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Ultramylonites—intensely deformed rocks with ﬁne grain sizes and well‐mixed mineral
phases—are thought to be a key component of Earth‐like plate tectonics, because coupled phase mixing
and grain boundary pinning enable rocks to deform by grain‐size‐sensitive, self‐softening creep mechanisms
over long geologic timescales. In isoviscous two‐phase composites, “geometric” phase mixing occurs via
the sequential formation, attenuation (stretching), and disaggregation of compositional layering. However,
the effects of viscosity contrast on the mechanisms and timescales for geometric mixing are poorly
understood. Here, we describe a series of high‐strain torsion experiments on nonisoviscous calcite‐ﬂuorite
composites (viscosity contrast, ηca/ηﬂ ≈ 200) at 500°C, 0.75 GPa conﬁning pressure, and 10−6–10−4 s−1 shear
strain rate. At low to intermediate shear strains (γ ≤ 10), polycrystalline domains of the individual
phases become sheared and form compositional layering. As layering develops, strain localizes into the
weaker phase, ﬂuorite. Strain partitioning impedes mixing by reducing the rate at which the stronger
(calcite) layers deform, attenuate, and disaggregate. Even at very large shear strains (γ ≥ 50), grain‐scale
mixing is limited, and thick compositional layers are preserved. Our experiments (1) demonstrate that
viscosity contrasts impede mechanical phase mixing and (2) highlight the relative inefﬁciency of mechanical
mixing. Nevertheless, by employing laboratory ﬂow laws, we show that “ideal” conditions for mechanical
phase mixing may be found in the wet middle to lower continental crust and in the dry mantle
lithosphere, where quartz‐feldspar and olivine‐pyroxene viscosity contrasts are minimized, respectively.

Abstract

1. Introduction
Earth is unique among the other planets of our solar system in that it exhibits plate tectonic behavior,
whereby narrow, weak zones of deformation accommodate the relative motion of internally‐rigid tectonic
plates. Within these weak plate boundary shear zones, ﬁne‐grained, polymineralic, well‐mixed ultramylonites are ubiquitous (e.g., Jaroslow et al., 1996; Jin et al., 1998; Linckens et al., 2015; Mehl & Hirth, 2008;
Platt & Behrmann, 1986; Skemer et al., 2010; Warren & Hirth, 2006; White et al., 1980)—a ﬁnding that
has led many authors to conclude that ultramylonites both enable and arise from plate tectonics
(Gueydan et al., 2014; Mulyukova & Bercovici, 2019; Norris & Toy, 2014; Platt, 2015; Précigout et al., 2007;
White et al., 1980).
Numerous processes can induce rheological weakening during mylonitic deformation, including dynamic
recrystallization (Cross & Skemer, 2019; Etheridge & Wilkie, 1979; Jin et al., 1998; Urai et al., 1986),
ﬂuid‐rock interactions (Griggs, 1967; Kronenberg et al., 1990), metamorphic reactions (Dixon &
Williams, 1983; Drury et al., 1991), phase transformations (Poirier, 1982; White & Knipe, 1978), partial melting (Cooper & Kohlstedt, 1986; Holtzman et al., 2012; Kohlstedt, 2002), shear heating (Brun &
Cobbold, 1980; Foley, 2018), the alignment of viscously anisotropic crystal lattices (Hansen, Zimmerman,
& Kohlstedt, 2012; Skemer et al., 2013), and mineral phase rearrangement (Handy, 1994; Holyoke &
Tullis, 2006). Meanwhile, mineral phase intermixing is often invoked as a mechanism for maintaining rheological weakness over long geologic timescales: a necessary condition for explaining the apparent ease with
which ancient lithospheric shear zones are reactivated, even in unfavorable orientations, after long periods
of tectonic quiescence (e.g., Audet & Bürgmann, 2011).
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In well‐mixed polyphase rocks, secondary phases exert a pinning force on migrating grain boundaries, inhibiting grain boundary migration and grain growth (Evans et al., 2001; Hiraga et al., 2010; Smith, 1948). By
suppressing grain growth, grain‐size‐sensitive deformation mechanisms—e.g., diffusion creep and grain
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boundary sliding, which dominate at ﬁne grain sizes—can operate over prolonged timescales. During grain‐
size‐sensitive creep, viscosity decreases as grain sizes are reduced. Thus, self‐softening feedbacks and long‐
lived weakening are thought to arise from coupled grain size reduction and phase mixing. Indeed, two‐phase
“damage” theory has been used to successfully model the initiation and persistence of Earth‐like plate tectonics (Bercovici & Ricard, 2014). Still, there remains continued discussion over the precise mechanisms
responsible for grain‐scale phase mixing, and the relevant time‐ or strain‐scales over which mixing occurs.
Experimental and ﬁeld‐based models for phase mixing can be separated into two broad categories—
mechanical and chemical—each containing several proposed mechanisms. Mechanical phase mixing can
occur by dynamic recrystallization coupled with grain switching during grain boundary sliding (Farla
et al., 2013; Linckens et al., 2014), the sequential formation, attenuation (stretching), and disaggregation
of compositional layering (Cross & Skemer, 2017) and/or the nucleation of well‐mixed grains at interphase
triple junctions (Bercovici & Skemer, 2017). Chemical phase mixing, on the other hand, may involve the formation of a well‐mixed metamorphic reaction product (Dijkstra et al., 2002; Kenkmann & Dresen, 2002;
Kruse & Stünitz, 1999; Marti et al., 2018; Newman et al., 1999), the exchange of chemical species between
phases (Tasaka et al., 2017), and/or the precipitation of phases into dilational sites (Kenkmann &
Dresen, 2002; Kilian et al., 2011; Platt, 2015) including creep cavities formed via grain boundary sliding
(Czertowicz et al., 2016; Lopez‐Sanchez & Llana‐Fúnez, 2018; Menegon et al., 2015; Précigout et al., 2017;
Viegas et al., 2016), Zener‐Stroh cracking (Gilgannon et al., 2017), or dynamic recrystallization (Gilgannon
et al., 2020). Chemical phase mixing mechanisms may be extremely efﬁcient, since well‐mixed reaction products can form even in the absence of deformation. However, these reactions generally require ﬂuid ﬂux (to
enable mass transfer) or changes in thermodynamic state (to drive metamorphic reactions). Furthermore,
creep cavitation is thought to become increasingly difﬁcult as conﬁning pressure, P, exceeds differential
stress, σ (i.e., above the Goetze criterion; Kohlstedt et al., 1995), although strain incompatibilities and stress
concentrations can promote local microcracking and void generation even in the middle to lower crust where
conﬁning pressures match or exceed bulk differential stresses (P ≥ σ) (Gilgannon et al., 2017; Précigout
et al., 2019).
To explore the mechanisms and timescales required for phase mixing under deep‐lithosphere (P >> σ) conditions—and in the absence of chemical phase mixing—Cross and Skemer (2017) examined the microstructural evolution of calcite‐anhydrite composites deformed to large shear strains (γ > 50). In their experiments,
conﬁning pressures (1.5 GPa) were maintained well in excess of differential stresses (<0.3 GPa). Phase mixing progressed by the geometric shearing and elongation of polycrystalline monophase domains to form
compositional layering (Figures 1a–1f). At large shear strains (γ >> 10), compositional layers became
severely attenuated and eventually disaggregated to form a near‐perfectly mixed aggregate (Figures 1f–1g).
Calcite grain sizes in well‐mixed regions collapsed onto a linear trend—subparallel with the calcite recrystallized grain size piezometer but lying within the diffusion creep regime (e.g., Bercovici & Ricard, 2016)
—indicating signiﬁcant weakening. More recently, a similar style of geometric mixing was reported in
high‐strain torsion experiments on copper‐silver and copper‐aluminum multilayer stacks (Pouryazdan
et al., 2017) and olivine‐ferropericlase mixtures (Wiesman et al., 2018). Notably, Wiesman et al. (2018) measured a secondary stage of mechanical weakening beginning at γ ¼ 10, coinciding with the onset of widespread grain‐scale mixing. However, none of these experimental studies directly explored the inﬂuence of
viscosity contrast on phase mixing mechanisms and timescales. In natural systems, on the other hand, viscosity contrasts are common due to the differing mechanical properties of individual phases, which vary as a
function of deformation conditions (e.g., temperature, stress, and water content).
To examine the effects of viscosity contrast on phase mixing dynamics, we present a series of high‐strain
experiments on nonisoviscous calcite‐ﬂuorite composites. Through microstructural and rheological analyses
of the deformed samples, we identify the mechanisms for phase mixing and assess the role of viscosity contrast in modifying phase mixing timescales.

2. Methods
2.1. Starting Material
Two different calcite‐ﬂuorite composites were synthesized. A 50‐50 vol.% mixture (hereafter referred to as
Ca50‐Fl50) was produced by gently stirring together ﬁne (1–5 μm) reagent‐grade powders of CaCO3
CROSS ET AL.
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Figure 1. Phase maps of (a–g) 50‐50 vol.% calcite‐anhydrite (from Cross & Skemer, 2017, for reference), (h–n) 50‐50 vol.% calcite‐ﬂuorite, and (o–t) 20–80 vol.%
calcite‐ﬂuorite composites. The calcite‐anhydrite maps are false‐colored BSE images, with calcite (yellow) and anhydrite (gray) separated by their backscatter
intensity. Black regions are decompression cracks and holes formed by grains plucking during polishing. The calcite‐ﬂuorite maps are EBSD phase maps
(calcite in yellow; ﬂuorite in blue) plotted on top of band contrast (EBSD pattern quality) maps. Grain boundaries (≥10° misorientation) are shown in black;
interphase boundaries are shown in red. The ﬁnite strain ellipse for each experiment is shown in the lower left of each map. Dextral shear sense (top‐to‐the‐right).
Strain increases downward.
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Table 1
Summary of Experimental Runs
Run no.

Angular
a
shear (°)

Shear
strain, γ

Bulk shear strain
−1
rate, γbulk (s )

Anvil rotation, ω (°)

Final sample
thickness, l (mm)

Target shear
b
strain, γt

IGSN

0.50
74.0
2.00
30.0
14.2
44.0
66.0

0.0
−6
5.6 × 10
−4
5.6 × 10
−4
2.1 × 10
−4
5.7 × 10
−4
2.4 × 10
−4
4.8 × 10

0.0
534.8
15.2
227.0
107.8
333.2
165.7

0.21
0.16
0.18
0.10
0.09
0.18
0.17

0.00
122
3.10
83.2
43.9
67.8
35.7

IESPM002R
IESPM003T
IESPM002S
IESPM003X
IESPM004I
IESPM002T
IESPM002H

0.50
22.0
4.40
84.0
66.0
19.0

0.0
−5
4.4 × 10
−4
2.5 × 10
−5
2.2 × 10
−5
3.1 × 10
−4
2.3 × 10

0.0
166.9
32.7
620.0
494.0
145.5

0.16
0.20
0.19
0.23
0.13
0.20

0.00
30.6
6.31
98.8
139
26.7

IESPM002Z
IESPM0033
IESPM0034
IESPM005K
IESPM0032
IESPM0055

Duration,
t (hr)

50 vol.% calcite, 50 vol.% ﬂuorite (Ca50‐Fl50)
LVT187
0.00
0.0
LVT226
42.5
1.5
LVT189
76.0
4.0
LVT230
87.5
23
LVT251
88.0
29
LVT190
88.5
38
LVT177
89.5
~115
20 vol.% calcite, 80 vol.% ﬂuorite (Ca20‐Fl80)
LVT196
0.00
0.0
LVT200
74.0
3.5
LVT201
76.0
4.0
LVT296
84.0
9.5
LVT199
85.0
11
LVT281
86.5
16

c

Note. All experiments are performed at 500°C and have a conﬁning pressure of 0.75 GPa.
Measured on sections cut tangential to the deformed sample disc. Uncertainty ¼ ±0.5°. bCalculated from Equation 1, assuming perfect coupling across
sample‐piston and piston‐anvil interfaces. cInternational Geo Sample Number unique identiﬁer.

a

(calcite) and CaF2 (ﬂuorite). Pellets of this poorly mixed material were isostatically hot‐pressed at 220°C and
30 MPa for 20 min in a Buehler Simplimet 4000 mounting press. This procedure produced a starting
microstructure very similar to that of the calcite‐anhydrite (Ca50‐An50) material studied by Cross and
Skemer (2017), with large polycrystalline domains of calcite embedded in a matrix of ﬂuorite and calcite
(compare Figures 1a and 1h).
To eliminate any grain‐scale mixing of calcite and ﬂuorite in the starting material and to produce a material
with initially smooth phase boundaries, we also synthesized a 20 vol.% calcite, 80 vol.% ﬂuorite composite
(hereafter referred to as Ca20‐Fl80) by embedding single crystals of calcite in the same reagent‐grade CaF2
powder used for the Ca50‐Fl50 mixture. Calcite grains were produced by crushing and sieving Carrara marble
to a particle size fraction of 53–106 μm, before settling the powder several times through deionized water to
remove any remaining ﬁne grains (<53 μm). This powder was dried in a vacuum oven overnight at 110°C,
mixed with ﬂuorite, and isostatically hot‐pressed using the same procedure outlined above. The resulting
material contains relatively large individual grains of calcite (50–100 μm) suspended in a matrix of ﬂuorite,
with sharp boundaries between the two phases (Figure 1o). Note that some of the calcite grains underwent
static recrystallization during hot‐pressing and the ramp to experimental run conditions, driven by preexisting defects or dislocations introduced during mechanical synthesis (i.e., crushing).
Half‐cylinders (2.1 mm in diameter) were cut from the hot‐pressed pellets using a Roland MDC‐40A CNC
milling machine and sectioned into half‐discs of 0.5 mm thickness. For each experiment, two half‐discs were
put together to form a disc‐shaped sample (4.2 mm in diameter, 0.5 mm thick), with gold sputter‐coated on
the joining surface to act as a passive strain marker. To control the water content in each experiment, samples were kept in a vacuum oven at 110°C for 12 hr before each experimental run.
2.2. Experimental Procedure
In total, we performed six deformation experiments on the Ca50‐Fl50 composite, and ﬁve deformation experiments on the Ca20‐Fl80 composite (Table 1). One additional experiment was performed on each material
under nominally hydrostatic conditions to obtain reference specimen microstructures prior to any imposed
deformation. All experiments were performed in the solid‐medium Large Volume Torsion (LVT) apparatus
(Washington University in St. Louis) at 0.75 GPa conﬁning pressure and 500°C. To make the cell assembly
more stable at high P‐T conditions, experiments were performed without a thermocouple. Instead, furnace
power was held constant, and temperature was estimated from power‐temperature calibration curves generated during separate experiments. Further details on the LVT and cell assembly are given in Cross and
Skemer (2017) and supporting information Figure S1, respectively.
CROSS ET AL.
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At the start of each experiment, pressure and furnace power were increased in a stepwise manner to run conditions, over a period of around 3 hr. Samples were held at these conditions for 30 min to an hour, enabling
samples to fully densify before the rotational actuator was turned on to begin deformation. Samples were
deformed in a torsional geometry at a constant twist rate, yielding shear strain rates between 5 × 10−6 and
5 × 10−4 s−1 at the outer radius of the sample. Torque was measured between the gear train and torsional
actuator; however, due to friction and mechanical noise, we do not report stress measurements. At the
end of each experiment, electrical power to the graphite furnace was turned off, quenching the sample to
below 300°C within a few seconds. Conﬁning pressure was reduced over several hours to minimize the formation of decompression cracks.
Sample shear strains (γ) from 0 to 50–115 were determined by measuring the passive rotation of the gold
strain markers. Signiﬁcant uncertainties in resolving shear strains greater than γ ¼ 50 arise from the difﬁculty in precisely determining strain marker rotations greater than 89°; for example, strain marker rotations
of 89° and 89.5° correspond to shear strains of 57 and 115, respectively. The targeted shear strain at the outer
edge of the sample, γt, is given by the rotation of the bottom anvil relative to the (ﬁxed) top anvil, assuming
no slip occurs at the anvil‐piston and piston‐sample interfaces:
γt ¼

πdω
360 l

(1)

where d is sample diameter, l is sample height, and ω is the imposed anvil rotation (Paterson &
Olgaard, 2000). Here, l is taken as the ﬁnal sample height, since thinning occurred during pressurization.
However, undeformed and deformed samples had similar sample heights (Table 1), indicating that little
thinning occurred during deformation. Experiments where the measured shear strain, γ, exceeds the target
shear strain, γt, represent strain localization into a layer thinner than the sample itself.
2.3. Microstructural Analysis
Tangential sections (i.e., sections containing the shear direction and shear plane normal) were cut across the
radius of each sample and polished for microstructural analysis. Samples were polished with silicon carbide
grit paper (to 1,200 grit), followed by diamond paste (to 1 μm), and, ﬁnally, colloidal silica solution. A 3.5 nm‐
thick carbon coat was applied to mitigate sample charging in the scanning electron microscope.
Detailed microstructural mapping of each sample was performed using electron backscatter diffraction
(EBSD). Samples were imaged under high‐vacuum conditions in a JEOL 7001‐LVF or ThermoFischer
Quattro ﬁeld emission scanning electron microscope at 20 kV accelerating voltage. EBSD patterns were collected using an Oxford Instruments Symmetry EBSD detector, with 2 × 2 pattern binning and three‐frame
averaging. These settings enabled pattern collection and indexing at a frequency of 70–100 Hz with high
indexing rates (>90% in regions devoid of decompression cracks and holes). Maps were collected by rastering
the electron beam across each sample, with a step‐size of 0.25 μm.
EBSD data were cleaned using the EBSDinterp toolbox for MATLAB (Pearce, 2015). In the ﬁrst pass of cleaning, nonindexed pixels were ﬁlled if they had three or more neighboring pixels of a common orientation.
During this step, band contrast masking (after Prior et al., 2009) was employed to ensure that only regions
of high pattern quality were ﬁlled. In the second cleaning pass, nonindexed pixels with six or more common
neighbors were ﬁlled without band contrast masking. Wild‐spike pixels were also removed during the second pass. Thereafter, the cleaned EBSD data were analyzed using the MTEX toolbox for MATLAB
(Bachmann et al., 2010). Grains were deﬁned as regions surrounded by a critical misorientation of 10°, while
grains containing fewer than four pixels were discarded, along with grains with less than 50% of their area
comprised of indexed pixels (Cross et al., 2015).

3. Results
3.1. Textural Evolution
With increasing shear strain, calcite domains become sheared and elongated, forming ellipses that mimic
the ﬁnite strain ellipse (e.g., Figures 1i–1k and 1p–1s). At shear strains as low as γ ¼ 4 in the Ca50‐Fl50 composite (Figure 1j), thin calcite “monolayers”—that is, layers of only one grain's thickness—begin to form.
Conspicuous necking and rending of compositional layers can be seen at a shear strain of 11 in the Ca20‐
CROSS ET AL.
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Fl80 sample, where ﬂuorite‐ﬁlled necks bisect calcite monolayers (e.g.,
Figure 1s). However, at shear strains equivalent to those required for
complete phase mixing in the calcite‐anhydrite experiments (γ ≥ 50;
Figure 1g), thick polycrystalline calcite layers remain intact—without signiﬁcant necking, buckling, or boudinaging—and phase mixing appears
largely incomplete (Figures 1m–1n).

Figure 2. Local phase mixing along the margins of polycrystalline phase
domains. (a) EBSD maps colored by the “mis2mean” of each pixel (i.e.,
the misorientation angle between each pixel and the mean orientation of
the grain to which they belong). Maps are from sample LVT201: Ca20‐Fl80
composition, deformed to γ ¼ 4. (b) A conceptual model for local
grain‐scale mixing, after Bercovici and Skemer (2017). As neighboring
phases undergo recrystallization, triple junctions form in unstable
conﬁgurations (stage I). To minimize their surface energy, triple junctions
migrate toward favorable dihedral angles, drawing material into a “tooth”
(stages II and III). This “tooth” becomes a new grain through subgrain
rotation recrystallization (stages III and IV) and migrates into the opposing
phase (stages IV and VI), resulting in local phase mixing. Microstructures
suggestive of each stage in this process can be seen in (a).

In addition to bulk phase mixing (or, rather, a lack thereof) via the formation and attenuation of compositional layers, we also observe local,
grain‐scale mixing along the margins of polycrystalline phase domains
(Figure 2). Local mixing is highlighted by the “injection” of individual calcite grains into ﬂuorite domains and vice versa (Figure 2a), forming a
two‐phase mantle surrounding large, polycrystalline phase domains
(e.g., Figures 1m and 1n). This process is more conspicuous in the Ca20‐
Fl80 samples (Figures 1p–1t), which had sharp interphase boundaries
and no grain‐scale mixing in the undeformed starting material (compare
Figures 1h and 1o). However, even at very large strains (γ >> 10;
Figures 1k–1n), mixing is limited to within one or two grain length scales
(~10 μm) of phase domain margins.
3.2. Phase Boundary Density
To quantify the progression of phase mixing, we calculate the spatial density of phase boundaries, δ ¼ L/A (units: μm/μm2) as a function of strain,
where L is the total length of phase boundary per unit area, A. As phase
mixing progresses, interphase boundaries are generated, causing an
increase in δ. For a randomly interspersed mixture of two phases, δ follows an inverse linear function of the grain size, d, of the least abundant
(“minor”) phase—that is, when the minor phase is ﬁner grained, there
is a greater spatial density of phase boundaries:
δ ¼ αd−1

(2)

where α is a constant that depends on the volume fraction of the minor phase. Using Monte Carlo simulations of random mixtures of equant grains, Cross and Skemer (2017) derived a value of α ¼ 0.925 for a 50‐
50 vol.% two‐phase composite—see their supplementary Figure S3. Thus, for a grain size of 1 μm (the
mean grain size of well‐mixed grains in the calcite‐anhydrite samples), phase boundary density should
reach a maximum value of 0.925 μm/μm2. Indeed, Cross and Skemer (2017) reported a steady increase
in δ with increasing strain (Figure 3, gray circles), up to a maximum value of 0.80 μm/μm2 (±0.11 μm/
μm2) at γ ≈ 57 where near‐complete mixing was observed (Figure 1g).
As in the calcite‐anhydrite experiments, calcite grains in the Ca50‐Fl50 samples evolve toward a mean grain
size of 1 μm in well‐mixed regions; thus, the maximum expected value of δ is 0.925 μm/μm2, as in Cross and
Skemer (2017). However, while δ increases modestly over low to intermediate strains (Figure 3, yellow
squares), beyond γ ≈ 20 there is little change in δ, which remains at a near‐steady state value of 0.34 μm/
μm2—less than half the value expected for a well‐mixed composite. Note that some scatter in these values
is a direct result of heterogeneity in the starting material: samples cored from well‐mixed regions of the
hot‐pressed starting material have inherently higher phase boundary densities. Nevertheless, mixing
appears markedly slower in the nonisoviscous calcite‐ﬂuorite samples.
3.3. Grain Size and Shape
In polyphase composites, grain boundary pinning by secondary phases inhibits grain coarsening (Evans
et al., 2001; Smith, 1948), disrupting the dynamic competition between grain size reduction and grain growth
and resulting in the suppression of grain size (Cross & Skemer, 2017; Hiraga et al., 2010; Linckens et al., 2015;
Tasaka et al., 2017; Wiesman et al., 2018). To isolate the effects of grain boundary pinning during phase mixing, we divide grains into two populations: those that are poorly mixed (i.e., surrounded predominately by
CROSS ET AL.
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grains of the same phase) and those that are well mixed (i.e., surrounded predominately by grains of the opposite phase). Following
Cross and Skemer (2017), grain populations are subdivided according
to their phase boundary fraction, Ppb ¼ Lpb/Ltotal, where Ltotal is the
total boundary length (i.e., perimeter) of a given grain, and Lpb is
the length of that grain's perimeter composed of phase boundary.
Here, we use Ppb < 0.25 and Ppb > 0.75 to deﬁne poorly‐mixed and
well‐mixed grains, respectively. These constraints are tighter than
those used by Cross and Skemer (Ppb < 0.5 and Ppb > 0.5, respectively),
to prevent cross‐contamination of the two populations. In practice,
however, the threshold values used to deﬁne poorly‐mixed and
well‐mixed grains had no systematic or signiﬁcant effect on our
results.
In the calcite‐anhydrite (Ca50‐An50) experiments, both the poorly
mixed (Ppb < 0.5) and well‐mixed (Ppb > 0.5) calcite grain populations
2
underwent net grain size reduction. However, while the poorly‐
Figure 3. The spatial density of interphase boundaries, δ (μm/μm ), as a
mixed grains converged with the calcite grain size paleowattmeter
function of shear strain, for 50‐50 vol.% composites of calcite‐anhydrite (gray
circles; Cross & Skemer, 2017) and calcite‐ﬂuorite (yellow squares; this study).
(as expected for a single‐phase aggregate), well‐mixed grains were
Phase boundary densities were measured from several BSE images of each
suppressed below the paleowattmeter. In the calcite‐ﬂuorite (Ca50‐
sample (see Cross & Skemer, 2017, for details). Horizontal error bars represent
Fl
50) samples presented here, however, we observe calcite grain size
the error in shear strain for ±0.5° uncertainty in the angular shear of the passive
evolution
that is markedly different. While well‐mixed (Ppb > 0.75)
strain marker. Vertical error bars give 1σ errors in phase boundary density.
Maximum values of δ for randomly interspersed two‐phase mixtures of 1, 2, 5,
calcite grains maintain a small (1–3 μm) grain size throughout
and 10 μm grains are shown in orange. The limit corresponding to a 1 μm grain (Figure 4a, red points), poorly‐mixed (Ppb < 0.25) calcite grains
size is most appropriate for both the calcite‐anhydrite and calcite‐ﬂuorite
undergo modest grain size reduction only over low to moderate shear
samples, which evolve to a ~1 μm mean grain size in well‐mixed regions.
strains (γ ≤ 10; Figure 4a, blue points). Grain size reduction is accompanied by the development of a strong shape preferred orientation (SPO) (Figure 4b), with ribbon grains
forming with aspect ratios of up to 10 (Figure 1j). At larger strains, however, poorly‐mixed calcite grains
coarsen signiﬁcantly, increasing to a maximum grain size of ~30 μm at γ > 50 (Figures 1m and 1n). As calcite
grains coarsen, their SPO weakens such that, at γ > 50, coarse calcite grains are nominally equant (i.e., aspect
ratios ≤1.5; Figure 4b). In contrast, ﬂuorite grains and well‐mixed calcite grains remain equant across the
full range of experimental strain. We also note, brieﬂy, that poorly‐mixed calcite grains of the Ca20‐Fl80 samples undergo continuous, modest grain size reduction, reaching similar grain sizes of ≤30 μm at large strains,
while maintaining equant shapes (Figures 1o–1t).
3.4. Crystallographic Preferred Orientation
Calcite CPO evolution in the Ca50‐Fl50 samples is similar to that observed in the Ca50‐An50 samples of Cross
and Skemer (2017). Poorly‐mixed calcite grains develop a reasonably strong ð0001Þ 1210 crystallographic
alignment, whereas well‐mixed calcite grains maintain a weak ð0001Þ 1210 fabric over the range of strains
explored here. Fluorite pole ﬁgures (Figure 5) and inverse pole ﬁgures (Figure S3), on the other hand, are
much weaker in all samples and display no apparent evolution with strain. Quantitative measures of CPO
strength—the M‐index (Skemer et al., 2005) and J‐index (Bunge, 1982)—support these observations:
poorly‐mixed calcite grains have relatively strong CPOs (M ≤ 0.2; J ≤ 10), whereas ﬂuorite grains
(M ¼ 0.00; J ≈ 1.00) and well‐mixed calcite grains (M ≤ 0.04; J ≤ 5) have weak or even uniform CPOs
(Figures 5 and S3).
3.5. Intragranular Misorientations
During deformation, calcite grains of the Ca50‐Fl50 samples develop pronounced subgrain structures
(Figures 6a–6g), reﬂected in the evolution of calcite misorientation distribution functions (MDFs). With
increasing strain, calcite neighbor‐pair misorientation angle distributions (yellow histograms,
Figures 6h–6n) shift toward low angles (<10°) relative to the uniform calcite MDF (black curve,
Figures 6h–6n). At low to intermediate strains, intragranular misorientations in calcite are small and spatially diffuse, giving a misorientation distribution peak at ~2° representing smooth lattice curvature (e.g.,
Figure 6j). At larger strains, however, intragranular misorientation gradients become sharper, producing
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an additional peak at 10–20° that corresponds to the development of subgrain walls (e.g., Figure 6l). MDFs for the Ca20‐Fl80 samples show a similar evolution (Figure S4), although calcite grains initially have much
higher intragranular misorientations due to dislocations introduced during sample synthesis (see section 2.1). In ﬂuorite, on the other hand, intragranular misorientations are relatively scarce, and ﬂuorite neighbor‐pair
misorientation angle distributions (blue histograms, Figures 6o–6u) largely conform to the uniform ﬂuorite MDF (black curve, Figures 6o–6u).

4. Discussion

Figure 4. (a) Calcite grain size and (b) calcite grain aspect ratio as a
function of shear strain. Calcite grains are separated into poorly‐mixed and
well‐mixed populations based on their phase boundary fraction, Ppb (i.e.,
the fraction of their perimeter comprised of interphase boundary). Poorly‐
mixed grains (blue triangles) are deﬁned as those with Ppb < 0.25 (i.e., <25%
of their perimeter comprised of phase boundary), while well‐mixed grains
(red triangles) are those with Ppb > 0.75. Only poorly‐mixed calcite grain
aspect ratios are plotted in (b), since well‐mixed grains show no appreciable
shape change. Data points show the median values of grain size and
aspect ratio for a given sample. Horizontal error bars represent ±0.5°
uncertainty in angular shear of the passive strain marker, whereas vertical
error bars represent the interquartile range. Shaded regions schematically
show the evolution of grain size and aspect ratio with increasing strain.

The nonisoviscous calcite‐ﬂuorite samples presented here exhibit both
similarities and differences with the previously studied isoviscous
calcite‐anhydrite samples. As in the calcite‐anhydrite experiments, sample textures evolve over long transient intervals (shear strains, γ >> 10)
via the geometric shearing of monomineralic phase domains to form compositional layering (Figure 1). Bulk‐scale phase mixing produces a monotonic increase in the spatial density of phase boundaries with increasing
strain (Figure 3), while local, grain‐scale mixing is also observed along
the margins of polycrystalline phase domains (Figure 2). Well‐mixed calcite grains are signiﬁcantly smaller than poorly‐mixed calcite grains
(Figure 4a) and have markedly weaker CPOs (Figure 5). Unlike the
calcite‐anhydrite samples, however, complete phase mixing is not
observed in the calcite‐ﬂuorite composites (over a similar range of strain
—compare Figures 1g and 1n). Thick calcite layers are preserved to large
shear strains (γ > 50) and undergo signiﬁcant grain coarsening with
increasing strain (Figure 4a). In the following discussion, we examine
these similarities and differences to explore the inﬂuence of viscosity contrast on phase mixing, namely, in terms of the strains required for mixing,
and the processes by which mixing occurs. While the rheological behavior
of calcite has been investigated extensively, little is known about the rheological behavior of ﬂuorite. We must ﬁrst, therefore, determine the viscosity contrast between calcite and ﬂuorite. Unless stated otherwise, we focus
our discussion on the Ca50‐Fl50 samples, for direct comparison with the
Ca50‐An50 samples of Cross and Skemer (2017).
4.1. Deformation Mechanisms

To establish the relative viscosities of calcite and ﬂuorite, it is useful to
examine the primary mechanisms by which each phase deforms under
the experimental conditions imposed here. To isolate any two‐phase
effects and determine the deformation behavior of the end‐member
phases alone, we examine microstructures in only the poorly mixed regions (i.e., monomineralic and polycrystalline domains) of calcite and ﬂuorite.

Poorly mixed regions of calcite and ﬂuorite exhibit markedly different deformation microstructures. Calcite
grains are larger (5–30 μm), have elongated grain shapes (particularly at intermediate strains), contain abundant intragranular misorientation substructures, and develop a well‐deﬁned CPO (Figures 4–6). Elongated
grain shapes, strong CPOs, and intragranular misorientation substructures, in particular, are diagnostic of
deformation accommodated by dislocation creep (e.g., White, 1976). Indeed, our microstructural observations closely resemble those made by other authors on calcite polycrystals deformed within the dislocation
creep regime (e.g., Barnhoorn et al., 2004; Pieri et al., 2001). Fluorite grains, on the other hand, are small
(<2 μm), equant, and randomly oriented, with little internal crystallographic distortion (Figures 4–6); in
other words, lacking microstructures indicative of dislocation creep and, moreover, contrasting with observations made on other halide minerals deformed by dislocation creep (e.g., Pennock et al., 2005). Instead,
such microstructures are commonly associated with superplastic ﬂow (see Boullier & Gueguen, 1975),
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Figure 5. Contoured pole ﬁgures for calcite in the Ca50‐Fl50 samples. Strain increases downward. Calcite grains have been divided into poorly mixed (phase
boundary fraction, Ppb < 0.25; left column) and well‐mixed (Ppb > 0.75; right column) populations. Inset: a representative set of pole ﬁgures for ﬂuorite grains
in the highest strain sample (see Figure S3 for the full set of ﬂuorite pole ﬁgures). Pole ﬁgures are lower‐hemisphere, equal‐area projections, constructed
using one‐point‐per‐grain (mean grain orientation) data, contoured using a 7.5° cone half‐width. The number of grains, N, is given to the right of each pole ﬁgure
set, along with fabric strength measures—the M‐index (Skemer et al., 2005) and J‐index (Bunge, 1982)—calculated from the all‐points‐per‐grain data.

namely, by diffusion creep, which necessarily involves a component of grain boundary sliding
(Stevens, 1971) that can weaken CPOs (Bestmann & Prior, 2003; Cross et al., 2017; Zhang et al., 1994). In
the calcite‐anhydrite experiments, for instance, calcite CPOs in well‐mixed regions became progressively
weaker with increasing strain, which Cross and Skemer (2017) attributed to an increasing contribution of
grain‐size‐sensitive deformation.
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Figure 6. Misorientation data for the Ca50‐Fl50 samples (see Figure S4 for Ca20‐Fl80 samples). (a–g) Maps of mis2mean
(the misorientation angle between each pixel in a grain and that grain's mean orientation) for calcite (hot colors) and
ﬂuorite (cool colors). Grain boundaries (≥10° misorientation) and interphase boundaries are shown in black. The
ﬁnite strain ellipse for each experiment is shown in the lower left of each map. Dextral shear sense (top‐to‐the‐right).
Strain increases downward. Corresponding misorientation distribution functions (MDFs) for (h–n) calcite and (o–u)
ﬂuorite show the angle distributions of neighbor‐pair (correlated) misorientations (histograms), and random‐pair
(uncorrelated) misorientations in poorly‐mixed (blue curve) and well‐mixed (red curve) grains, compared to the
theoretical uniform misorientation distribution function (black curve).
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4.2. Micromechanical Evolution of Calcite
In the calcite‐anhydrite (Ca50‐An50) samples, poorly‐mixed calcite grains
underwent monotonic grain size reduction with increasing strain
(Figure 7a, gray circles). In the Ca50‐Fl50 samples, however, poorly mixed
calcite grains initially underwent grain size reduction, before coarsening
markedly at intermediate to large strains (Figure 7a, yellow squares).
Grain coarsening indicates either a decrease in differential stress or a
decrease in deformation work rate, following paleopiezometer (e.g.,
Derby & Ashby, 1987) or paleowattmeter (Austin & Evans, 2007) models,
respectively.
Cross and Skemer (2017) found that poorly‐mixed calcite grain sizes were
best described by the calcite paleowattmeter. We therefore calculate the
evolution of differential stress (Figure 7b) and strain rate (Figure 7c) in
poorly mixed calcite domains, using the grain sizes discussed above
(Figure 4a) in conjunction with the calcite paleowattmeter of Austin
and Evans (2007, 2009) and the calcite dislocation and diffusion creep
ﬂow laws of Renner et al. (2002) and Herwegh et al. (2003), respectively.
In both the Ca50‐An50 and Ca50‐Fl50 samples, poorly‐mixed calcite grains
underwent modest grain size reduction from a median grain size of ~4 μm
at γ ¼ 0, to a median grain size of ~2 μm at γ ¼ 4 (Figure 7a). For a 2 μm
grain size and 500°C experimental run temperature, the calcite paleowattmeter predicts a shear stress of ~100 MPa (Figure 7b), which in turn gives
a shear strain rate of ~3 × 10−5 s−1 using the calcite ﬂow laws (Figure 7c).
Beyond γ ¼ 4, the calcite‐anhydrite and calcite‐ﬂuorite samples followed
diverging micromechanical paths. Poorly‐mixed calcite grains in the
calcite‐anhydrite samples continued to recrystallize, reaching steady state
deformation at a shear stress of ~150 MPa and shear strain rate of
~2 × 10−4 s−1 (Figures 7b and 7c, gray circles). In the calcite‐ﬂuorite samples, on the other hand, poorly‐mixed calcite grains coarsened to a median
size of 8 μm at γ > 50. This grain size corresponds to a shear stress
of ~40 MPa (Figure 7b, yellow squares) and shear strain rate of
~3 × 10−6 s−1 (Figure 7c, yellow squares). Note, for comparison, that similar conditions are derived for the Ca20‐Fl80 samples (~50 MPa and
~2 × 10−6 s−1—see Figure S5); however, the Ca20‐Fl80 samples underwent
continuous, modest grain size reduction with increasing strain, with no
evidence for hardening at low to intermediate strains.
4.3. Degree of Strain Partitioning

Figure 7. The micromechanical evolution of poorly‐mixed calcite grains in
the calcite‐anhydrite (gray circles) and Ca50‐Fl50 (yellow squares)
experiments. Both sets of experiments were conducted under nominally the
−5
−4 −1
same conditions (500°C temperature; 10 –10 s bulk strain rate).
(a) Poorly‐mixed calcite grain size in calcite‐anhydrite samples (Cross &
Skemer, 2017) and calcite‐ﬂuorite samples (this study, Figure 4a).
Vertical error bars represent the interquartile range in grain size. (b) Shear
stresses, calculated using the calcite paleowattmeter (Austin & Evans, 2007,
2009) and converted from axial stresses using a √3 conversion factor.
(c) Shear strain rate calculated using the dislocation and diffusion creep
ﬂows for calcite (Herwegh et al., 2003; Renner et al., 2002) for the grain
sizes and stresses shown in (a) and (b), respectively.

CROSS ET AL.

The shear strain rates calculated for calcite domains (~10−5–10−6 s−1;
Figures 7c and S5) are signiﬁcantly lower than the bulk shear strain rates
of the calcite‐ﬂuorite samples (10−4–10−5 s−1; Table 1). To maintain strain
compatibility during constant volume deformation, bulk strain rate is
given by the volume‐weighted sum of strain rates in the individual phases
(Bloomﬁeld & Covey‐Crump, 1993; Handy, 1994):
N

γ_ bulk ¼ ∑ ϕi γ_ i ¼ ϕca γ_ ca þ ϕfl γ_ fl

(3)

i¼1

where γ_ is shear strain rate and ϕ is the volume fraction of each of the N
phases, i. To maintain strain compatibility between phases during shear
—that is, to prevent void generation at phase domain interfaces—interface slip is required between phases, particularly in the case of a strong
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phase embedded within a weak framework (Handy, 1994). However,
interface slip is not considered a signiﬁcant strain‐producing process in
this context, unlike “phase boundary sliding,” which may produce
strain under speciﬁc conditions where deformation is rate‐limited by
interface reactions or diffusion in pseudo‐binary materials (Sundberg &
Cooper, 2008; Zhao et al., 2019). Phase boundary sliding is expected to
promote a marked increase in phase boundary density (Zhao et al.,
2019), which we do not see here (Figure 3). Furthermore, we observe
no clear or systematic strain marker offsets across phase boundaries
and therefore assume that deformation was primarily accommodated
by the intracrystalline creep of calcite and ﬂuorite, per Equation 3.

Figure 8. Strain partitioning, as a function of shear strain, in the
calcite‐ﬂuorite (yellow squares) and calcite‐anhydrite (gray circles)
samples. (a) The percentage of bulk deformation accommodated by poorly
mixed calcite regions, weighted by calcite volume fraction. (b) The strain
rate ratio between “weak” and “strong” domains. In the nominally
isoviscous calcite‐anhydrite composites, anhydrite is designated as the
“weak” phase, since it deforms faster than calcite at low strains.

Here, ﬂuorite shear strain rate, γ_ fl, is the only remaining unknown. Strain
markers provide the bulk shear strain rate, γ_ bulk , of each sample (Table 1),
calcite grain sizes and ﬂow laws give γ_ ca (Figure 7c), and the phase fractions are set at ϕca ¼ ϕﬂ ¼ 0.5 for the Ca50‐Fl50 samples. Thus, from
Equation 3, we see that calcite deformation accounts for only ≤1% of
the bulk strain rate in our highest strain samples (yellow squares,
Figure 8a), where γ_ bulk ≈ 4 × 10−4 s−1 (Table 1) and γ_ ca ≈ 3 × 10−6 s−1
(Figure 7c). Likewise, in the Ca20‐Fl80 samples, we estimate that calcite
accommodated only 1% of the total deformation (Figure S6a). The majority of deformation, we infer, was therefore accommodated within
ﬂuorite‐rich domains. In fact, Equation 3 reveals that in the Ca50‐Fl50
samples, ﬂuorite domains accommodated an increasing percentage of
the overall deformation with increasing strain (yellow squares,
Figure 8b)—at the onset of deformation (γ < 1), calcite and ﬂuorite
deformed at nominally the same rate, but at large strains (γ >> 10),
ﬂuorite deformed up to 300 times faster than calcite (Figure 8b). In the
Ca20‐Fl80 samples, on the other hand, the degree of strain partitioning
did not change signiﬁcantly with strain; ﬂuorite consistently deformed
100–200 times faster than calcite (Figure S6b).

These calculations raise an interesting paradox: calcite domains are elongated and align with the bulk ﬁnite strain ellipse in each sample
(Figures 1m and 1n), yet calcite apparently deformed much more slowly
than ﬂuorite and, likewise, far below the bulk shear strain rate. Indeed,
by integrating the calculated calcite strain rates (Figure 7c) over the duration of each experiment, we obtain a maximum ﬁnite shear strain of only
1:84þ11:5
—that
is,
no
greater
than
14—in calcite domains of the high‐strain Ca50‐Fl50 samples (Figures S7a–
−1:46
S7b). Similarly, we obtain a maximum ﬁnite shear strain of 0:70þ4:1
−0:57 for calcite domains in the Ca20‐Fl80 samples (Figures S7c–S7d). Further evidence that calcite domains did not deform to large shear strains arises
from the thicknesses of calcite layers in the highly deformed Ca50‐Fl50 samples. In order for an initially spherical domain to preserve a thickness of >50 μm at γ ¼ 38 (Figure 1m), it would need to have an initial diameter of ~2,000 μm at γ ¼ 0, according to Ramsay's (1980) equations for the change in shape of a sheared
circular marker (Figure S8a). Considering that our specimens were initially only 500 μm thick, this is not
possible. If, however, calcite domains were sheared to γ ¼ 10 or less—and rotated into the shear plane as
semi‐rigid layers or ellipses thereafter—their starting diameters would need to be no greater than the thickness of our samples (Figure S8b).
Although ﬂuorite deformed 100–300 times faster than calcite in both the Ca20‐Fl80 and Ca50‐Fl50 experiments, the degree of strain partitioning increased (with increasing strain) in the Ca50‐Fl50 samples
(Figure 8b). We propose that the degree of strain partitioning depended on the degree of weak phase (ﬂuorite) interconnectivity. In the Ca20‐Fl80 samples, ﬂuorite occupied a large volume of the sample so was able to
form a through‐going weak network even at small strains. In the Ca50‐Fl50 experiments, on the other hand,
strain partitioning became more pronounced as compositional, shear plane‐parallel layering formed at low
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to intermediate strains (γ ≤ 10). Given that calcite and ﬂuorite initially deformed at similar rates in the Ca50‐
Fl50 samples (Figure 8b), we infer that the Ca50‐Fl50 samples evolved from near‐isostrain (i.e., phases deform
at the same rate) to near‐isostress (i.e., phases deform at the same stress) conditions with increasing strain, as
compositional layering developed. Indeed, shear plane‐parallel layers (e.g., Figures 1m and 1n) are optimally
oriented for isostress deformation in simple shear (Gerbi et al., 2016; Hutchinson, 1976; Jessell et al., 2009),
where the weakest interconnected phase deforms fastest. Curiously, the strongly layered Ca50‐Fl50 samples
were able to deform to large bulk shear strains without signiﬁcant necking, buckling, or boudinaging,
despite the substantial inferred degree of strain partitioning (cf., Bons & Cox, 1994; Dabrowski &
Grasemann, 2014).
4.4. Calcite‐Fluorite Viscosity Contrast
Having placed constraints on the strain rates of calcite‐ and ﬂuorite‐rich domains, we can now estimate the
viscosity contrast between the phases. Viscosity contrast is deﬁned as
ηs τ s γ_ w
¼
ηw γ_ s τ w

(4)

where the subscripts s and w indicate the strong and weak phase, respectively. In order to estimate viscosity contrast, we must therefore make assumptions about stress and strain rate partitioning between
the two phases. Limiting values are given by assuming isostress (Sachs bound) or isostrain (Taylor bound)
conditions. As mentioned above, we infer that the Ca50‐Fl50 samples deformed under near‐isostress conditions at large strains, producing signiﬁcant strain partitioning. Thus, by assuming τs ¼ τw, we obtain an
upper limit on viscosity contrast of ηca/ηﬂ ¼ 300 for a strain rate contrast of γ_ fl =γ_ ca ¼ 300 in the Ca50‐
Fl50 samples (Figure 8b).
As a second estimate of viscosity contrast, we adopt Handy's (1990, 1994) model for strain partitioning in a
two‐phase composite. Handy's (1994) approach, which is rooted in minimizing viscous strain energy, provides ﬂow laws for two‐phase composites in which load is supported by either the strong or weak phase:
the so‐called load‐bearing framework (LBF) and interconnected weak layer (IWL) cases, respectively. In
the LBF state, both phases are assumed to deform at the same rate, whereas in the IWL state, strain localizes
into the weak phase. LBF structures deform under isostrain conditions, whereas IWL structures lie close to
the isostress bound (Handy, 1994). For IWL structures, the strain rate contrast between weak and strong
phases, γ_ w =γ_ s , is given as follows:
1 − ϕw
γ_ w
¼
γ_ s ϕw x − ϕw

(5)

where ϕw is the weak phase volume fraction and x is a strain partitioning parameter deﬁned as
x ¼1−

1
ηs =ηw

(6)

The strain partitioning parameter is deﬁned such that x → 0 when ηs/ηw → 1 (i.e., no strain partitioning for
isoviscous composites), and x → 1 when ηs/ηw → ∞ (i.e., complete strain partitioning for inﬁnitely nonisoviscous composites). Note that the functional form of x between these limits is not constrained nor does it
explicitly account for phase morphology (e.g., phase domain aspect ratio and orientation), strain, loading
geometry, and phase connectivity. However, our strongly layered high‐strain samples closely resemble the
ideal IWL structure modeled by Handy (1994), which we therefore assume provides a reasonable estimate
of the calcite‐ﬂuorite viscosity contrast. By rearranging Equations 5 and 6, ηs/ηw can be expressed as a function of ϕw and γ_ w =γ_ s :



−1
ηs
1 − ϕw
¼ 1 − ln
þ ϕw ðln ϕw Þ−1
ηw
γ_ w =γ_ s
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Taking ϕw ¼ 0.5 and γ_ fl =γ_ ca ≈ 300 (Figure 8b), we obtain a second estimate on the calcite‐ﬂuorite viscosity
contrast of ηca/ηﬂ ≈ 200 under our experimental conditions.
4.5. Inﬂuence of Viscosity Contrast and Strain Partitioning on Phase Mixing Timescales
In the calcite‐anhydrite experiments performed by Cross and Skemer (2017), phase mixing progressed by the
geometric shearing of polycrystalline phase domains to form compositional layering (Figures 1a–1e). With
increasing shear strain, compositional layers became increasingly stretched and attenuated (Figure 1f), leading ultimately to their disaggregation and the formation of a ﬁne‐grained, well‐mixed ultramylonite
(Figure 1g). Cross and Skemer (2017) found that, to ﬁrst order, the critical strain required for geometric mixing, γc, was directly related to the ratio between the initial thickness of phase domains, wi (measured perpendicular to the shear plane) and the critical thickness at which compositional layers became disaggregated, wc
(nominally equivalent to the pinned, recrystallized grain size of the two‐phase mixture):
γc ≈

wi
wc

(8)

In the calcite‐ﬂuorite samples examined here, however, extensive phase mixing is not observed, even at
equally large shear strains (γ ≥ 50) and even though the ratio wi/wc is very similar to that of the
calcite‐anhydrite samples. We suggest that in the nonisoviscous calcite‐ﬂuorite samples, geometric phase
mixing was inhibited by the localization of deformation into the weaker phase, ﬂuorite, slowing the rate
of calcite layer attenuation and disaggregation. Microstructural analyses, outlined above, suggest that calcite
layers did not deform to shear strains greater than ~14 (Figure S7), and accommodated only ≤1% of the
deformation at large strains (Figure 8a). These observations are consistent with numerical models
(Gardner et al., 2017; Jessell et al., 2009), ﬁeld observations (Stenvall et al., 2019), and experiments (Bons
& Urai, 1994; Holyoke & Tullis, 2006) showing strain localization into interconnected weak layers. In fact,
some numerical models of two‐phase deformation predict initial hardening at low strains (γ ≈ 1)—as second
phase inclusions become elongated and oriented subperpendicular to the instantaneous stretching direction
—followed by softening to large strains as interconnected weak layers develop (Dabrowski et al., 2012;
Takeda & Griera, 2006). Remarkably similar behavior is observed here, with peak stresses reached at low
shear strains in the Ca50‐Fl50 samples (Figures 7b and 7c), before the onset of softening and strain partitioning coinciding with compositional layer formation. In the Ca20‐Fl80 samples on the other hand, no conspicuous hardening stage is observed (Figure S5), presumably because ﬂuorite—occupying a larger fraction (i.e.,
80%) of the sample volume—formed a weak interconnected network even at very small strains.
To account for the effects of viscosity contrast on geometric phase mixing timescales, we propose the following modiﬁcation to Equation 8:
γc ≈

wi γ_ w
wc γ_ s

(9)

such that geometric phase mixing is more protracted when strain partitioning—represented by the strain
rate contrast between weak and strong phase domains, γ_ w =γ_ s —reduces the rate at which strong domains
deform, attenuate, and disaggregate. It is important to note that in isoviscous composites, or under isostrain conditions, γ_ w =γ_ s ¼ 1, and Equation 8 converges with Equation 9. Conversely, as γ_ w =γ_ s → ∞, geometric phase mixing becomes impossible (γc → ∞). Equation 9 does not account for grain‐scale “tooth”
mixing (Bercovici & Skemer, 2017), which, as highlighted by our Ca20‐Fl80 experiments (Figures 1o–1t),
does not produce extensive phase mixing; that is, mixing extending more than one or two grain length
scales from a given phase domain boundary (Figure 2).
Equation 9 highlights the protracted nature and relative inefﬁciency of mechanical (geometric) phase mixing. As shown in Cross and Skemer (2017), wi/wc values are typically on the order of 10–100 for lithospheric
shear zones. Thus, in order to achieve extensive mechanical mixing on a reasonable geologic timescale,
deformation must occur under conditions that minimize strain partitioning (_γ w =γ_ s < 10). Some studies suggest, for instance, that strain partitioning is more pronounced under constant stress boundary conditions
(Fressengeas & Molinari, 1987; Hansen, Zimmerman, Dillman, et al., 2012; Paterson, 2007). Under constant
strain rate boundary conditions (like those imposed here), on the other hand, strain partitioning may not
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Figure 9. Viscosity contrast maps for (a–b) wet quartz‐plagioclase and (c–d) dry olivine‐enstatite lithologies, as a
function of (a, c) stress and temperature and (b, d) stress and grain size. Red regions correspond to conditions where
plagioclase and orthopyroxene are stronger than quartz and olivine, respectively. Dark contours show the deformation
mechanism ﬁeld boundaries of the phases (dis ¼ dislocation creep, disGBS ¼ dislocation‐accommodated grain boundary
sliding, dif ¼ diffusion creep). Details on the viscosity contrast calculations and ﬂow laws are given in Text S1 and
Table S1. Small viscosity contrasts correspond to regions of parameter space where mechanical phase mixing is most
efﬁcient and where ultramylonites should form most readily. Large viscosity contrasts correspond to regions of parameter
space where mechanical phase mixing is relatively inefﬁcient and where phase mixing and ultramylonite formation will
be inhibited.

occur unless a threshold viscosity contrast is reached (Hansen, Zimmerman, Dillman, et al., 2012), in which
case γ_ w =γ_ s and γc will be minimized. Furthermore, given that chemical phase mixing mechanisms are
capable of producing well‐mixed ultramylonites over considerably shorter timescales (e.g., Mansard
et al., 2020), Equation 9 should be considered as providing an absolute upper bound on phase mixing
timescales.
4.6. What Conditions Promote Mechanical Phase Mixing in Nature?
We propose that mature, ultramylonite‐bearing shear zones and plate boundaries form most efﬁciently
when viscosity contrasts are minimized (Equation 9). To brieﬂy examine the conditions favoring mechanical
phase mixing in natural systems, we calculate viscosity contrast as a function of stress, grain size, and temperature for quartz‐feldspar (i.e., crustal) and olivine‐pyroxene (i.e., mantle) lithologies under both wet and
dry conditions (Figures 9 and S9). Viscosities are calculated using laboratory ﬂow laws for quartz (Rutter &
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Brodie, 2004; Tokle et al., 2019), plagioclase (Rybacki & Dresen, 2004), Mg‐rich olivine (Hansen et al., 2011;
Hirth & Kohlstedt, 2003; Ohuchi et al., 2015), and enstatite (Bystricky et al., 2016; Ross & Nielsen, 1978;
Zhang et al., 2017). Water fugacities are calculated as a function of temperature and pressure following
Shinevar et al. (2015). Details on the viscosity contrast calculations and ﬂow law parameters are provided
in Text S1 and Table S1. For the sake of simplicity, we assume isostress conditions, which, as discussed
above, is a reasonable approximation in strongly foliated, high‐strain rocks.
Our calculations show that viscosity contrast varies by many orders of magnitude under natural conditions.
In wet quartzofelspathic rocks, laboratory ﬂow laws suggest that feldspar is two or more orders of magnitude
stronger than quartz under high stress, low temperature conditions (Figure 9a), particularly at grain sizes
>100 μm under typical crustal stresses (>10 MPa) (Figure 9b). However, quartz appears signiﬁcantly stronger than feldspar when both phases are deforming by diffusion creep. “Ideal” conditions for mechanical mixing are found under wet middle to lower crust conditions—400–800°C, 10–100 MPa stress, 10–100 μm grain
size—where both phases have similar viscosities (ηplg/ηqtz < 10). It is worth noting that under dry conditions,
feldspar is 100–1,000 times stronger than quartz for all typical stresses, grain sizes, and temperatures <800°C
(Figures S9a and S9b).
Viscosity contrasts are generally smaller in dry olivine‐orthopyroxene aggregates over mantle lithosphere
conditions (Figures 9c and 9d). In particular, viscosity contrasts are modest (ηopx/ηol ≤ 10) under low temperature, high stress conditions (800–1000°C, 10–500 MPa), and high‐temperature, low stress conditions
(1200–1400°C, 0.1–10 MPa), that is, at typical conditions for upper mantle shear zones and the
lithosphere‐asthenosphere boundary, respectively. Under wet conditions, however, olivine is predicted to
be signiﬁcantly stronger than enstatite (ηopx/ηol < 0.01) except at high temperatures (>1200°C) and stresses
(>100 MPa) (Figures S9c and S9d). While wet conditions therefore appear unsuitable for mechanical mixing,
such conditions may signiﬁcantly enhance chemical mixing mechanisms by providing free ﬂuids and fast
diffusive networks for chemical exchange and mass transfer.

5. Summary and Closing Remarks
To examine the inﬂuence of viscosity contrast on phase mixing during high‐temperature creep, we deformed
polycrystalline, poorly mixed composites of calcite and ﬂuorite to large shear strains in torsion. As in comparable experiments on isoviscous calcite‐anhydrite samples, the nonisoviscous calcite‐ﬂuorite composites
developed a well‐deﬁned compositional layering at low to intermediate strains (γ ≤ 10) due to the collective
shearing of phase domains. However, whereas compositional layers became increasingly stretched and attenuated in the calcite‐anhydrite samples—leading ultimately to their disaggregation and the formation of a
well‐mixed ultramylonite—compositional layers are retained to large shear strains (γ > 50) in the
calcite‐ﬂuorite samples. Local, grain‐scale phase mixing by grain switching across phase boundaries is also
observed but did not produce extensive phase mixing. Strain rates and stresses calculated using paleowattmetry and calcite ﬂow laws indicate that deformation became increasingly partitioned into weak, interconnected ﬂuorite layers with increasing bulk shear strain, deforming under near‐isostress conditions. At large
strains, calcite deformation accounted for ≤1% of the overall bulk deformation, implying a viscosity contrast
of 200–300. Strain partitioning slowed the stretching and attenuation of calcite layers, thereby inhibiting
geometric mixing. Our experiments suggest that mechanical phase mixing can be extremely protracted
and is likely superseded by chemical phase mixing under most conditions, except where metamorphic reactions, chemical exchange, and diffusive mass transfer are sluggish, for instance in the cold, dry lithosphere.
Nevertheless, “ideal” conditions for mechanical (geometric) phase mixing may be found in the wet middle to
lower continental crust, and the dry mantle lithosphere, where quartz‐plagioclase and olivine‐pyroxene viscosity contrasts are minimized, respectively.

Data Availability Statement
The BSE images and EBSD data used in this study are available on the Woods Hole Open Access Server
(WHOAS; https://doi.org/10.26025/1912/25940).
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