite to orthoenstatite in
our experiments was relatively
rapid and that our experiments
were truly performed in the
assumed phase fields.

Mackwell [1991] deformed single-
crystal enstatite samples in the
protoenstatite field at room pres-
sure and high temperatures of
between 1400 and 1450°C. These
samples were oriented to favor dis-
location creep on the (100)[001]
slip system. While these experi-
mental temperatures do not over-
lap those in the present study, the
activation energies for creep of
750 and 880 kJ/mol and the stress
exponent of n= 3.8 ± 0.5 obtained
by Mackwell [1991] (M) are reason-
ably consistent with our high-
stress results (720 kJ/mol and
n~3), as illustrated in Figure 8.
Deviations in constitutive para-
meters may result from the rela-
tively narrow temperature ranges
in each of the two studies and con-
tributions of diffusional creep for
the polycrystalline materials. The
dotted line in Figure 8 was deter-
mined from a least squares regres-

sion fit to the results from this study and those from Mackwell [1991], yielding an “activation energy” of
820 kJ/mol. However, the requirement for deformation on multiple slip systems for homogeneous creep of
a polycrystalline aggregate (von Mises criterion) limits quantitative interpretation from direct comparison
of single-crystal and polycrystalline creep data. Nonetheless, it is reasonable to assume that slip on (100)
[001], the weakest slip system in protoenstatite, plays an important role and may control aggregate deforma-
tion; this may explain the comparable activation energy for creep obtained for the single crystals and
the aggregates.

Previous measurements on the strength of pure enstatite (MgSiO3) aggregates in room pressure apparatus
by Ji et al. [2001] (JWW) are also shown in Figure 8. Their results are significantly weaker than ours, perhaps
due to a significant component of diffusional creep in their experiments, consistent with their stress expo-
nent of n= 2.0. Figure 8 also shows the results of Hitchings et al. [1989] (HPB) for enstatite aggregates pre-
pared using orthopyroxene from spinel lherzolite nodules. These samples were deformed within the
protoenstatite field at a temperature of 1500 K and confining pressure of 300MPa. While the experiments
yielded a stress exponent of n~3, suggestive of dislocation creep, the samples had a grain size of only
5μm and the stress exponents were based on a single strain rate step for each experiment. Consequently,
it is possible that there was some component of grain boundary diffusional creep or grain boundary sliding
in the deformation behavior, which could explain the somewhat lower strength than that predicted from our
experiments (Figure 8).
4.2.2. Orthoenstatite Deformation
A number of prior studies have been performed in the orthoenstatite field, making use of the higher-
temperature stability of orthoenstatite at higher pressures (Figure 1), such as those available in the Griggs'
solid-mediumdeformation apparatus. Raleigh et al. [1971] and Ross and Nielsen [1978] performed deformation

Figure 7. Plot of log strain rate versus inverse temperature for dislocation
creep data in both the protoenstatite and orthoenstatite fields. The data
were normalized to a stress of 220MPa using a stress exponent of n = 3. The
solid lines show the flow laws determined in this study for dislocation creep
of dry polycrystalline enstatite in the protoenstatite and orthoenstatite fields.
The cross symbol shows the experimental result for PI-402 at a confining
pressure of 300MPa and temperature of 1200°C that fell within the
orthoenstatite field.
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experiments on natural orthopyr-
oxene aggregates under dry and
wet conditions, respectively, in the
solid-medium Griggs' deformation
apparatus at confining pressures
of 1–2GPa. Both studies demon-
strated that, at temperatures above
1000°C, deformation occurred pri-
marily by slip on the (100)[001] sys-
tem. While Ross and Nielsen [1978]
acknowledged that dehydration of
the talc-confiningmedium resulted
in wet deformation conditions,
Raleigh et al. [1971] used a “dry con-
fining medium” and called their
experiments dry. Nonetheless,
neither study predried their ortho-
pyroxenite samples prior to defor-
mation, so that dehydration of
hydrous minerals in the aggregates
inevitably resulted in nonzero
water fugacities during deforma-
tion. In addition, the near coinci-
dence of the experimental results
from the two studies, both in terms
of absolute strength and constitu-
tive behavior, argues for compar-
able deformation conditions. The
possibility that both studies were
performed under wet conditions,
the limited overlap in experimental

conditions, and uncertainties in stress measurements caused by friction in the Griggs apparatus make it chal-
lenging to compare their data to our results. Nonetheless, as illustrated in Figure 9, there is reasonable agree-
ment with our results in the higher-temperature region, where similar deformationmechanisms were likely to
be operative. More recently,Ohuchi et al. [2011] used the Griggs' solid-medium deformation apparatus to per-
form experiments on oriented single crystals of enstatite at a confining pressure of 1.3 GPa and temperatures
from 973 to 1373 K. Their results yield a stress exponent of n=3 and activation energy of Q=459 kJ/mol for
high-temperature deformation on the (100)[001] slip system. Extrapolation of their flow law for (100)[001] to
higher temperatures plots at much higher strain rates than our data and falls outside the range of strain rates
plotted in Figure 9. However, as their experiments were performed in the low clinoenstatite field under wet
deformation conditions and in the Griggs apparatus, it is not possible to draw serious conclusions based on
the difference in behavior between their results and the data from this study and that ofMackwell [1991].

Manthilake et al. [2013] found that the (100)[001] slip system is also prevalent during deformation at 1.5 GPa
and 1100°C under both dry and wet conditions. The addition of Al under dry conditions however yielded a
CPO consistent with dominant activation of (010)[001]. Finally, Raterron et al. [2016] observed that the ensta-
tite (100)[001] slip system is also prevalent over the (010)[001] slip system at higher pressures.
4.2.3. Diffusional Versus Dislocation Creep
Our creep data for protoenstatite demonstrate behavior that is mostly within the diffusional creep field,
although we have sufficient data to identify dislocation creep behavior at higher stresses and lower tempera-
tures (Figure 2). By contrast, our orthoenstatite data fall mainly in the dislocation creep field but show some
component of diffusional creep at lower stresses (Figure 3). In a recent study, Bruijn and Skemer [2014] used
our data, together with microstructural observations, to develop a deformation mechanism map for ortho-
pyroxene. While a more substantial data set covering a broader range of temperatures and stresses within

Figure 8. Plot of log strain rate versus inverse temperature for dislocation
creep data in the protoenstatite field (circles and solid line). The data were
normalized to a stress of 220MPa using a stress exponent of n = 3. Also
shown are the enstatite single-crystal (100)[001] data from Mackwell [1991]
(M), the enstatite aggregate results from Hitchings et al. [1989] (HPB), and the
pure MgSiO3 enstatite aggregate measurements of Ji et al. [2001] (JWW). The
dotted line represents a fit to the data from this study combined with the
single-crystal data from Mackwell [1991]. All experiments were performed in
the protoenstatite field.
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the appropriate phase field is desir-
able, such maps can be highly use-
ful in interpreting deformation
microstructures in natural rocks.
4.2.4. Comparison With
Olivine Deformation
Olivine and orthopyroxene are the
predominant minerals in mantle
peridotites and lherzolites. While
olivine is volumetrically dominant,
the presence of orthopyroxene
can have important effects on
aggregate mechanical behavior, as
is evidenced from numerous field
observations [see, e.g., Skemer
et al., 2010; Toy et al., 2010; Tikoff
et al., 2010, and references therein].
Field observations and experimen-
tal studies have attributed greater
strength to either olivine or ortho-
pyroxene, depending on the condi-
tions of deformation. Of particular
note,Hitchings et al. [1989] reported
experiments where enstatite
aggregates are similar in strength
to or somewhat stronger than oli-
vine aggregates under comparable
conditions with both minerals
deforming by dislocation creep. By
contrast, Ohuchi et al. [2011] per-
formed experiments where ensta-
tite single crystals, oriented to

promote dislocation glide, appear weaker than olivine aggregates. Let us note however that, as mentioned
above, comparing the strength of single crystals and aggregates can be highly misleading, since (i) aggregate
deformation requires additionalmechanisms to accommodate strain at grain boundaries and (ii) well-oriented
single crystals are expected to be weaker than aggregates with random grain orientations. Figure 9 shows a
comparison of our results for creep of orthoenstatite aggregates with those for dislocation creep of dry olivine
aggregates (dunite) under the same conditions of temperature, confining pressure, and oxygen fugacity
[Keefner et al., 2011]. The orthoenstatite samples deform a factor of ~2 slower than olivine, a result consistent
with that reported by Hitchings et al. [1989]. It is however expected that, given the relative stress exponents
and activation energies for creep, the differences in the strength of the twomaterials (orthopyroxene and oli-
vine) will decrease with increasing temperature and decreasing stress.

4.3. Implications for Flow in the Earth

Our results are immediately applicable in regions in Earth's interior, where orthoenstatite is the dominant
phase. However, much of the upper mantle is composed of aggregates with olivine as the dominant mineral
and orthopyroxene in lower abundances. As noted above, dry orthoenstatite aggregates are only modestly
stronger than dry olivine aggregates deformed under otherwise comparable conditions. At the lower stresses
and potentially higher temperatures in the Earth's interior, orthoenstatite may be somewhat weaker or stron-
ger than olivine, depending on the prevailing thermomechanical environment in the natural setting. Thus,
previous rheologies for dry olivine aggregates [e.g., Hirth and Kohlstedt, 2003; Keefner et al., 2011] should pro-
vide a reasonable first-order constraint on mechanical behavior for dry regions of the upper mantle. Our
results are also consistent with field observations that have been interpreted variously as showing olivine
weaker or stronger than enstatite [e.g., Skemer et al., 2010; Tikoff et al., 2010, and references therein]. It should

Figure 9. Plot of log strain rate versus inverse temperature for dislocation
creep data in the orthoenstatite field. The data were normalized to a stress
of 300MPa using a stress exponent of n = 3. Also shown are the high-pres-
sure flow laws for pyroxenite from Raleigh et al. [1971] (RKCA—dashed line)
and Ross and Nielsen [1978] (RN—dot-dashed line). All experiments were
performed in the orthoenstatite field. The flow law for deformation of olivine
aggregates (dunite) by dislocation creep [Keefner et al., 2011] is also shown
for comparison (KMKH—dotted line).

Journal of Geophysical Research: Solid Earth 10.1002/2016JB013011

BYSTRICKY ET AL. DEFORMATION OF ENSTATITE 6397



be noted, however, that our study only pertains to dry deformation and does not address the issue of water
weakening of enstatite and comparison of mechanical behaviors for wet orthoenstatite and olivine.

Nonetheless, while demonstrating similar strengths under some experimental and natural conditions, olivine
and enstatite do have different rheological behaviors that depend on the conditions of deformation. As is
demonstrated for orthoenstatite in this study, a monomineralic rock has a unique set of constitutive para-
meters that define deformation for each creep field (e.g., equation (1)). These parameters quantify dependen-
cies on the thermochemical environment, including the stress, temperature, confining pressure, oxygen and
water fugacity, and activity of silica and other constituent oxides. For a rock composed of twomineral species,
the constitutive parameters will not be a simple average of the parameters for each of the component miner-
als but reflect the individual and often complex contributions and interactions of these minerals (e.g., chemi-
cal interactions at low strains [Sundberg and Cooper, 2008] and phase mixing during dynamic recrystallization
[Farla et al., 2013; Linckens et al., 2014]). Increasing temperature (as illustrated in Figure 9) and decreasing
stress may result in a change from olivine to orthopyroxene as the weaker phase, with concomitant changes
in stress exponent, activation energy, oxygen fugacity exponent, and other constitutive parameters for an
aggregate composed of the two minerals. In addition, deformation may also lead to different recrystallized
grain sizes for olivine and for orthopyroxene, possibly causing a switch in deformation mechanism from dis-
location to diffusional creep in orthopyroxene and thereby extending the range of conditions where ortho-
pyroxene is the weaker mineral [Skemer and Karato, 2008]. Consequently, a laboratory-based rheology for
such a bimineralic rock cannot be reliably extrapolated to natural deformation conditions. Instead, flow laws
should be measured for each mineral component, which can then be extrapolated and compared to deter-
mine the contribution of each to the local deformation. Careful measurement of deformation in single crys-
tals or monomineralic aggregates, coupled with experiments and simulations of bimineralic or polymineralic
systems [e.g., Tullis et al., 1991; Handy, 1994; Raterron et al., 2014; Hansen and Warren, 2015, and references
therein], can provide insight into appropriate rheologies for use in a variety of natural settings.
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