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Abstract Synthesized polycrystalline samples composed of enstatite and olivine with different volumetric
ratios were deformed in compression under anhydrous conditions in a Paterson gas‐medium apparatus at 1150–
1300°C, an oxygen fugacity buffered at Ni/NiO, and confining pressures of 300 or 450 MPa (protoenstatite or
orthoenstatite fields). Mechanical data suggest a transition from diffusion to dislocation creep with increasing
differential stress for all compositions. Microstructural analyses by optical and scanning electron microscopy
reveal well‐mixed aggregates and homogeneous deformation. Crystallographic preferred orientations measured
by electron backscatter diffraction are consistent with activation of the slip systems (010)[100] and (010)[001]
for olivine and (100)[001] and (010)[001] for enstatite, as expected at these conditions. Nonlinear least‐squares
fitting to the full data set from each experiment allowed the determination of dislocation creep flow laws for the
different mixtures. The stress exponent is 3.5 for all compositions, and the apparent activation energies increase
slightly as a function of enstatite volume fraction. Within the limits of experimental uncertainties, all two‐phase
aggregates have strengths that lie between the uniform strain rate (Taylor) and the uniform stress (Sachs) bounds
calculated using the dislocation creep flow laws for olivine and enstatite. Calculation of the Taylor and Sachs
bounds at strain rate and temperature conditions expected in nature (but not extrapolating in pressure) indicates
that using the dislocation creep flow law for monomineralic olivine aggregates provides a good estimate of the
viscosity of olivine‐orthopyroxene rocks deforming by dislocation creep in the deeper lithosphere and
asthenosphere.

Plain Language Summary The rheology of Earth's upper mantle is generally modeled using
mechanical flow laws determined for aggregates composed only of olivine minerals, in spite of the polyphase
nature of mantle rocks. In this study, we investigated the effect of phase volume proportions on the high‐
temperature deformation properties of aggregates composed of the two most abundant minerals in the upper
mantle, olivine and enstatite. The samples were deformed under dry conditions in triaxial compression at 1150–
1300°C, under oxygen fugacity fixed at the Ni/NiO solid buffer, and confining pressures of 300 or 450 MPa, at
conditions where enstatite has two different crystallographic structures. At both pressures, in the dislocation
creep regime, where deformation occurs mostly by the motion of dislocations along slip planes within mineral
grains, the strengths of all the two‐phase mixtures lie between the uniform strain rate and the uniform stress
bounds, which assume iso‐strain and iso‐stress conditions, respectively, in all the grains comprising each
aggregate. Extrapolating these bounds to temperatures and strain rates expected in nature indicates that the
viscosity of mantle rocks can be modeled adequately with the dislocation creep flow law for olivine.

1. Introduction
Flow within Earth and other terrestrial bodies in the solar system is a critical part of the heat engine of each planet
and occurs through solid‐state deformation of the rocks that comprise their interiors. In modeling the flow
properties of a planet, it is optimal to use actual rheologies for the appropriate rocks that exist under the ther-
momechanical conditions for a given depth within the body (e.g., Hirth & Kohlstedt, 2003; Kirby & Kronen-
berg, 1987; Kohlstedt et al., 1995). Unfortunately, this is not always possible as flow in planetary bodies usually
occurs at rates that are much slower than is achievable in the laboratory, and extrapolation from laboratory
conditions to planetary interiors is not straightforward (e.g., Hirth & Kohlstedt, 2015; Paterson, 1987; Pater-
son, 2001). It is for instance possible that deformation mechanisms identified in the laboratory, such as dislocation
creep, diffusion creep or grain boundary sliding, may not be appropriate under deep planetary interior conditions.
Nonetheless, microstructural analyses of natural rocks and mantle seismic anisotropy data provide strong
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evidence of the ubiquitous presence of crystallographic preferred orientations (CPO) of olivine in lithosphere and
asthenosphere rocks (e.g., Nicolas & Christensen, 1987; Mainprice & Silver, 1993; Ben Ismail & Main-
price, 1998; Montagner, 1998; Smith & Eckström, 1999; Silver et al., 1999; Tommasi & Vauchez, 2015; and
references therein). CPOs are predominantly created by dislocation glide processes, implying that dislocation
creep, where deformation occurs mostly by the motion of dislocations along slip planes within mineral grains, is
an important deformation mechanism. In many studies of mantle rocks, olivine CPOs are consistent with
deformation by dislocation creep (e.g., Baptiste et al., 2015; Zaffarana et al., 2014). In addition, geodynamic
modeling of seismic anisotropy points to dislocation creep as the likely dominant deformation mechanism in the
uppermost mantle (e.g., Asaadi et al., 2011; Becker et al., 2008; van Hunen et al., 2005) and possibly also in the
deep upper mantle despite decreasing seismic anisotropy with depth (Mainprice et al., 2005).

A further complication to extrapolation of laboratory rheologies to natural conditions results from the polyphase
nature of rocks in planetary interiors. Experimental rheologies have been measured for single‐phase aggregates of
two major minerals in Earth's upper mantle: olivine (dunite) (e.g., Carter & Avé Lallemant, 1970; Chopra &
Paterson, 1981, 1984; Zeuch &Green, 1984; Karato et al., 1986; Borch & Green, 1989; Hirth &Kohlstedt, 1995a,
b; Bystricky et al., 2000; Mei & Kohlstedt, 2000a,b; Karato & Jung, 2003; Durham et al., 2009; Keefner
et al., 2011; Hansen et al., 2011; Faul et al., 2011; Ohuchi et al., 2017; Dixon & Durham, 2018; and references
therein), and orthopyroxene (enstatite) (Raleigh et al., 1971; Ross & Nielsen, 1978; Hitchings et al., 1989;
Bystricky et al., 2016; Zhang et al., 2017, 2020; and references therein). Since olivine is the most abundant and
arguably weakest phase within the deep lithosphere and asthenosphere on Earth, it is often assumed that single‐
phase olivine‐aggregate rheologies provide a good first‐order approximation to creep within these regions (e.g.,
Kirby & Kronenberg, 1987; Kohlstedt et al., 1995). However, there have been few studies on the influence on
mantle rheology of one or more of the dominant secondary phases in Earth's mantle: orthopyroxene, clinopyr-
oxene and garnet. A number of experimental studies have been performed for olivine‐enstatite aggregates in the
diffusion creep field (Ji et al., 2001; McDonnell et al., 2000; Soustelle & Manthilake, 2017; Sundberg &
Cooper, 2008; Tasaka et al., 2013), dislocation‐accommodated grain‐boundary sliding field (for iron‐rich olivine‐
enstatite aggregates: Tasaka et al., 2017, 2020) and in the dislocation creep field (Hitchings et al., 1989).
Deformation studies have also been conducted on olivine‐diopside aggregates in the diffusion creep field (Pré-
cigout & Stünitz, 2016; Zhao et al., 2019). Within the dislocation creep field expected for the lithosphere and
asthenosphere on Earth, only the Hitchings et al. (1989) study provides significant insight into the effect of
enstatite content on aggregate behavior in dislocation creep. Unfortunately, their work represents only a pre-
liminary study and does not provide a systematic investigation of the behavior sufficient to constrain models for
extrapolation to Earth's interior.

The present study of enstatite‐olivine two‐phase deformation builds on the previous report by Bystricky
et al. (2016) on the rheology of enstatite aggregates in the protoenstatite and orthoenstatite fields. That study
determined flow laws for dislocation creep and demonstrated that, under similar conditions (other than confining
pressure), protoenstatite is stronger by a factor of about 2 in stress than orthoenstatite. As the study by Bystricky
et al. (2016) was essentially identical in sample preparation and deformation conditions, it provides the end‐
member enstatite constraint on our study of two‐phase behavior of enstatite‐olivine aggregates.

2. Materials and Methods
2.1. Starting Material

Olivine powders were produced from optically clear olivine single crystals from San Carlos, Arizona
(Mg0.91Fe0.09)2SiO4, that were carefully hand‐selected to exclude accessory minerals such as spinel or pyroxene.
These crystals were broken into millimeter‐size fragments in a steel crusher, ground using an agate mortar and
pestle, and sieved to yield grain sizes below 45 μm. Gravitational settling of the powders in distilled water allowed
separation of powders into 2 bins with mean grain sizes of 30 ± 10 μm (coarse) and 8 ± 3 μm (fine).

Enstatite was produced by reacting the olivine powders with fine‐grained quartz, as described in detail in
Bystricky et al. (2016). Equal molar ratios of olivine and quartz powders were ground in distilled water using a
micronizing mill to grain sizes less than 10 μm. They were then reacted in an olivine crucible at 1430°C for 150 hr
in a one‐atm furnace under controlled oxygen fugacity conditions near Ni/NiO (10− 5.5 atm) using CO/CO2 gas
mixtures. The powders were subsequently reground and reacted a second time under the same conditions for an
additional 100 hr to ensure that the reaction was complete. As for the olivine material, these reacted powders were
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ground and gravitationally settled to provide grain‐size ranges similar to the olivine powders. Microprobe
analysis showed that the resulting enstatite powders were homogeneous with a composition near En91. X‐ray
powder diffraction analysis confirmed that the crystalline structure for the enstatite powders was monoclinic
(low clinoenstatite). Both olivine and enstatite powders were stored in a vacuum oven at 150°C to minimize water
contamination prior to hot‐pressing.

2.2. Sample Fabrication

Powders of enstatite (En) and olivine (Ol) were weighed on a microbalance to generate samples with the
following volumetric ratios: 75%En‐25%Ol, 50%En‐50%Ol, 40%En‐60%Ol, and 25%En‐75%Ol (Table 1). After
mechanical mixing for 2 hr, the powders for each sample were cold‐pressed at a uniaxial stress of 200 MPa in a
nickel sleeve (10 mm inner diameter, 20 mm long) with a hardened steel cold‐pressing die. The nickel‐jacketed
cold‐pressed samples were hot‐pressed in an internally heated gas‐medium pressure vessel for 2–12 hr at 1300°C
and a confining pressure of 300 MPa (for experiments in the protoenstatite stability field) or 450 MPa (for ex-
periments in the orthoenstatite stability field) (Table 1).

Porosities in the hot‐pressed samples, measured using the Archimedean method, were less than 2%. Samples were
cored to a uniform diameter of 8 mm and ground to a length of 14–16 mm for the deformation experiments. In
order to remove any hydrous species that may have been trapped during the hot‐pressing stage, the samples were
subsequently annealed for 20 hr at 1000°C under controlled oxygen fugacity conditions near Ni/NiO in a one‐atm
furnace. A thin slice from each hot‐press was kept for microstructural and infrared analysis. The infrared analysis,
performed using an FTIR at The Pennsylvania State University, detected no O‐H related infrared bands in the
spectra of the hot‐pressed samples at a resolution of 10 H/106 Si. Samples were stored in a vacuum oven at 150oC
prior to the deformation experiments.

2.3. Deformation Apparatus and Experiments

The creep experiments were performed under constant load conditions in triaxial compression using a Paterson
gas‐medium deformation apparatus at the University of Minnesota (Paterson, 1990), courtesy of Prof. David
Kohlstedt. In this apparatus, samples are heated using an internal furnace, with thermal gradients of<1°C/mm and
<4°C over the entire hot zone of the furnace at all temperatures (up to 1300°C). The applied load was measured
with an internal load cell, yielding differential stresses (σ = σ1 − σ3) accurate to ±2 MPa. Sample strains were

Table 1
Experimental Conditions for Hot‐Pressing Enstatite‐Olivine Aggregates

Exp. Composition (vol%) Pc (MPa) T (°C) t (h) dh (En) (μm) dh (Ol) (μm)

PI‐339a 100%En 300 1300 6 10.0 ± 0.7 n/a

PI‐402a 100%En 300 1300 2 – n/a

PI‐400 75%En‐25%Ol 300 1300 2 – ‐

PI‐458 75%En‐25%Ol 300 1300 8 11.9 ± 1.0 11.7 ± 2.0

PI‐343 50%En‐50%Ol 300 1300 5 5.6 ± 0.5 6.6 ± 0.5

PI‐450 50%En‐50%Ol 300 1300 8 – –

PI‐399 25%En‐75%Ol 300 1300 2 – –

PI‐453 25%En‐75%Ol 300 1300 8 9.8 ± 1.0 13.2 ± 1.3

PI‐512a 100%En 450 1300 12 – n/a

PI‐539a 100%En 450 1300 8 – n/a

PI‐560 75%En‐25%Ol 450 1300 8 5.9 ± 0.1 14.3 ± 1.6

PI‐561 50%En‐50%Ol 450 1300 8 – –

PI‐541 40%En‐60%Ol 450 1300 4 8.3 ± 0.5 6.7 ± 0.1

PI‐553 25%En‐75%Ol 450 1300 8 – –

Note. Pc is confining pressure, T is temperature and t is the duration of the hot‐press; dh is the average grain size after the
hot‐press; errors on dh are 2σ.

aSamples are from Bystricky et al. (2016).
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calculated from piston displacement, which was 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, coated with NiO
powder (to buffer oxygen fugacity at Ni/NiO), and placed in a nickel jacket (outer diameter 10 mm, inner
diameter 8 mm). Thin nickel foil discs were placed at each end of the sample to prevent chemical interactions with
the pistons. The jacketed sample was placed in a piston assembly comprising alumina and zirconia pistons
surrounded by an outer iron sleeve (Paterson, 1990; Paterson & Chopra, 1982).

Once the sample assembly was loaded into the deformation apparatus, pressure was increased in 10–15 MPa
increments to 300 or 450 MPa. Temperature was raised to the experimental conditions at ∼1°C/s once the
pressure exceeded 100 MPa. After the pressure and temperature conditions for the experiment were reached, the
sample was allowed to equilibrate for at least 2 hr prior to starting deformation.

Deformation experiments were performed as constant‐load stepping tests at temperatures from 1150 to 1304°C
and confining pressures of either 300 or 450 MPa, as delineated in Table 2. The applied loads were chosen to
ensure that the resulting differential stresses did not exceed the confining pressure, minimizing crack nucleation
and propagation. Measured strain rates ranged from 4.5 × 10− 7 s− 1 to 1.1 × 10− 4 s− 1.

In each deformation step, the applied load was held constant until a quasi‐steady‐state regime was achieved,
typically after a strain of at least 0.5%, as illustrated in Figure S1 in Supporting Information S1. After a period of
quasi‐steady‐state creep, the load was removed entirely before the next strain cycle. When changing temperature,
the sample was allowed to anneal for ∼30 min before a new load was applied. No substantial grain growth was
anticipated on the experimental timescales, as grain boundary migration is generally slow in multiphase aggre-
gates. In several experiments, conditions of temperature and differential stress investigated in an early constant‐
load step were revisited later to test for reproducibility and to identify potential changes in mechanical behavior
resulting from microstructural evolution. Measurements of strain rate at constant stress in the initial stages of
some experiments did show anomalously high strain rates relative to later tests at similar stresses, suggesting early
realignment of the sample and/or adjustment of sample microstructure; in these cases, the data were not used in

Table 2
Experimental Conditions for Creep of Enstatite‐Olivine Aggregates

Exp. Composition (vol%) Pc (MPa) T range (°C) σ range (MPa) εtot (%) d (En) (μm) d (Ol) (μm)

PI‐339a 100%En 300 1250–1300 65–244 14 6.9 ± 0.3 n/a

PI‐402a 100%En 300 1299 26–223 8 7.3 ± 0.2 n/a

PI‐400 75%En‐25%Ol 300 1200–1297 85–229 11.8 8.7 ± 0.4 6.3 ± 0.6

PI‐458 75%En‐25%Ol 300 1200–1297 226–232 7.4 – –

PI‐343 50%En‐50%Ol 300 1244–1300 40–260 19.1 7.3 ± 0.4 7.8 ± 0.4

PI‐450 50%En‐50%Ol 300 1279–1304 52–114 5.1 – –

PI‐455b 50%En‐50%Ol 300 1175–1296 222–226 10.3 – –

PI‐399 25%En‐75%Ol 300 1200–1300 55–229 17.9 7.0 ± 0.5 7.6 ± 0.3

PI‐453 25%En‐75%Ol 300 1300 54–108 3.5 8.0 ± 0.7 14.7 ± 1.1

PI‐454c 25%En‐75%Ol 300 1183–1300 221–223 6.5 8.0 ± 0.7 14.7 ± 1.1

PI‐512a 100%En 450 1200–1275 170–430 23 11 ± 3 n/a

PI‐539a 100%En 450 1200–1250 111–460 21 – n/a

PI‐560 75%En‐25%Ol 450 1150–1250 279–421 15.6 – –

PI‐561 50%En‐50%Ol 450 1150–1200 280–396 9.5 – –

PI‐541 40%En‐60%Ol 450 1200–1250 54–401 18.6 – –

PI‐553 25%En‐75%Ol 450 1225–1250 49–171 11.0 – –

Note. Pc is confining pressure; “T range” and “σ range” are the ranges of temperatures and differential stresses visited during
deformation; εtot is the total strain achieved; d is the average grain size after deformation; errors on d are 2σ.

aSamples are
from Bystricky et al. (2016). bFurther deformation of sample PI‐450. cFurther deformation of sample PI‐453; we assume the
final grain sizes for PI‐453 are the same as was measured for PI‐454.
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the subsequent analysis. The total shortening strains achieved in the different experiments ranged from 3.5% to
19.1%, as delineated in Table 2. Several temperature‐stepping experiments were performed at a confining
pressure of 300 MPa and differential stresses of ∼225 MPa to determine the activation energy for dislocation
creep in the protoenstatite field.

Strain rates and flow stresses were calculated from the displacement and load data, allowing for determination of
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 & Ashby, 1982).

2.4. Microstructural and Textural Characterization

All available hot‐pressed and deformed samples that were suitable for analysis were analyzed by optical mi-
croscopy and scanning electron microscopy (SEM) utilizing orientation contrast (OC) and electron backscatter
diffraction (EBSD). Petrographic axial thin sections ∼20–30 μm thick were prepared for optical microscopy.
SEMmeasurements were performed either on the planar surface of an axially split sample cylinder or on axial thin
sections prepared from the samples after polishing, including with a high‐pH colloidal silica suspension for
several hours. Starting samples were analyzed at the Université de Toulouse using a JEOL JSM‐7100TTLS LV
with a Schottky field emission gun (FEG) cathode operating at an accelerating voltage of 20 keV and a beam
current of 50 nA at a working distance of 15 mm. Samples were coated with a carbon layer of about 15 nm.
Diffraction patterns were recorded with a CMOS Symmetry S2 detector from Oxford Instruments. Deformed
microstructures were analyzed at the Bayerisches Geoinstitut of the Universität Bayreuth, Germany, using a Zeiss
Gemini 1530 SEM with a Schottky FEG cathode operating at an accelerating voltage of 20 keV and a beam
current of about 2 nA at a working distance of 16 mm. Samples were coated with a carbon layer of about 2–3 nm.
Diffraction patterns were recorded with a Nordlys II camera from Oxford Instruments. On both systems,
diffraction patterns were automatically indexed with the Aztec software using similar settings. High‐resolution
orientation imaging maps were acquired with a step size of 0.25 or 1 micron and were used to obtain grain
size distributions in the samples before and after deformation. Average grain sizes were estimated as the
equivalent 2D‐diameters of the average grain surfaces in the maps. Diffraction patterns were also recorded with
larger step sizes (up to 50 μm) to generate pole figures describing the overall bulk texture of the samples.

3. Experimental Results
3.1. Deformation Results

Deformation experiments were performed on enstatite‐olivine samples under conditions where the enstatite was
predominantly in either the protoenstatite or the orthoenstatite field. Hot‐pressing and deformation conditions are
detailed in Tables 1 and 2, respectively. The two tables also contain the average grain sizes for enstatite and
olivine in those hot‐pressed and deformed samples for which suitable material was available. The pressure and
temperature conditions and the creep data derived from each creep test in the protoenstatite and orthoenstatite
fields are listed in Tables 3 and 4, respectively. Experiments performed at a confining pressure Pc of 300MPa (PI‐
343, PI‐399, PI‐400, PI‐450, PI‐453, PI‐454, PI‐455 and PI‐458) were mostly in the protoenstatite field or
possibly a mixed protoenstatite and orthoenstatite field, although tests at temperatures below 1244°C technically
fall within the orthoenstatite field (see also Figure 1 in Bystricky et al., 2016). As discussed in Section 4.1, the
sluggish transformation kinetics may have resulted in retention of the enstatite grains metastably within the
protoenstatite field during excursions to lower temperatures. All experiments at Pc = 450 MPa (PI‐541, PI‐553,
PI‐560, and PI‐561) were entirely in the orthoenstatite field.

Under the experimental conditions of this study, synthetic monocrystalline aggregates composed of enstatite or
olivine with grain sizes in the range 5–20 μm deform predominantly by diffusion creep at lower stresses and
dislocation creep at higher stresses (e.g., Bystricky et al., 2016; Mei & Kohlstedt, 2000a, 2000b). Some level of
mixed‐mode deformation was observed, with contributions of both mechanisms under a broad range of conditions
at intermediate stresses. As noted below, the diffusion creep component showed a strong dependence on grain size
while the dislocation creep component consistently showed none. Thus, while some component of grain‐
boundary sliding may occur in these samples (e.g., Hirth & Kohlstedt, 2003), the data fit well to a model with
only diffusion and dislocation creep components. Assuming that the two components are independent and that the
stress exponent for diffusion creep is n = 1 (see e.g., Bystricky et al., 2016), the rheology of the enstatite‐olivine
aggregates can be described empirically by:
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Table 3
Creep Data for Enstatite‐Olivine Aggregates at a Confining Pressure Pc of 300 MPa

Exp. Composition (vol.%) Pc (MPa) T (°C) σ (MPa) ε̇ (s− 1) ε (%)

PI‐400 75%En‐25%Ol 300 1200 169 9.2 ± 1.4 × 10− 7 0.8

229 2.0 ± 0.3 × 10− 6 0.9

202 1.2 ± 0.1 × 10− 6 0.6

1250 170 3.8 ± 0.5 × 10− 6 2.1

86 1.2 ± 0.2 × 10− 6 0.7

116 2.1 ± 0.3 × 10− 6 0.6

1297 85 5.6 ± 0.7 × 10− 6 0.9

143 1.1 ± 0.1 × 10− 5 0.9

203 2.8 ± 0.4 × 10− 5 1.0

PI‐458 75%En‐25%Ol 300 1297 232 2.5 ± 0.3 × 10− 5 2.0

1271 229 9.7 ± 1.2 × 10− 6 1.4

1250 228 4.8 ± 0.6 × 10− 6 1.4

1227 227 2.2 ± 0.3 × 10− 6 1.5

1200 226 9.4 ± 1.8 × 10− 7 1.1

PI‐343 50%En‐50%Ol 300 1300 160 2.3 ± 0.2 × 10− 5 1.6

40 2.1 ± 0.5 × 10− 6 1.0

61 3.4 ± 0.4 × 10− 6 1.0

82 4.9 ± 0.7 × 10− 6 1.0

103 6.6 ± 0.8 × 10− 6 0.9

124 1.0 ± 0.2 × 10− 5 1.0

144 1.2 ± 0.2 × 10− 5 1.3

164 1.6 ± 0.1 × 10− 5 1.2

184 2.0 ± 0.2 × 10− 5 1.1

205 2.7 ± 0.4 × 10− 5 1.2

225 3.1 ± 0.4 × 10− 5 1.2

241 4.3 ± 0.5 × 10− 5 1.1

260 6.0 ± 0.8 × 10− 5 1.1

1244 160 2.6 ± 0.3 × 10− 6 0.9

173 2.4 ± 0.3 × 10− 6 0.8

218 4.3 ± 0.5 × 10− 6 0.9

233 5.5 ± 0.7 × 10− 6 1.0

251 7.2 ± 0.9 × 10− 6 0.8

PI‐450 50%En‐50%Ol 300 1304 52 1.8 ± 0.4 × 10− 6 0.9

82 2.5 ± 0.3 × 10− 6 1.1

111 3.7 ± 0.5 × 10− 6 1.1

1279 55 4.5 ± 0.6 × 10− 7 0.7

85 8.1 ± 1.0 × 10− 7 0.6

114 1.3 ± 0.1 × 10− 6 0.7

PI‐455 50%En‐50%Ol 300 1296 222 3.2 ± 0.4 × 10− 5 1.3

1275 222 1.7 ± 0.2 × 10− 5 1.7

1250 222 1.1 ± 0.1 × 10− 5 1.8

1222 224 6.6 ± 0.8 × 10− 6 1.6

1202 226 4.6 ± 0.6 × 10− 6 1.4

1175 225 2.6 ± 0.4 × 10− 6 1.5

PI‐399 25%En‐75%Ol 300 1300 146 4.9 ± 0.7 × 10− 5 1.7
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ε̇ = ε̇diff + ε̇disl = Adiff
σ
dm

exp(−
Qdiff
RT

) + Adisl σn exp(−
Qdisl
RT

) (1)

where ε̇ is the total strain rate, σ = σ1 − σ3 is the differential stress, d is grain size, T is temperature, R is the gas
constant, and Adiff, m, Qdiff, Adisl, n and Qdisl are empirical parameters characterizing the diffusion creep and the
dislocation creep components ε̇diff and ε̇disl (e.g., Poirier, 1985). On the assumption that the diffusion creep
component is rate‐limited by grain‐boundary diffusion (Coble creep), we fixed the value of the grain‐size
exponent as m = 3, as in prior studies by Bystricky and Mackwell (2001) on clinopyroxene, Bystricky
et al. (2016) on enstatite, and Hirth and Kohlstedt (1995a) on olivine aggregates. It should be noted that while the
flow law for the dislocation creep component (and similarly, diffusion creep component) for a polyphase
aggregate is more complex than a simple power law, a power law can provide a good first‐order approximation
(Tullis et al., 1991; see also Sections 4.3 and 4.4 in discussion below).

High‐resolution SEM‐EBSD maps acquired for all suitable hot‐pressed and deformed samples (shown in Figures
S2 and S3 in Supporting Information S1) allowed the determination of grain size distributions (Figures S4 and S5
in Supporting Information S1) and estimates of average grain sizes (Tables 1 and 2). As can be seen from the data
in Table 1, grain size after hot‐pressing for both enstatite and olivine generally increases with duration of the hot
press. This is most notable for the olivine grains, which have average grain sizes around ∼7 μm after 4–5 hr and
∼13 μm after 8 hr. By contrast, comparison of the grain sizes after hot‐pressing with those for the same sample
after deformation shows only very minor grain growth subsequent to the hot‐pressing stage (e.g., PI‐343 and PI‐
453, Tables 1 and 2), providing some confidence that grain growth during deformation was limited. In fitting the
deformation flow law to the data from each experiment using Equation 1, we used estimates based on the grain‐
size measurements for hot‐pressed or deformed samples shown in Tables 1 and 2. While we do not have mea-
surements for all samples, there is some consistency in the data. We estimated grain sizes of ∼7 μm for both

Table 3
Continued

Exp. Composition (vol.%) Pc (MPa) T (°C) σ (MPa) ε̇ (s− 1) ε (%)

1200 172 4.0 ± 0.5 × 10− 6 0.9

97 1.2 ± 0.1 × 10− 6 0.6

198 4.8 ± 0.7 × 10− 6 0.9

112 1.4 ± 0.1 × 10− 6 0.7

229 6.8 ± 0.9 × 10− 6 0.9

149 2.3 ± 0.3 × 10− 6 0.5

1251 113 7.1 ± 0.9 × 10− 6 0.9

55 2.1 ± 0.3 × 10− 6 0.6

141 9.8 ± 1.9 × 10− 6 0.8

85 3.6 ± 0.5 × 10− 6 0.6

170 1.6 ± 0.2 × 10− 5 0.9

1300 113 2.1 ± 0.3 × 10− 5 1.1

56 7.8 ± 1.2 × 10− 6 0.6

PI‐453 25%En‐75%Ol 300 1300 108 1.7 ± 0.2 × 10− 5 1.4

54 3.9 ± 0.5 × 10− 6 1.1

82 6.6 ± 0.9 × 10− 6 1.0

PI‐454 25%En‐75%Ol 300 1197 221 4.9 ± 0.8 × 10− 6 1.2

1183 223 2.2 ± 0.3 × 10− 6 1.1

1225 223 9.9 ± 1.2 × 10− 6 1.1

1245 222 1.7 ± 0.2 × 10− 5 1.4

1270 222 3.9 ± 0.5 × 10− 5 1.0

1300 222 1.1 ± 0.1 × 10− 4 0.7
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Table 4
Creep Data for Enstatite‐Olivine Aggregates at a Confining Pressure Pc of 450 MPa

Exp. Composition (vol.%) Pc (MPa) T (°C) σ (MPa) ε̇ (s− 1) ε (%)

PI‐560 75%En‐25%Ol 450 1199 279 1.6 ± 0.2 × 10− 5 1.3

347 2.4 ± 0.3 × 10− 5 1.0

404 3.8 ± 0.5 × 10− 5 1.0

1150 292 3.6 ± 0.4 × 10− 6 1.0

350 4.8 ± 0.6 × 10− 6 1.1

406 7.4 ± 0.9 × 10− 6 1.0

1175 282 6.1 ± 0.8 × 10− 6 1.0

340 8.5 ± 1.1 × 10− 6 1.0

397 1.5 ± 0.2 × 10− 5 1.0

1199 358 2.3 ± 0.4 × 10− 5 1.1

1225 298 2.8 ± 0.4 × 10− 5 1.0

358 4.6 ± 0.5 × 10− 5 1.2

421 7.6 ± 0.9 × 10− 5 1.6

1250 299 6.0 ± 0.7 × 10− 5 1.3

PI‐561 50%En‐50%Ol 450 1150 396 1.7 ± 0.3 × 10− 5 0.9

1175 280 1.1 ± 0.1 × 10− 5 1.0

338 1.6 ± 0.3 × 10− 5 1.1

395 2.6 ± 0.4 × 10− 5 1.3

1200 282 1.9 ± 0.3 × 10− 5 1.1

338 3.5 ± 0.5 × 10− 5 1.2

PI‐541 40%En‐60%Ol 450 1250 110 1.6 ± 0.4 × 10− 5 1.1

54 6.1 ± 1.2 × 10− 6 1.2

83 9.9 ± 1.7 × 10− 6 1.0

140 1.8 ± 0.3 × 10− 5 1.1

167 2.4 ± 0.5 × 10− 5 1.0

195 3.0 ± 0.6 × 10− 5 1.4

224 4.2 ± 0.7 × 10− 5 1.6

1200 112 2.8 ± 0.6 × 10− 6 1.1

167 4.8 ± 0.9 × 10− 6 1.2

225 8.4 ± 1.7 × 10− 6 1.1

285 1.5 ± 0.3 × 10− 5 1.6

343 2.6 ± 0.4 × 10− 5 1.0

401 4.1 ± 0.9 × 10− 5 1.5

198 6.4 ± 1.3 × 10− 6 1.3

1250 170 2.2 ± 0.3 × 10− 5 1.4

PI‐553 25%En‐75%Ol 450 1250 49 2.0 ± 0.3 × 10− 6 1.0

142 9.9 ± 1.3 × 10− 6 1.0

115 5.9 ± 0.8 × 10− 6 1.1

86 3.4 ± 0.4 × 10− 6 1.1

1225 171 5.7 ± 0.7 × 10− 6 1.0

117 2.4 ± 0.4 × 10− 6 1.1

145 3.6 ± 0.5 × 10− 6 1.1
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enstatite and olivine in samples initially hot‐pressed for 2–6 hr, and∼8 μm for
enstatite grains and ∼14 μm for olivine grains in samples hot‐pressed for 8 hr.

Fitting the complete flow law (Equation 1), encompassing both diffusion and
dislocation creep components with 5 free parameters (log Adiff, Qdiff, log
Adisl, n, and Qdisl), to data from a given experiment requires application of a
non‐linear least squares (NLS) regression. For a subset of the experiments
(PI‐402, PI‐450, PI‐453 and PI‐561), we had to fix values for the stress
exponent n and/or the activation energy Qdisl for the dislocation creep
component to converge on a unique solution. For all other experiments, the
range of conditions (T, σ, ε̇) in each creep field was sufficient to fit Equation 1
to the data and determine all free parameters (the stress exponents n are listed
in Table 5). A weighted mean of the stress exponent values, with each data
point weighted according to its uncertainty (as described in Text S1 in Sup-
porting Information S1 and illustrated in Figure S6 in Supporting Informa-
tion S1), yielded an average stress exponent of n = 3.5 ± 0.3 for samples
deformed in the protoenstatite field and n = 3.5 ± 0.2 for those in the
orthoenstatite field (Table 5). It should be noted that these values are similar
to the stress exponents for dislocation creep determined in previous studies
for olivine (e.g., n = 3.5 ± 0.3, Hirth & Kohlstedt, 2003) and enstatite ag-
gregates (e.g., n∼ 3, Bystricky et al., 2016). Based on the consistency of these
results, we fixed n = 3.5 and performed new NLS regressions for data from
each experiment to determine the other parameters (log Adiff, Qdiff, log Adisl,
and Qdisl), which are quoted in Tables 6 and 7.

3.1.1. Protoenstatite Experiments

Data from experiments in the protoenstatite stability field are listed in Table 3
and flow law parameters determined by NLS fits are in Table 6. Both the data
and the fits are plotted in Figure 1. Two experiments on aggregates containing
100% enstatite (PI‐339 and PI‐402, Figure 1a), previously reported by
Bystricky et al. (2016), were reanalyzed with the same procedure as all the
other experiments to ensure a consistent approach to the data analysis. The
activation energy for dislocation creep for PI‐339 ofQdisl= 652± 110 kJ/mol
obtained using this fitting method is in good agreement with the value of

Table 5
Stress Exponents for the Dislocation Creep Component From NLS
Regression Fits to the Creep Data for Samples Deformed at a Confining
Pressure of 300 (Protoenstatite) and 450 MPa (Orthoenstatite)

Exp. Composition (vol%) n

PROTOENSTATITE

PI‐339 100%En 3.2 ± 0.6

PI‐402 100%En 4.9 ± 2.9

PI‐400 75%En‐25%Ol 4.4 ± 1.0

PI‐458a 75%En‐25%Ol –

PI‐343 50%En‐50%Ol 3.4 ± 0.5

PI‐450 50%En‐50%Ol –

PI‐455a 50%En‐50%Ol –

PI‐399 25%En‐75%Ol 3.7 ± 0.7

PI‐453 25%En‐75%Ol –

PI‐454a 25%En‐75%Ol –

Protoenstatite Meanb: 3.5 ± 0.3

ORTHOENSTATITE

PI‐512 100%En 3.2 ± 0.6

PI‐539 100%En 3.5 ± 0.3

PI‐560 75%En‐25%Ol 6.5 ± 2.9

PI‐561 50%En‐50%Ol 2.9 ± 0.4

PI‐541 40%En‐60%Ol 4.1 ± 0.4

PI‐553 25%En‐75%Ol 6.2 ± 1.5

Orthoenstatite Meanb: 3.5 ± 0.2

Meanb of All: 3.5 ± 0.2

Note. All uncertainties are 1σ. aTemperature‐stepping experiments at a
constant stress. bUncertainties in n were propagated in the calculations of the
mean values.

Table 6
Deformation Parameters From NLS Regression Fits to the Creep Data Using n = 3.5 for the Dislocation Creep Component
for Samples Deformed at a Confining Pressure of 300 MPa Predominantly in the Protoenstatite Field

Exp. Composition (vol%) log(Adisl)
a Qdisl (kJ/mol) log(Adiff)

b Qdiff (kJ/mol)

PI‐339 100%En 8.5 ± 3.7 652 ± 110 24.4 ± 7.2 884 ± 215

PI‐402 100%En 8.9 ± 0.1 652d 24.7 ± 0.1 884d

PI‐400 75%En‐25%Ol 4.9 ± 1.7 537 ± 49 16.9 ± 1.8 648 ± 54

PI‐458c 75%En‐25%Ol 16.9 ± 0.6 648 ± 17 – –

PI‐343 50%En‐50%Ol 11.5 ± 3.1 732 ± 93 16.5 ± 3.7 640 ± 110

PI‐450 50%En‐50%Ol 10.9 ± 0.2 732d 29.8 ± 2.3 1046 ± 70

PI‐455c 50%En‐50%Ol 16.3 624 – –

PI‐399 25%En‐75%Ol 8.9 ± 1.5 632 ± 42 11.6 ± 1.2 482 ± 34

PI‐453 25%En‐75%Ol 8.9 ± 0.1 632d 12.2 ± 0.1 482d

PI‐454c 25%En‐75%Ol 16.1 ± 0.9 605 ± 27 – –

Note. All uncertainties are 1σ. aAdisl is in units of MPa‐ns− 1. bAdiff is in units of MPa− 1 μm3 s− 1. cTemperature‐stepping
experiments at a constant stress. dActivation energies used in the NLS regression fits were fixed at values for the other
sample of the same composition as there were insufficient data to fully constrain the fitting routines.
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Table 7
Deformation Parameters From NLS Regression Fits to the Creep Data Using n = 3.5 for the Dislocation Creep Component
for Samples Deformed at a Confining Pressure of 450 MPa in the Orthoenstatite Field

Exp. Composition (vol%) log(Adisl)
a Qdisl (kJ/mol) log(Adiff)

b Qdiff (kJ/mol)

PI‐512 100%En 5.8 ± 1.9 561 ± 55 16.3 ± 1.9 613 ± 55

PI‐539 100%En 7.1 ± 1.5 594 ± 54 14.4 ± 3.9 568 ± 115

PI‐560 75%En‐25%Ol 6.0 ± 3.6 556 ± 102 11.7 ± 5.0 468 ± 139

PI‐561c 50%En‐50%Ol 2.8 ± 1.9 454 ± 54 – –

PI‐541 40%En‐60%Ol 2.0 ± 2.8 439 ± 79 18.1 ± 1.1 651 ± 30

PI‐553 25%En‐75%Ol 9.4 ± 10.1 651 ± 294 23.3 ± 8.5 796 ± 247

Note.All uncertainties are 1σ. aAdisl is in units of MPa− ns− 1. bAdiff is in units of MPa− 1 μm3 s− 1. cThere were insufficient data
at low stresses to constrain the diffusion creep component.

Figure 1. Deformation results under conditions where enstatite was mostly in the protoenstatite stability field for samples containing (a) 100 vol% enstatite, showing data
from experiments PI‐339 (solid circles) and PI‐402 (hollow circles) ‐ creep data from Bystricky et al. (2016) with fits to the data recalculated for this study; (b) 75 vol%
enstatite and 25 vol% olivine, showing data from experiments PI‐400 (solid circles) and PI‐458 (triangles); (c) 50 vol% enstatite and 50 vol% olivine, showing data from
experiments PI‐343 (solid circles), PI‐450 (hollow circles), and PI‐455 (triangles); and (d) 25 vol% enstatite and 75 vol% olivine, showing data from experiments PI‐399
(solid circles), PI‐453 (hollow circles), and PI‐454 (triangles). The solid lines show NLS regression fits to the data for each experiment. The dashed lines show the
components of the fits for diffusion and dislocation creep.
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∼720 kJ/mol reported by Bystricky et al. (2016) for this experiment. Since the
experimental data from PI‐402 did not explore far into the dislocation creep
realm and only a single temperature was investigated, we fixed n = 3.5,
Qdisl= 652 kJ/mol andQdiff= 884 kJ/mol in the NLS fit to the data, assuming
the same activation energies as those determined for PI‐339.

The creep data from two experiments performed on aggregates containing 75
vol% enstatite and 25 vol% olivine (PI‐400 and PI‐458) are shown in
Figure 1b. For PI‐458, only data at similar temperatures to those for PI‐400
are shown; they are consistent with the fitted curves for dislocation creep
(dashed lines) from that experiment. The full data set for PI‐458, which was
deformed over a range of temperatures at a constant stress, is shown in
Figure 2.

Flow law fits to the creep data from two experiments performed on aggregates
containing 50 vol% enstatite and 50 vol% olivine (PI‐343 and Pl‐450) are
shown in Figure 1c. Since the experimental data from PI‐450 did not explore
far into the dislocation creep realm, we used n = 3.5 and Qdisl = 732 kJ/mol
(as calculated for PI‐343) in the NLS fit. Although PI‐455 was deformed at a
differential stress of∼225MPa for a range of temperatures, it appears to show
increasing strain rate contributions due to diffusion creep at temperatures
below 1275°C (Figure 2) and consequently these data were not included in the
dislocation creep analysis. These observations are consistent with diffusion
creep predominance in PI‐450, an earlier deformation experiment on the same
sample.

Creep data from the three experiments (PI‐399, PI‐453 and PI‐454) performed
on aggregates containing 25 vol% enstatite and 75 vol% olivine in the protoenstatite field are plotted in Figures 1d
and 2. Since only a single temperature was investigated for PI‐453, we fixedQdisl= 632 kJ/mol andQdiff= 482 kJ/
mol in the NLS fit to the data, assuming the same activation energies as for PI‐399. While there are clear dif-
ferences in creep rates at each stress between experiments in the diffusion creep realm, likely due to grain size
differences, the dislocation creep data show good consistency.

3.1.2. Orthoenstatite Experiments

Data and fitted flow law parameters for experiments in the orthoenstatite stability field are listed in Tables 3 and 7,
respectively, and plotted in Figure 3. Experiments on pure orthoenstatite samples (PI‐512 and PI‐539, Figure 3a),
previously reported by Bystricky et al. (2016), were reanalyzed using the same procedure as for the other ex-
periments for consistency. Fits of Equation 1 to the data for each experiment yield activation energies for
dislocation creep of Qdisl = 561 ± 55 kJ/mol (PI‐512) and Qdisl = 594 ± 54 kJ/mol (PI‐539), in excellent
agreement with the value of 600 ± 21 kJ/mol reported previously (Bystricky et al., 2016). Fitting the combined
data from PI‐512 and PI‐539 after subtracting the diffusion creep component, we obtain the following flow law
for orthoenstatite aggregates deforming in the dislocation creep field:

ε̇disl = 106.4±0.7 σ3.5 exp(−
577 ± 19 kJ/mol

RT
) (2)

where ε̇disl is the dislocation creep rate, σ = σ1 − σ3 is the differential stress in MPa, T is temperature in K, R is the
gas constant, and the flow law parameters are n = 3.5, Qdisl = 577 ± 19 kJ/mol and Adisl = 106.4±0.7 MPa− 3.5s− 1

(Figure 4).

The creep data from PI‐560, which was performed on an aggregate containing 75 vol% enstatite and 25 vol%
olivine, are shown in Figure 3b. The experiment performed on an aggregate containing 50 vol% enstatite and 50
vol% olivine (PI‐561, Figure 3c) only yielded parameters for the dislocation creep component in Equation 1 since
the limited range of differential stresses tested in this experiment made it impossible to provide constraints on the
diffusion creep component. Creep data from experiments on an aggregate containing 40 vol% enstatite and 60

Figure 2. Deformation results for samples PI‐454 (red), PI‐455 (green) and
PI‐458 (blue) mostly within the protoenstatite stability field. These
experiments were conducted over a variety of temperatures at a constant
stress of ∼225 MPa. The quoted activation energies for creep were
determined from least squares regression fits to the data for each experiment.
In the case of PI‐455, the activation energy was calculated only for the two
highest temperatures since diffusion creep seems to contribute increasingly
at lower temperatures.
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Figure 3. Deformation results under conditions where enstatite was in the orthoenstatite stability field for samples containing (a) 100 vol% enstatite, showing data from
experiments PI‐512 (solid circles) and PI‐539 (hollow circles) ‐ creep data from Bystricky et al. (2016) with fits to the data recalculated for this study; (b) 75 vol%
enstatite and 25 vol% olivine, showing data from experiment PI‐560; (c) 50 vol% enstatite and 50 vol% olivine, showing data from experiment PI‐561; (d) 40 vol%
enstatite and 60 vol% olivine, showing data from experiment PI‐541; and (e) 25 vol% enstatite and 75 vol% olivine, showing data from experiment PI‐553. The solid
lines show the NLS regression fits to the data. The dashed lines show the components of the fits for diffusion and dislocation creep.
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vol% olivine (PI‐541) and on an aggregate containing 25 vol% enstatite and
75 vol% olivine (PI‐553), are shown in Figures 3d and 3e, respectively.

3.2. Microstructures and Textures

As noted by Bystricky et al. (2016), quenching of samples after deformation
in the protoenstatite field results in transformation of the enstatite grains
mostly to low clinoenstatite (e.g., Huebner, 1980), the stable form of enstatite
at low temperature and pressure. For enstatite grains deformed in the
orthoenstatite field, both the high stresses imposed during deformation and
high quenching rates favor the formation of clinoenstatite lamellae within
orthoenstatite grains (e.g., Buseck et al., 1980; Coe & Kirby, 1975). In both
cases, these transformations significantly overprint deformation microstruc-
tures in the enstatite phase. In the EBSD analysis we used the clinoenstatite
structure for indexing the enstatite patterns since it yielded a more robust
solution. The twin lamellae that were resolved with the clinoenstatite struc-
ture are defined by a 180° rotation around the [001] axis and were ignored in
the following grain size analysis. In addition, microfracturing at grain
boundaries, which resulted from local stress concentrations due to phase
transformation and thermal stresses during quenching under load, caused
some grain plucking during sample preparation for SEM and EBSD
measurements.

3.2.1. Deformation Microstructures

Starting microstructures show well‐mixed aggregates with near‐equant grain
shapes (Figure S2 in Supporting Information S1). Four samples with varying

amounts of the two phases deformed in the protoenstatite field (PI‐343, PI‐399, PI‐400, PI‐453) were investigated
with SEM‐EBSD techniques to characterize their deformation microstructure and texture (crystallographic
preferred orientations, CPO). Both microstructures and textures are rather similar independent of phase pro-
portions and thus results are displayed here for one representative sample (PI‐399, 75 vol% olivine, 25 vol%
enstatite). Figure 5 shows an orientation contrast image (OC) taken with a forescatter detector next to an EBSD
map of the same area displaying the phase information and grain and phase boundaries. The grain structure of both
phases is rather homogeneous and does not show any indications of strain localization. Grain shapes for both
phases are equant to slightly elongated perpendicular to the compression direction. Olivine and enstatite grains in
the OC images show indications of subgrain boundaries and incipient recrystallization is observed in some larger
olivine and enstatite grains. All other EBSD maps acquired on deformed samples are shown in Figure S3 in
Supporting Information S1.

Figure 4. Deformation results under conditions where enstatite was in the
orthoenstatite stability field for samples containing 100 vol% enstatite,
showing data from experiments PI‐512 (hollow circles) and PI‐539 (solid
circles)—creep data from Bystricky et al. (2016). The diffusion creep
component was subtracted from the data using the NLS fits for each
experiment. The resulting data for the two experiments were fit to a
dislocation flow law using a linear least squares regression, which yielded
Qdisl = 577 ± 19 kJ/mol and log Adisl = 6.4 ± 0.7 for an assumed value
of n = 3.5.

Figure 5. Microstructure of deformed sample PI‐399 (75 vol% olivine, 25 vol% enstatite); compression direction is vertical.
Left: SEM‐EBSD map with olivine and enstatite grains marked in green and blue, respectively; black lines are large angle
(ω> 10°) grain boundaries and phase boundaries; light green and light blue lines are subgrain boundaries (ω> 1°) for olivine
and enstatite, respectively; dark blue lines are clinoenstatite twins defined by [001] 180° rotations; they were ignored for the
grain size analysis. Right: orientation contrast image of the same area.
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3.2.2. Crystallographic Preferred Orientations (CPO)

In most of the two‐phase hot‐pressed samples that were analyzed, the CPOs of both phases are very weak or close
to random (see Figure S7 in Supporting Information S1). One exception is sample PI‐541, where a weak
axisymmetric texture observed in both olivine and enstatite can be explained by compaction during hot‐pressing
(e.g., Bystricky et al., 2006). In all investigated deformed samples, the CPOs of both phases are more pronounced.
They are all quite similar and are represented here by one sample (PI‐399, Figure 6; other CPOs are displayed in
Figure S8 in Supporting Information S1). In olivine the (010) poles are aligned parallel to the compression di-
rection whereas the [100] and [001] directions lie in girdles perpendicular to the compression direction. For
enstatite both (100) and (010) poles are parallel to the compression direction while the [001] directions form a
girdle perpendicular to it. Overall texture strengths are not very high (maxima at about 2.2–2.3 m.r.d.), but texture
patterns are very clear and smooth. Both phases display axisymmetric orientation distributions reflecting the
imposed deformation geometry. The low strength of the CPO is consistent with the low strains and the absence of
pervasive recrystallization. The olivine CPOs are consistent with a‐ and c‐slip on the b‐planes, whereas the
enstatite CPOs indicate c‐slip on the a‐ and b‐plane.

4. Discussion
4.1. Deformation Mechanisms

As discussed in Section 3.1 and in Bystricky et al. (2016), enstatite remained in the orthoenstatite field
throughout the experiments performed at a confining pressure of 450 MPa. In experiments performed at
300 MPa confining pressure the enstatite grains were mostly in the protoenstatite or mixed protoenstatite‐
orthoenstatite field, although they would notionally fall within the orthoenstatite field below 1244°C. As
can be seen from the experimental data in Figure 1 and Table 3, there is no evidence for significant
weakening of samples at the lower temperatures in experiments that straddled both fields, as would be ex-
pected if the protoenstatite grains had transformed into orthoenstatite (Bystricky et al., 2016). In addition, in
experiments where higher temperatures were revisited after measurements at lower temperatures, the sample
behavior replicated that of the earlier measurements. These observations suggest that sluggish kinetics of
the transformation from protoenstatite to orthoenstatite may have resulted in metastable retention of
protoenstatite.

All deformation experiments show components of diffusion and dislocation creep at lower and higher stresses,
respectively (Figures 1 and 3). This is not surprising given the average grain sizes of enstatite (5.6–11.9 μm)
and olivine (6.6–14.3 μm) in the hot‐pressed samples (Table 1). While there was evidence of coarser grain
sizes for each mineral after longer duration of the hot press, a comparison of sample microstructures before

Figure 6. Pole figures of sample PI‐399 (75 vol% olivine, 25 vol% enstatite) for olivine (top) and enstatite (bottom);
compression direction 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, 1.5, and 2. The linear color
scales indicate the low intensities in blue and high intensities in red. n indicates the number of measurements; lower‐
hemisphere, equal area projection.
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and after deformation at 300 MPa shows little grain growth during defor-
mation (see Tables 1 and 2, Figures S2 and S3 in Supporting Informa-
tion S1). Thus, grain size changes were probably also minimal during
deformation at 450 MPa. A possible explanation is that grain growth may
have been enhanced during the hot‐pressing stage by the presence of
trapped hydrous species in the cold‐pressed powders, while it was likely
limited during deformation under very dry conditions. In addition, the
systematics of the diffusion creep processes are less well defined and
calculated activation energies show significant scatter (Tables 6 and 7).
This may be due, in part, to the strong dependence of creep rate in
diffusion creep on grain size, which results in a great influence of the grain
size distribution on creep rate. Thus, the mere use of average grain size is
not appropriate in determining reliable diffusion creep flow laws (Ter
Heege et al., 2004; Wang, 1994). Given the distribution of grain sizes in
these samples and the complex nature of grain‐boundary diffusion creep in
two‐phase systems, significantly greater microstructural analysis would be
required to truly constrain the diffusion creep flow laws. As this study is
mostly focused on dislocation creep of the enstatite‐olivine two‐phase
system, we do not report flow laws for diffusion creep and do not
analyze the mixing relationships for diffusion creep in enstatite‐olivine
aggregates.

Numerous previous studies of dislocation creep processes in olivine aggre-
gates have demonstrated the predominance of the (010)[100] slip system,
with lesser slip on (001)[100] and (010)[001], at these pressure and temper-
ature conditions (e.g., Durham & Goetze, 1977; Bai et al., 1991; Bai &
Kohlstedt, 1992; Keefner et al., 2011; and references therein). Although they
are not very strong, the CPOs of olivine grains in our samples are consistent
with activation of the (010)[100] and (010)[001] slip systems during defor-
mation. For enstatite, the CPOs are similar to those measured in pure enstatite
aggregates deformed under the same conditions (Bystricky et al., 2016). They
are indicative of slip on the (100)[001] and (010)[001] slip systems, consistent
with TEM observations in previous experimental and natural studies (e.g.,
Ross & Nielsen, 1978; Van Duysen et al., 1985) and with single crystal ex-
periments (Mackwell, 1991; Raterron et al., 2016).

4.2. Dislocation Creep Flow Laws

As mentioned above and readily seen in Figures 1 and 3, both diffusion and dislocation creep processes are
operative over most of the experimental conditions. The relative contribution of dislocation creep to the total
strain rate typically varies from ∼10% at very low stresses to ∼80% or more at high stresses, as illustrated in
Figure S9 in Supporting Information S1. Thus, even at the highest stresses, the experimental data are somewhat
weaker than the dislocation creep laws derived from the non‐linear least squares regression (NLS) fits to the full
data set for each experiment (Equation 1). Simple least squares regression fits to just the highest stress data would
have underestimated the stress exponents and underestimated the flow stresses for the dislocation creep
component, validating the use of NLS regressions to the full data set. Therefore, using this approach and all things
otherwise being equal, the dislocation creep laws for samples with the same mixture of phases should be
approximately the same, even if the overall measured creep rates differ due to the greater or lesser contributions
due to diffusion creep, as can be seen particularly in Figures 1d and 3a.

The use of NLS regression fits to the data for each experiment was not always possible due to the limited number
of data points, the need to fit 5 independent parameters (n, log Adiff, Qdiff, log Adisl, Qdisl, in Equation 1), and the
inherent uncertainties in each data point, as is noted in Tables 6 and 7. While we initially allowed the stress
exponent n for dislocation creep to vary, it was clear that a value of n = 3.5 was appropriate for all the com-
positions in both the orthoenstatite and protoenstatite fields (Table 5). This value for n is also very consistent with
prior work on single‐phase aggregates of olivine (e.g., n = 3.5 ± 0.3, Hirth & Kohlstedt, 2003, and references

Figure 7. Activation energies for dislocation creep of enstatite‐olivine
aggregates in (a) the protoenstatite field and (b) the orthoenstatite field,
assuming n= 3.5 for dislocation creep (Tables 6 and 7). The solid lines show
weighted least squares fits to the data including those calculated from the
flow laws of Keefner et al. (2011) (KMKH) and Mei and Kohlstedt (2000b)
(MK) for olivine aggregates buffered at Ni/NiO, but not the results from
Bystricky et al. (2016) for enstatite aggregates (BLMHR) since our results
for 100% enstatite were recalculated using their data. Error bars are 1σ.
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therein) and enstatite (n ∼ 3, Bystricky et al., 2016), and on oriented single
crystals of olivine (e.g., n= 3.5± 0.1 for all slip systems, Bai et al., 1991) and
enstatite (n = 3.8 ± 0.5 for the (100)[001] slip system in protoenstatite,
Mackwell, 1991; n= 3.5± 0.7 and n= 4.1± 1.5 for the (100)[001] and (010)
[001] slip systems in orthoenstatite, Raterron et al., 2016).

Under the assumption of n = 3.5, NLS regressions to the data for each
experiment provided activation energies for dislocation creep of the
different two‐phase mixtures of enstatite and olivine (Tables 6 and 7).
These activation energies were plotted as a function of volume fraction of
enstatite in the protoenstatite and orthoenstatite fields (Figures 7a and 7b,
respectively), along with the activation energies for dislocation creep for
deformation of natural dunite (Keefner et al., 2011), synthetic olivine (Mei
& Kohlstedt, 2000b) and synthetic enstatite (Bystricky et al., 2016) under
equivalent conditions of temperature, pressure, and oxygen fugacity. The
apparent activation energy for creep slightly increases as a function of
enstatite content in both fields, although that increase is within the un-
certainty of the data, especially for the samples deformed in the orthoen-
statite field.

4.3. Effect of Phase Proportions on the Strength of Enstatite‐Olivine
Aggregates

The goal of the present study, characterizing the effect of phase proportions
on polyphase aggregate strength, was to some extent motivated by prior work
(Hitchings et al., 1989) that suggested weaker behavior for mixed‐phase
aggregates than for single‐phase aggregates with end‐member compositions
of enstatite and olivine. A meaningful comparison with other studies requires
data sets that have been obtained on similar samples (dry synthetic poly-
crystalline aggregates) and under similar conditions. In addition, all fine‐
grained polycrystalline aggregates deform with a component of diffusion
creep at lower stresses and/or finer grain sizes (olivine: Hirth & Kohl-
stedt, 1995b, Mei & Kohlstedt, 2000b; enstatite: Bystricky et al., 2016;
enstatite‐olivine: this study), which complicates comparisons. For the olivine
end‐member composition, we selected dislocation creep data for poly-
crystalline olivine deformed dry under similar conditions and in the same
apparatus at the University of Minnesota (Mei & Kohlstedt, 2000b, 1250oC
under dry conditions in their Figure 3; for comparisons at 1300oC we
extrapolated their results using the activation energy Q = 510 kJ/mol given in

their Figure 5). For the enstatite end‐member, we used a flow stress that was the weighted mean of those
calculated using the flow laws for the pure enstatite experiments, allowing for propagation of the errors in those
calculations.

Figure 8 shows the strength of enstatite‐olivine aggregates in the dislocation creep field as a function of volume
fraction of enstatite at conditions reached in most of our experiments in the protoenstatite (10− 5s− 1 and 1300°C,
Figure 8a) and in the orthoenstatite field (10− 5s− 1 and 1250°C, Figure 8b). The stresses for the two‐phase
mixtures are calculated using the dislocation creep components of our flow laws, with the uncertainties given
as 1σ (Tables 6 and 7). As seen on these figures, the strength of enstatite‐olivine aggregates slightly increases as a
function of enstatite content, and all the two‐phases mixtures have strengths that are between those of pure olivine
and pure enstatite. This confirms that in the absence of other dominant deformation mechanisms, the strength of a
two‐phase mixture is bounded by the strengths of the two end‐members.

Theoretical models have been developed for predicting rheologies of mixed‐phase aggregates from the
rheologies of the end‐members similarly to the Voigt and Reuss bounds for elasticity. Assumptions of
uniform strain rate (Taylor bound) or uniform stress (Sachs bound) in a viscous polyphase aggregate lead to

Figure 8. Flow stress versus vol% enstatite at a strain rate of 10− 5 s− 1 in
enstatite‐olivine aggregates deformed in (a) at 1300°C in the protoenstatite
field and (b) at 1250°C in the orthoenstatite field. The filled blue circle and
square represent calculations using the flow laws for olivine aggregates
buffered at Ni/NiO from Mei and Kohlstedt (2000b) (MK) and Keefner
et al. (2011) (KMKH), respectively. The triangles show the olivine single‐
crystal data from Bai et al. (1991) (BMK) for orientations favorable for slip
on the slip systems (010)[100] (purple), (001)[100] and (100)[001] (green)
and (010)[001] (brown). The error bars represent 1σ bounds based on the
NLS regression fits to the experimental data for each experiment. The
dashed purple and green lines represent the uniform strain rate (Taylor) and
uniform stress (Sachs) bounds, respectively.
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the determination of rigorous upper or lower bounds for the overall
strength of the material (see e.g., Equations 2–6 in Tullis et al., 1991).
Taylor and Sachs bounds calculated using the data for the olivine and
enstatite end‐members are shown in dashed lines in Figures 8a and 8b. In
both the protoenstatite and the orthoenstatite field, all the two‐phase
mixtures have strengths that are essentially within the two bounds, as
predicted by theory. As the strength contrast between enstatite and olivine
is relatively modest, the bounds are close together and give tight pre-
dictions for the strengths of enstatite‐olivine aggregates as a function of
volume fraction.

Figure 9 shows the enstatite‐olivine data from Hitchings et al. (1989),
together with the uniform strain rate and stress bounds recalculated from our
data at these conditions. As in our study, protoenstatite is stronger than
olivine, though the difference in strength is more modest. However, in
contrast to us, they observe a decrease in strength at intermediate composi-
tions, although they note that these results may reflect differences in oxygen
fugacity in the various samples. Clearly, their data plot outside of the uniform
strain rate and stress bounds (whether calculated with our end‐member data or
theirs), but the lack of systematics in thermochemical environment and in
phase composition of their samples makes it difficult to make a robust
comparison with our results. Another study by Ji et al. (2001) focused on the
strength of iron‐free forsterite‐enstatite aggregates in the protoenstatite field.
Although pure enstatite was weaker than pure forsterite, likely because the
forsterite was finer grained than enstatite and deformed by diffusion creep,

they observed similar mixing trends as in our study (progressive change in strength, stress exponent, and acti-
vation energy as a function of phase proportions).

For reference, Figures 8 and 9 also show the strength of olivine calculated with the dislocation creep flow law
obtained from experiments on dry Aheim dunite (Keefner et al., 2011). Figure 8 also includes the single crystal
data from Bai et al. (1991), which bracket the aggregate strength data. The Mei and Kohlstedt (2000b) data are
clearly weaker than the Keefner et al. (2011) data, consistent with de‐emphasis of the strongest slip system
(010)[001] during homogeneous aggregate deformation of fine‐grained olivine samples. A proposed expla-
nation for this difference in behavior is an increased contribution of grain boundary diffusion and grain
boundary sliding processes in fine‐grained aggregates (e.g., Hirth & Kohlstedt, 2003). While such processes
might result in enhanced weakening in two‐phase mixtures relative to the end‐member compositions, we see no
evidence for this in our enstatite‐olivine aggregates.

4.4. Implications for Flow in the Earth

One of the key motivations for this study was to determine the extent to which the addition of a second phase to
olivine aggregates would result in differences in mechanical behavior and, hence, in a reevaluation of
dynamical models for Earth's interior that have been traditionally based on a simple olivine rheology. The
suggestion of possible weakening effects due to the presence of a second phase such as pyroxene (Hitchings
et al., 1989) demanded a more robust investigation. Our study shows that olivine and orthoenstatite have similar
strengths when deforming by dislocation creep under laboratory conditions. However, the thermomechanical
conditions appropriate for the lithosphere and asthenosphere are quite different from those in our experiments.
While strain rates in Earth's interior are many orders of magnitude slower than in the laboratory, values of the
stress exponent for both olivine and orthopyroxene are essentially the same, such that the contrast in strength in
the deep Earth will remain relatively modest. This is illustrated in Figure 10, which shows the extrapolation of
the effective viscosities (defined here as σ/2ε̇) derived from our rheologies to a strain rate of 10− 15 s− 1 for a
range of temperatures. The similar activation energies for creep of olivine and orthopyroxene aggregates
indicate that both phases will likely have similar strengths under the conditions of the deeper lithosphere and
asthenosphere. The contrast in mechanical behavior is even more modest between pure olivine aggregates and a

Figure 9. Flow stress versus vol% enstatite at 1227°C (1500 K) and a strain
rate of 10− 5 s− 1 in enstatite‐olivine aggregates deformed in the protoenstatite
field. The dashed purple and green lines represent the uniform strain rate
(Taylor) and uniform stress (Sachs) bounds, respectively, based on our data
for protoenstatite‐olivine mixtures. Also shown as green stars are data from
Hitchings et al. (1989) on deformation of olivine‐protoenstatite under these
conditions. The filled blue circle and square represent calculations using the
flow laws for olivine aggregates buffered at Ni/NiO from Mei and
Kohlstedt (2000b) (MK) and Keefner et al. (2011) (KMKH), respectively.
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30 vol% orthopyroxene—70 vol% olivine aggregate, a bulk composition
more appropriate for the upper mantle (Figure 10).

Although these results provide some confidence in using rheologies for
olivine aggregates as a good proxy for mantle behavior, our experiments
only investigated deformation under dry conditions and at low confining
pressures relative to those in the deep mantle. While we have fairly robust
measurements for the pressure dependence of polycrystalline olivine
deformation (e.g., activation volume V* = 15 ± 5 cm3/mol, Dixon &
Durham, 2018; see also references therein), data for orthopyroxene exist
only for oriented enstatite single crystals (V* ∼ 13.6 cm3/mol for the [001]
(100) slip system in proto/orthoenstatite, and V* ∼ 8.3 cm3/mol for the [001]
(010) slip system in orthoenstatite, Raterron et al., 2016). The activation
volume might therefore be somewhat lower for enstatite than for olivine;
however a comparison between single crystal and polycrystalline data is not
straightforward, and more studies on polycrystalline enstatite at high pres-
sures are needed to assess the effect of pressure on the contrast in mechanical
behavior between the two minerals at depth. In addition, dry deformation
data is unlikely to be appropriate to Earth's asthenosphere. While studies
have quantified the effects of water on deformation of olivine (see e.g., Mei
& Kohlstedt, 2000b, and references therein) and orthopyroxene (Zhang
et al., 2020), a comparison of the strengths of olivine‐pyroxene aggregates
under hydrous conditions taking into account the complexities of partition-
ing of water between olivine and enstatite (Mierdel et al., 2007) is beyond
the scope of the present study. It should also be kept in mind that the present
study focuses on deformation to low strains, in aggregates where the phases
are well mixed. In the lithosphere, microstructural evolution at large strains
in polyphase rocks (grain size reduction by dynamic recrystallization, phase
separation, etc.) may cause changes in dominant deformation mechanisms,
major rheological weakening and shear localization (e.g., de Bresser
et al., 2001; Hansen & Warren, 2015; Toy et al., 2010), making the use of
uniform strain rate (Taylor) and stress (Sachs) bounds for a well‐mixed
polyphase aggregate inappropriate.

Data Availability Statement
All the original data presented in this study are available on zenodo.org at Bystricky et al. (2023) https://doi.org/
10.5281/zenodo.8172453.
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