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Abstract Dynamic recrystallization and phase mixing are considered to be important processes in ductile
shear zone formation, as they collectively enable a permanent transition to the strain-weakening, grain-size
sensitive deformation regime. While dynamic recrystallization is well understood, the underlying physical
processes and timescales required for phase mixing remain enigmatic. Here, we present results from
high-strain phase mixing experiments on calcite-anhydrite composites. A poorly mixed starting material was
synthesized from fine-grained calcite and anhydrite powders. Samples were deformed in the Large Volume
Torsion apparatus at 500°C and shear strain rates of 5 × 10�5 to 5 × 10�4 s�1, to finite shear strains of up
to γ= 57. Microstructural evolution is quantified through analysis of backscattered electron images and
electron backscatter diffraction data. During deformation, polycrystalline domains of the individual phases
are geometrically stretched and thinned, causing an increase in the spatial density of interphase boundaries.
At moderate shear strains (γ ≥ 6), domains are so severely thinned that they become “monolayers” of only
one or two grain’s width and form a thin compositional layering. Monolayer formation is accompanied by a
critical increase in the degree of grain boundary pinning and, consequently, grain-size reduction below
the theoretical limit established by the grain-size piezometer or deformation mechanism field boundary.
Ultimately, monolayers neck and disaggregate at high strains (17 <γ <57) to complete the phase mixing
process. This “geometric” phase mixing mechanism is consistent with observations of mylonites, where layer
(i.e., foliation) formation is associated with strain localization, and layers are ultimately destroyed at the
mylonite-ultramylonite transition.

1. Introduction

Deformation of the Earth’s lithosphere is largely accommodated by the localization of strain into
narrow ductile shear zones [Ramsay, 1980], which are considered to be an essential feature of Earth-like
plate tectonics [e.g., Vissers et al., 1995; Tackley, 1998; Bercovici, 2003; Bercovici and Ricard, 2012; Montési,
2013]. Strain localization is achieved through the crystal plastic deformation of rock, manifested by the pro-
gressive development of protomylonites, mylonites, and ultramylonites with increasing strain (Figure 1).
Mylonitization is characterized by the reduction of grain-size, typically via dynamic recrystallization, and is
also associated with the modification of crystallographic preferred orientations (CPOs) and the spatial
rearrangement of different mineral phases. In protomylonites and mylonites, phases often become arranged
into compositional layers (i.e., foliation) [Passchier and Trouw, 2005], whereas at the high-strain mylonite-
ultramylonite transition, foliation is destroyed as grains of the different mineral phases become intimately
mixed together (Figure 1). While protomylonites and mylonites primarily deform by grain-size insensitive
creep (i.e., dislocation creep), numerous authors have proposed that the mylonite-ultramylonite transition
coincides with a switch to grain-size sensitive (GSS) creep mechanisms, such as diffusion creep and/or grain
boundary sliding [e.g.,Warren and Hirth, 2006; Skemer et al., 2010; Drury et al., 2011; Kilian et al., 2011; Linckens
et al., 2011; Okudaira and Shigematsu, 2012; Miranda et al., 2016]. Such inferences are typically based on the
development of a well-mixed, polymineralic network of small, equant grains with little grain boundary curva-
ture, numerous four-grain junctions, the weakening of a preexisting CPO, and an inferred reduction in
strength or increase in strain rate. A reduction in strength is critical because it indicates that ultramylonite
formation causes rheological weakening through a transition to GSS creep and thereby enables strain
localization associated with ductile shear zone formation.

In monomineralic rocks, a permanent transition to the strain-weakening GSS creep regime is not expected to
occur because dynamic recrystallization is balanced by surface energy-driven grain growth at small grain-
sizes [e.g., de Bresser et al., 2001; Austin and Evans, 2007, 2009; Cross et al., 2015; Platt, 2015]. In polyphase
rocks, on the other hand, secondary phases inhibit grain growth by pinning grain boundaries [Smith, 1948;
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Olgaard, 1990; Evans et al., 2001] and
can therefore enable rheological weak-
ening through a transition to GSS defor-
mation. Furthermore, the suppression of
grain growth by grain boundary pinning
results in irreversible microstructural
“damage,” whereby grain-size remains
small and ductile shear zones remain
weak over long geologic timescales
and repeated cycles of plate boundary
activation and quiescence [Bercovici
and Ricard, 2012]. Thus, the processes
that lead to the intermixing of different
mineral phases may be of critical impor-
tance to the formation and persever-
ance of ductile shear zones and the
occurrence of Earth-like plate tectonics.

Several mechanisms have been pro-
posed for phase mixing, many of
which invoke grain boundary sliding,
either through grain switching events
[Linckens et al., 2014], or in conjunc-
tion with subgrain rotation recrys-
tallization [Farla et al., 2013] or
dissolution and precipitation [Kilian
et al., 2011; Menegon et al., 2015;
Platt, 2015]. Other mechanisms for
phase mixing include metamorphic
reactions [Newman et al., 1999],
melt/fluid-rock reactions [Dijkstra
et al., 2002; Hidas et al., 2016], or het-
erogeneous nucleation driven by che-
mical [Kruse and Stünitz, 1999] or
stress [Kenkmann and Dresen, 2002]
gradients. For some of these mechan-
isms, the opening of cavities into
which material can diffuse is a
requisite process. Indeed, creep
cavitation has been documented at
middle to lower crustal conditions
(≤0.8 GPa), both experimentally
[Dimanov et al., 2007; Rybacki et al.,

2008] and in natural rocks [Fusseis et al., 2009; Menegon et al., 2015]. However, at deeper levels of
the lithosphere, or under dry conditions, high effective confining pressures (nominally> 1GPa) will
almost certainly exceed the plastic yield strength of deforming materials, thereby limiting cavity forma-
tion [Brace and Kohlstedt, 1980].

Despite the multitude of mechanisms proposed for phase mixing, the critical strains or timescales required to
achieve well-mixed microstructures remain elusive. Previous experimental studies of phase mixing were
either conducted to strains too low to observe significant changes in the degree of phase mixing, or at rela-
tively low effective pressures, which may have aided mixing through the formation of microcracks and the
diffusion of material into cavities. To elucidate the mechanisms and estimate the critical strains required
for phase mixing, ultramylonite generation and strain localization in the ductile lithosphere, we present
results from high-strain, high-pressure torsion experiments on initially poorly mixed calcite-anhydrite

Figure 1. Modified after Linckens et al. [2015]. Photomicrographs
showing textural development, with increasing shear strain, of olivine-
orthopyroxene mylonites from (a) Oman and (b, c) Lanzo. With increasing
shear strain, grain-size reduces dramatically by dynamic recrystallization.
In the ultramylonite sample, millimeter-sized porphyroclasts are
preserved within a fine-grained (<10 μm) matrix of well-mixed olivine
and orthopyroxene.
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composites. Calcite and anhydrite are
rheologically important in the upper to
middle crust and can also be considered
an analog for higher-pressure assem-
blages that have similar relative
strengths. Additionally, the rheological
and microstructural behavior of calcite
and anhydrite is relatively well under-
stood, thanks to numerous studies on
the individual phases [e.g., Dell’Angelo
and Olgaard, 1995; Heidelbach et al.,
2001; Renner et al., 2002; Herwegh et al.,
2003; Barnhoorn et al., 2004; Hildyard
et al., 2011] and their two-phase compo-
sites [Bruhn and Casey, 1997; Bruhn et al.,
1999; Barnhoorn et al., 2005]. Previous
calcite-anhydrite studies started with a
well-mixed microstructure, however,
and were primarily concerned with
rheological contrasts rather than phase
mixing—the topic of the present study.

Through analysis of our deformed sam-
ples, we show that microstructural
damage results from the thinning
and stretching of monophase domains,
causing an increase in both the spatial

density of interphase boundaries and the degree of grain boundary pinning, thereby allowing continued
grain-size reduction into the GSS regime. We show that this “geometric” mechanism for phase mixing
requires moderate strains for rheological weakening related to a transition to GSS creep. A simple model is
described to extrapolate this phase mixing mechanism to geologic conditions. The experimental data and
associated model suggest that the critical strain for ultramylonite formation is related to the ratio of the initial
grain-size to the recrystallized grain-size and that large shear strains (γ ≤ 100) may be required for the onset of
shear localization due to phase mixing by purely mechanical means (i.e., without diffusion or reaction).

2. Methods
2.1. Starting Materials

Calcite-anhydrite composites were synthesized from fine-grained (1–3μm), reagent-grade powders of
CaCO3 (calcite) and CaSO4 (anhydrite). A 50–50 vol % mixture of the two powders was shaken by hand
to achieve incomplete mixing of the phases. Isostatic hot pressing (HIP) of the two-phase mixture was
done by Bodycote IMT Inc. (Andover, MA) at 700°C and 200MPa confining pressure for 3 h. The final
hot-pressed block contains domains of polycrystalline calcite that range widely in size (10–2000μm in
diameter), in a matrix of polycrystalline anhydrite (Figure 2; inset). X-ray microtomography (micro-CT) of
a representative section of the hot-pressed block reveals that the calcite domains are mostly oblate
(Figure 2): a consequence of flattening during the HIP. Starting material that was pressed isostatically at
experimental conditions in the Large Volume Torsion (LVT) apparatus shows no discernible porosity (i.e.,
< 1 vol %). Median starting grain-sizes in the matrix are 2.6μm and 2.2μm for calcite and anhydrite,
respectively; polycrystalline calcite domains have a starting median grain-size of 3.1μm (Table S1 in the
supporting information).

Half cylinders were machined dry from the hot-pressed block using a Roland MDX-40A CNC milling machine
and sectioned into a series of semicircular discs which could be put together to form disc-shaped samples
(4.2mm in diameter; 0.5mm thick), with gold sputter coated onto the joining surface to act as a passive strain
marker (Figure 3). All samples were kept in a vacuum oven at 110°C for several days before each experiment

Figure 2. Flinn diagram showing the shapes and sizes of calcite domains in
the hot-pressed calcite-anhydrite starting material, determined by fitting
ellipsoids to particles imaged by micro-CT, using the BoneJ plugin [Doube
et al., 2010] for ImageJ. Points are sized by domainwidth (dimension parallel
to z). Inset: photograph of the hot-pressed starting material. Light grey
domains are pure calcite; dark grey regions are composed of both anhydrite
and small calcite domains.
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to eliminate any adsorbed water.
Samples cored from Carrara marble
were prepared in a similar way, for com-
parative experiments on single-
phase calcite.

2.2. Experimental Methods

We performed seven torsion experi-
ments on calcite-anhydrite composites
and three torsion experiments on
Carrara marble in the Large Volume
Torsion (LVT) apparatus at Washington
University in St. Louis (Table 1). The
LVT is a solid-medium, Rotational
Drickamer-style apparatus in which
disc-shaped samples (4.2mm in dia-
meter; 0.5mm in thickness) are sheared
between two opposing tungsten
carbide anvils, with soft-fired pyrophyl-
lite as the solid confining medium
(Figure 3). Temperature is generated
using a tubular graphite resistance fur-
nace, held at constant power through-

out the experiment. Temperature is estimated, in the absence of a thermocouple, from temperature-power
relationships, calibrated from isostatic experiments with in situ thermocouples. Pressure is generated by
hydraulic force, and calibrated using the Bismuth I-II transformation [Bridgman, 1940], assuming a linear rela-
tionship between force and pressure in the cell assembly.

Experimentswere performedunder constant axial load and furnace power corresponding to 1.5 GPa confining
pressure and 500°C, respectively. All experiments were performed at a constant twist rate of 3.58 × 10�5 rad/s,
corresponding to a shear strain rate of 1.5 × 10�4 s�1 at the outer radius of the sample. Some variation in the
true strain rate results from thinning of the sample disc and slip along the interface between piston and anvil.
Experiments were conducted to finite shear strains between 0.7 and 57, measured directly from the passive
rotation of gold strain markers and verified by the relative rotation of lines drawn on the outside faces of the
pistons; shear strain estimates from these two methods were often within 5% of each other.

2.3. Microstructural Analysis

Microstructures were analyzed on two-dimensional sections cut tangential to the deformed sample disc, cor-
responding to the standard reference frame (foliation perpendicular, lineation parallel). Since anhydrite

Figure 3. Schematic diagram of the deformation cell. A thin layer of gold
is sputter coated onto each half of the sample disc (4.2mm diameter;
0.5 mm thickness) to act as a strain marker. SFP = soft-fired pyrophyllite;
WC = tungsten carbide.

Table 1. Summary of Experimental Runsa

Run No. Duration (h) Angular Shear (deg) b Finite Shear Strain Shear Strain Rate (s�1)

Calcite-Anhydrite HIP (50/50 Vol %)
LVT114 1.78 35 0.7 1.1 × 10�4

LVT115 35.9 87 17 1.3 × 10�4

LVT120 Hydrostatic hot press
LVT124 19.1 71 3 4.4 × 10�5

LVT127 47.0 80 6 3.5 × 10�5

LVT131 40.8 89 57 3.9 × 10�4

LVT135 30.8 84 10 9.0 × 10�5

Carrara Marble
LVT128 40.8 74 3.5 5.4 × 10�5

LVT133 41.3 81 7 4.8 × 10�5

LVT136 1.8 61 1.8 2.8 × 10�4

aAll experiments were performed at 500°C and a confining pressure of 1.5 GPa.
bMeasured on sections cut tangential to the deformed sample disc.
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(CaSO4) transforms to gypsum (CaSO4 · 2H2O) with the addition of water, sample sections were polished
anhydrously using a combination of ethanol and grit paper (down to 600 grit), followed by a blend of
polyglycol and alumina suspension powder (grit sizes of 9, 4, 1, 0.3, and 0.05μm) on soft polishing cloths,
in a procedure similar to that outlined by Hildyard et al. [2009]. A final stage of chemomechanical polishing
using colloidal silica was avoided, since the water-based solution reacted severely with anhydrite in the
samples, even under very short polishing times, generating significant surface topography and rendering
the samples unsuitable for analysis.

Samples were analyzed on a JEOL 7001-LVF FE-SEM operating at an accelerating voltage of 20 kV and a
beam current of 14 nA, under high vacuum conditions. Each sample was carbon coated to prevent char-
ging. Electron backscatter diffraction (EBSD) data were collected by rastering the electron beam with a
500 nm step size. While calcite EBSD patterns were of a high quality, anhydrite proved difficult to index
despite reasonable quality patterns. The raw EBSD pixel data were cleaned using the pixel-interpolation
toolbox EBSDinterp (v.1.0) [Pearce, 2015], applying band contrast masking to improve the robustness of
the interpolation. EBSD data were thereafter processed in the MTEX toolbox for MATLAB (v.4.3.2)
[Bachmann et al., 2010].

2.4. Quantifying Textural and Microstructural Evolution

To quantify microstructural evolution and phase mixing, we calculate four key parameters that reflect
changes in the spatial distribution of the two phases and grain-size evolution: (1) phase boundary
density, (2) domain width, (3) grain-size, and (4) phase boundary fraction, outlined below. All microstructural
quantification was performed on regions close to the centers of the sample sections, to avoid boundary
effects.
2.4.1. Phase Boundary Density
Phase boundary density is defined as the total length of phase boundaries (boundaries between grains of
different phases) in a given area. Here phase boundary density is calculated from backscatter electron
(BSE) images that are subjected to a thresholding algorithm in MATLAB. The thresholding method yields a
straightforward discrimination of calcite and anhydrite, which have markedly different BSE intensities
(Figure 4a). For each sample, five to seven BSE images are thresholded by finding the central minima of
the bimodal BSE intensity distribution (Figures 4a–4d). Regions of BSE intensity above and below the thresh-
old value belong to anhydrite and calcite, respectively. Areas of very low BSE intensity generally correspond
to holes, decompression cracks, and boundaries between grains of the same phase and are excluded from
the analysis. Phase boundaries, drawn between regions of high and low BSE intensity, are then used to cal-
culate the phase boundary density, δ, as follows:

Figure 4. Thresholding of BSE images for the purpose of quantifying phase boundary density and domain width. (a) A BSE
image is separated into (b) a phase map of calcite (low BSE intensity) and anhydrite (high BSE intensity), by thresholding of
the (c, d) bimodal BSE intensity histogram. (e) Profiles drawn across the thresholded BSE image (dashed line in Figure 4b)
are used to quantify calcite domain widths.
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δ ¼ Lpb=A (1)

where Lpb is the total phase boundary length (m) and A is the area of the BSE image (m2). Phase boundary den-
sity, δ, has units of m/m2 and is assumed to increase with progressive phasemixing. It should be noted that δ is
highly sensitive to the effective resolution of the BSE images used; all values given herein are calculated from
images of 400X magnification, yielding a minimum effective resolution (i.e., pixel width) of ~1μm.
2.4.2. Domain Width
With increasing deformation, the size and shape of individual calcite domains are expected to evolve. To
quantify this effect, the widths of calcite domains are calculated through a similar BSE thresholding method
to that outlined above. Here “width” corresponds to the calcite domain dimension normal to the shear plane
(i.e., the vertical axis in BSE images shown herein). On each of the thresholded BSE images described above, 20
profiles are constructed perpendicular to the shear plane (Figures 4b and 4e) to capture a representative and

Figure 5. (a–g) BSE images of representative areas of the undeformed and deformed calcite-anhydrite samples. Shear
sense in all images is top to the right (dextral). Regions of low BSE intensity are decompression cracks and holes formed
by the plucking of grains during polishing.
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statistically robust number of domains.
From these profiles, we measure calcite
domain widths, ignoring spurious peaks
of less than two pixels’ width that are
typically caused by changes in BSE
intensity at grain boundaries.
2.4.3. Grain-Size
We determine grain-size from EBSD
analyses of our undeformed and
deformed samples. For calcite, which
indexed at a high rate, grains are con-
structed in MTEX using a 10° critical mis-
orientation angle, without extrapolating
the grains to fill non-indexed (i.e., anhy-
drite) regions. Grain-size is given as the
diameter of an area-equivalent circle,
without a stereological correction. It is
important to note that grain-sizes in

the highest strain samples are close to the spatial resolution of our EBSD analyses (~1μm), limiting our ability
to resolve the smallest grains in these samples (supporting information Figure S2).

For anhydrite, which produced reasonable EBSD patterns but did not index, grain-sizes (also given as area-
equivalent circle diameters) were determined in ImageJ, via image analysis of band contrast maps of the
non-indexed regions.
2.4.4. Phase Boundary Fraction
It is anticipated that grains surrounded by a different phase are systematically smaller than those surrounded
by grains of the same phase, due to grain boundary pinning effects that inhibit grain growth in polyphase
composites [Smith, 1948; Olgaard, 1990; Evans et al., 2001]. To explore this effect, we calculate, using EBSD,
the phase boundary fraction of each grain, defined as follows:

Ppb ¼ Lpb=Ltotal (2)

where for each grain, Ltotal is the boundary length (i.e., the perimeter) and Lpb is the length of phase boundary
(see supporting information Figure S1). Phase boundary fraction (hereafter denoted Ppb) varies from 0, for a
grain surrounded entirely by grains of the same phase, to 1, for a grain surrounded entirely by grains of a
different phase. Note that while phase boundary density reflects the degree of bulk phase mixing, phase
boundary fraction reflects only the local (i.e., grain scale) degree of mixing, which is useful for discriminating
between grains in well-mixed and poorly mixed regions. Nevertheless, these are related quantities: phase
boundary density is a function of both the phase boundary fraction and the grain-size.

3. Results

BSE images of undeformed and deformed samples show a significant textural evolution during deformation
to large shear strains (Figure 5). In the undeformed material, polycrystalline calcite domains, which are
slightly flattened from the HIP process and have a broad range of sizes (10–2000μm), are contained within
a matrix of polycrystalline anhydrite (Figure 5a). At a shear strain of 3 or more, the larger calcite domains
become conspicuously thinned and stretched out. Domains at this strain are roughly elliptical, with long axes
that are aligned with the long axis of the finite strain ellipse (Figures 5c–5f). Smaller calcite domains also thin
and stretch out, and at a shear strain of ~6 develop a wavy, layered texture similar in appearance to S-C0

textures observed in natural mylonites (Figures 5d and 5e) [Passchier and Trouw, 2005]. As deformation
progresses, domains of the two phases approach a thickness of only one grain width (Figure 6a), hereafter
referred to as “monolayers,” although, even at a shear strain of 17, several large calcite domains are still
preserved. Ultimately, monolayers neck and separate into small clusters of grains, or individual grains
(Figure 6), marking a local completion of phase mixing. At a shear strain of 57, monolayers are mostly
obliterated and replaced with a fully mixed microstructure where calcite and anhydrite are uniformly distrib-
uted (Figures 5g and 6b) in a manner similar to that of natural ultramylonites (e.g., Figure 1c). In contrast to

Figure 6. High-magnification BSE images of the two highest strain
samples, (a) LVT115 (γ = 17) and (b) LVT131 (γ = 57). Domains of both
anhydrite (yellow arrows) and calcite (yellow dashed lines) are (Figure 6a)
thinned to monolayers (layers of one grain’s width) and (Figure 6b)
disaggregate with increasing deformation.
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Barnhoorn et al. [2005], who document a
heterogeneous distribution of deforma-
tion in calcite-anhydrite composites at
shear strains as low as 1, deformation
in our samples was remarkably homo-
geneous, aside from small decreases in
shear strain toward the top and bottom
edges of some samples.

The textural changes outlined above
(progressive phase mixing and the
thinning and stretching of domains)
are corroborated by microstructural
quantification (Figure 7). Phase bound-
ary density more than doubles during
deformation to a shear strain of 57
(Figure 7a), while median domain
widths decrease systematically by a
factor of 2–3 (Figure 7b), although the
range of domain widths (vertical bars on
Figure 7b) is not significantly modified
until the highest strain reached, signify-
ing that large calcite domains are
retained to high strains.

Meanwhile, we observe progressive
grain-size reduction of both calcite and
anhydrite, from a starting median
grain-size of ~3μm in the undeformed
material. During deformation, grains in
well-mixed regions appear systemati-
cally smaller than those in poorly-mixed
regions or single-phase domains. To
demonstrate this, Figure 8 shows Ppb
values for calcite in a representative
area of our lowest-strain sample
(LVT114; γ=0.7). Grains with low Ppb
values (blue grains in Figure 8b) are
those which reside in the interiors of cal-
cite domains, while those with high Ppb
values (red grains in Figure 8b) are
either isolated grains or grains along

the edges of polycrystalline calcite domains. Both populations of grains have lognormal grain-size distribu-
tions (supporting information Figure S2). Importantly, grains with lower Ppb values (<0.5) are distinctly larger
than those with high Ppb values (>0.5): a trend which is consistent across all our samples (Figure 7c).
Furthermore, at moderate to high shear strains (γ ≥ 6), grain-sizes within calcite domains (Ppb< 0.5) converge
onto the calcite grain-size piezometer (Figure 7c), determined here from experiments on pure Carrara marble
conducted at identical deformation conditions (Table 1). In contrast, calcite grains in well-mixed regions
(Ppb> 0.5) fall below the calcite piezometer by as much as a factor of 2 in the highest strain sample.

4. Discussion
4.1. Geometric Phase Mixing Mechanism

Microstructural analyses of our deformed samples reveal a progressive increase in the degree of phase
mixing and concurrent grain-size reduction with increasing shear strain. As polycrystalline domains of

Figure 7. Changes in (a) mean phase boundary density, δ, (b) median
domain width, and (c) median calcite grain-size as a function of shear
strain. Vertical bars represent the data range, given as 1 standard devia-
tion (1σ) in Figure 7a and the 25th and 75th percentiles in Figures 7b and
7c. Horizontal bars represent the error in shear strain measurements,
assuming a ±1° error in the determination of angular shear from the
deflected strain marker. At low strains, this error is smaller than the size
of the data points. Data can be found in the supporting information
(Table S1). The calcite piezometer shown in Figure 7c is derived from
Carraramarble experiments (Table 1) conducted at the same experimental
conditions as the two-phase experiments.
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calcite and anhydrite are sheared, they thin to become monolayers of only one grain’s width, causing a
geometrically-driven increase in the spatial density of phase boundaries. Further deformation causes
monolayers to neck and disaggregate into individual grains, resulting in a local maximization of phase
boundary density. At the maximum shear strain achieved in our experiments (γ= 57), monolayers have
been almost completely destroyed, and phase boundary density reaches its maximum theoretical value
(Ppb = 0.8 × 106m/m2; supporting information Figure S3b). We interpret these observations as evidence
that phase mixing is complete.

Textural evolution in these samples can be characterized by the creation and subsequent destruction of com-
positional layering. The development of layers (i.e., foliation) during polyphase deformation has previously
been suggested as a favorable condition for strain localization in mylonites, as it allows for the formation
of an interconnected network of the weakest phase, into which deformation can localize [Handy, 1990;
Montési, 2013]. Furthermore, polyphase composites with high phase boundary densities may be weaker than
their individual constituent phases, because boundary diffusion rates (i.e., Coble creep or pressure solution) in
polyphase composites are governed by the fastest diffusing species, whereas boundary diffusion is rate
limited by the slowest diffusing species in single-phase aggregates [Chen, 1982; Wheeler, 1992; Sundberg
and Cooper, 2008]. In fact, diffusion creep cannot proceed in a single-phase aggregate if one species is immo-
bile, whereas polyphase composites can continue to deform by phase transformations across boundaries
sweeping through immobile species [Wheeler, 1992]. In axial compression experiments on calcite and anhy-
drite, Bruhn et al. [1999] found that the relative weakness of their two-phase composites could not be entirely
explained by variations in grain-size. They found that strength variations were correlated with the density of
phase boundaries and inferred additional weakening due to enhanced diffusion along phase boundaries.
Thus, the formation of monolayers (and therefore long, interconnected diffusion pathways) through the
processes observed here may aid rheological weakening and strain localization beyond the predictions of
a simple two-phase rheological mixing model.

4.2. Transition to Grain-Size Sensitive Deformation

In single-phase materials, it is hypothesized that grain-size evolution is controlled by the competing pro-
cesses of dynamic recrystallization and grain growth [e.g., de Bresser et al., 2001], preventing a transition to
GSS-dominated deformation involving diffusion creep or grain boundary sliding. However, with the
addition of a secondary phase, grain growth is suppressed by grain boundary pinning [Smith, 1948;
Olgaard, 1990; Evans et al., 2001] and may enable a permanent transition to GSS-dominated deformation,
allowing significant rheological weakening and strain localization. Furthermore, the suppression of grain
growth causes microstructural damage (i.e., irrecoverable grain-size reduction), resulting in long-lived

Figure 8. (a) Calcite EBSD data corresponding to the BSE image, from sample LVT114, deformed to γ = 0.7. (b) Grains
colored by their phase boundary fraction, Ppb. Red grains are calcite grains surrounded predominately by anhydrite
(Ppb> 0.5); blue grains are calcite grains surrounded predominantly by other calcite grains (Ppb< 0.5). Grains with high
phase boundary fractions are systematically smaller than grains with low phase boundary fractions.
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weak rheologies that appear to characterize plate boundary shear zones [Bercovici and Ricard, 2012]. Three
proposed signatures of a transition of GSS creep are as follows: (1) randomization of a preexisting CPO, (2)
reduction of grain-size below the recrystallized grain-size piezometer, and (3) rheological weakening
manifested as either a decrease in flow stress or an increase in strain rate.
4.2.1. CPO Randomization
Several studies have suggested that GSS deformation mechanisms can cause the weakening and ultimate
randomization of a preexisting CPO. In particular, grain rotations during grain boundary sliding may be
responsible for the dispersion of crystallographic alignments [e.g., Zhang et al., 1994; Bestmann and
Prior, 2003; Skemer and Karato, 2008; Wheeler, 2009] observed in many natural ultramylonites. The interpre-
tation of calcite CPOs in our experiments is complicated by a preexisting CPO in the calcite-anhydrite start-

ing material, imparted by the hot-pressing process, which has grains favorably oriented for c 0001ð Þ 1210
� �

slip (Figure 9). With progressive deformation, components of rþ 1014
� �

2021
� �

and r� 1014
� �

2021
� �

slip

Figure 9. Lower hemisphere, equal area pole figures for calcite, contoured using a 10° cone half width from one-point-per-grain data (N grains in each sample, split
into populations of Ppb> 0.5 and Ppb< 0.5). Fabric strength is given by the M index of Skemer et al. [2005]. For reference, pole figures from one experiment on
single-phase calcite (Carrara marble) are included (inset). Dashed lines on pole figures represent the long axis of the finite strain ellipse.
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appear, generating additional c axis maxima on either side of the sample reference frame z axis (pole to
shear plane). This CPO is identical to that observed in Carrara marble deformed under the same conditions
in this study (supporting information Figure S4) and in previous studies [Barnhoorn et al., 2004].

M index values [Skemer et al., 2005] show progressive CPO weakening with increasing shear strain. Moreover,
calcite grains surrounded predominately by anhydrite (Ppb> 0.5) have systematically weaker CPOs than
calcite grains surrounded predominately by other calcite grains (Ppb< 0.5). In addition, the CPOs of both
grain populations become weaker than CPOs developed in Carrara marble under the same conditions, above
a shear strain of ~3 (Figure 9). It is possible that Ppb> 0.5 grains, which are smaller than Ppb< 0.5 grains, are
deforming by a higher proportion of GSS creep and therefore experience more pronounced fabric
weakening. A similar grain-size control on fabric strength was also recently interpreted by Rahl and Skemer
[2016] as evidence of different fractional contributions from dislocation creep and GSS creep in a natural
quartz mylonite.
4.2.2. Overstepping of Piezometer
For many minerals—including calcite—the recrystallized grain-size piezometer approximates the mechan-
ism boundary between dislocation creep and GSS creep [see Austin and Evans, 2009, Figure 1].
Consequently, a reduction in grain-size below the piezometer at a given stress will likely coincide with a tran-
sition into the GSS-dominated deformation regime [de Bresser et al., 2001]. In a microstructural study of gab-
broic mylonites, Mehl and Hirth [2008] found that in mixed plagioclase-pyroxene layers, the recrystallized
grain-sizes of plagioclase converged on a “polyphase piezometer,” yielding smaller grain-sizes than the
single-phase plagioclase piezometer at the same stresses. Furthermore, by plotting the polyphase piezo-
meter on a deformation mechanism map, polyphase samples were placed either in the diffusion creep field
or field boundary region, in contrast to single-phase layers in which plagioclase placed exclusively within the
dislocation creep field. Similarly, in a study of exhumedmantle shear zones, Linckens et al. [2015] found olivine
grain-sizes tobe systematically smaller in thepresenceof secondaryphases.Bercovici andRicard [2016] recently
proposeda theoretical basis for theoccurrenceof a secondarypiezometer forpolyphase rocks,which theyattri-
bute toanenergyhysteresis related topolyphase “interfacedamage” (note thatan increase in interfacedamage
described by Bercovici and Ricard is equivalent to an increase in “phase boundary density” described in this
study). Put simply, the mixing of different phases drives grains to smaller sizes than in single-phase systems,
due to the effects of grain boundary pinning. Indeed, our microstructural analyses (Figure 7c) show that
calcite grains in essentially single-phase regions (Ppb< 0.5) converge onto the calcite piezometer, while
calcite grains surrounded predominately by anhydrite (Ppb> 0.5)—including calcite grains within mono-
layers—arepushedbelowthecalcitepiezometer aboveashear strainof~6. In fact, thedepressionofgrain-sizes
below the calcite piezometer is likely underrepresented by our data, due to a truncation of the grain-size histo-
grams related to theEBSDspatial resolution, asmentionedabove. Indeed,grains in themostwell-mixedregions
of the highest strain samples appear considerably smaller than 500 nm (Figure 6).
4.2.3. Rheological Weakening
A grain-size modulated transition from dislocation to diffusion creep has been widely proposed as a mechan-
ism by which rheological weakening can occur. In manymonophase materials, only small strains can be accu-
mulated by diffusion creep because grain growth increases diffusion length scales and promotes dislocation
creep [Pearce and Wheeler, 2011]. In contrast, the suppression of grain growth in well-mixed polyphase
composites can enable long-lived rheological weakness. Persistent weak zones in the lithosphere that can
be reactivated throughout the cycle of plate formation and destruction are likely essential for Earth-like plate
tectonics [Bercovici and Ricard, 2012].

Although the LVT apparatus does not directly measure flow stress, we can estimate stress indirectly using
empirical flow laws. Figure 10 shows deformation mechanism maps for calcite and anhydrite, calculated
using the dislocation creep, grain boundary sliding, and diffusion creep flow laws of Renner et al. [2002],
Walker et al. [1990], and Herwegh et al. [2003], respectively, for calcite and the dislocation and diffusion creep
flow laws of Dell’Angelo and Olgaard [1995] for synthetic (HIP) anhydrite. At the conditions of our experi-
ments, the calcite piezometers of Rutter [1995] and Barnhoorn et al. [2004] and the paleowattmeter of
Austin and Evans [2007, 2009] all closely coincide with the calcite deformation mechanism field boundary
(Figure 10a). Moreover, data points corresponding to calcite grains with Ppb< 0.5 plot close to these relation-
ships, within the field boundary region, while data points for grains with Ppb> 0.5 typically plot below the
field boundary region, especially at γ ≥ 6. Importantly, this transition coincides with the strain at which
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monolayers form rather than the higher strains required for monolayer disaggregation and grain-scale
phase mixing. The data points in Figure 10—assuming constant strain rate conditions—imply a stress
drop in calcite of up to 140MPa, or relative weakening of up to 60%, as a result of grain boundary
pinning and the transition to diffusion creep. Anhydrite grain-sizes, on the other hand, plot entirely
within the field boundary region, regardless of shear strain (Figure 10b) such that, at high strains,
anhydrite is apparently stronger than calcite.

These findings are somewhat at odds with those of Barnhoorn et al. [2005] who, in similar calcite-anhydrite
experiments, proposed that calcite remained in the dislocation creep regime at high strains (γ> 5), while
anhydrite deformed by diffusion creep. In part, these inferences were based on the presence of elongate rib-
bons of calcite and small, equant grains of anhydrite. However, their microstructures are remarkably similar to
ours, and we suggest that the elongate calcite ribbons observed in their BSE images are, in fact, highly
sheared polycrystalline domains, composed also of small, equant grains. On the basis of grain shape and size
alone, it could therefore be argued that in both this study and that of Barnhoorn et al. [2005], calcite and anhy-
drite are both deforming by GSS mechanisms.

Barnhoorn et al. [2005] also inferred deformation mechanisms by comparison to the end-member rheological
data. They found that 100 vol % anhydrite aggregates deformed by diffusion creep (n=1) at high strains [c.f.
Dell’Angelo and Olgaard, 1995; Bruhn and Casey, 1997; Bruhn et al., 1999; Heidelbach et al., 2001; Hildyard et al.,
2011], whereas 100 vol % calcite aggregates deformed by dislocation creep (n= 4.2). Admittedly, this contra-
dicts the findings of our flow law analysis; however, the end-member rheologies are not necessarily indicative
of two-phase rheology. Indeed, the homogeneity of the deformation in our experiments, and the ability of
both phases to form long, thin layers, suggests that calcite and anhydrite are close to isoviscous at high
strains in our experiments [Handy, 1990].

4.3. Strains Required for Geometric Phase Mixing

In our experiments, single-phase domains are progressively sheared to form thin monolayers that ultimately
disaggregate at high strains to produce a fully homogeneous, mixed microstructure. The spatial density of
interphase boundaries increases as domains are sheared and reaches a maximum when monolayers disag-
gregate into individual grains. As phase boundary density increases, the degree of grain boundary pinning
also increases and, at a point, reaches a sufficient level to allow a transition to the strain-weakening GSS
regime via grain-size reduction beyond the recrystallized grain-size piezometer. Our microstructural analyses
indicate that this transition coincides with the formation of monolayers at γ~ 6, since all grains within a

Figure 10. Deformation mechanism maps for (a) calcite, constructed from the dislocation creep flow law of Renner et al.
[2002], the grain boundary sliding flow law of Walker et al. [1990], and the diffusion creep flow law of Herwegh et al.
[2003] and (b) anhydrite, constructed from the dislocation and diffusion creep flow laws of Dell’Angelo and Olgaard [1995].
The thick black lines indicate the deformation mechanism field boundaries. For calcite, the paleopiezometers of Barnhoorn
et al. [2004], red line, and Rutter [1995], green line, are given alongside the paleowattmeter of Austin and Evans [2007], blue
line. Data points (colored by shear strain) are plotted using median grain-sizes (Figure 7c and Table S1) and the shear strain
rates given in Table 1, converted to effective strain rates using a factor of 1/√3 [Paterson and Olgaard, 2000].
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monolayer are in contact with phase boundary and therefore experience grain boundary pinning. Phase
boundary density at γ= 6 is roughly 50% of that in the fully mixed sample (Figure 7b).

The critical shear strain, γcritical, required to reach a monolayer state can be estimated from the equations of
Ramsay [1980], which describe changes in the shape of the finite strain ellipse as function of shear strain

w ¼ 1
2

2þ γ2 � γ γ2 þ 4
� �1

2

h i� 	1
2

(3)

where w is the minor axis of the strain ellipse or, in this case, the domain width (Figure 11a). As shown in
Figure 11b, the amount of strain required to reach a monolayer state (w=wcritical) is dependent on the initial
size of the phase domains (winitial): larger domains require more strain to reach a given critical width. As it
turns out, there is almost a perfect 1:1 relationship between winitial/wcritical and γcritical (Figure 11c); in other

Figure 11. (a) The critical amount of strain, γcritical, required to reach a monolayer state can be calculated using equations
for the change in shape of the finite strain ellipse. (b, c) γcritical is dependent on the initial width of phase domains, winitial,
and the width of monolayers at which phase mixing is sufficient enough to allow rheological weakening, wcritical. The grey
shaded symbols are derived from initial domain widths (winitial) for our starting material, calculated from micro-CT data.
Artificial noise (jitter) has been applied to the data to better illustrate the distribution. For reference, a few winitial/wcritical
values are shown for natural ductile shear zones: the Oman and Lanzo peridotites [Linckens et al., 2015], the Josephine
peridotites [Skemer et al., 2010], the Alpine Fault Zone [Toy, 2008], and the Shaka Fracture Zone [Warren and Hirth, 2006].
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words, a shear strain of 10 is required to form monolayers from domains which are initially 10 times larger
than wcritical (the monolayer width).

Monolayers in our experiments are typically ~1μm wide (Figure 6), while calcite domain widths, determined
from micro-CT with a resolution limit of nominally 10μm, are mostly between 12μm (10th percentile) and
48μm (90th percentile) in the starting material (Figure 2). Hence, in our experiments, a shear strain of 12 is
estimated for the onset of monolayer formation and rheological weakening, and almost all domains should
have formed monolayers by a shear strain of 48. This is, broadly speaking, consistent with our experimental
observations: some large calcite domains are retained at γ= 17 but are all destroyed by γ= 57. However, the
shear strain required for the onset of monolayer formation in our experiments is slightly less than that
given above (roughly γ=6; Figure 5d), specifically for domains of less than 12μm width in the starting
material (see Figure 5a).

In nature, shear zone protoliths have grain-sizes that are commonly ~100 times larger than grain-sizes in
adjacent ultramylonites (e.g., Figures 1 and 11c). Thus, it is implied that shear strains up to, and perhaps in
excess of 100 may be required for the onset of monolayer formation and associated rheological weaken-
ing, if mixing is by mechanical means only. This should, however, be considered an upper limit, since in
many phase systems (olivine-orthopyroxene, for example), phase mixing may be aided by chemical reac-
tion [e.g., Newman et al., 1999; Kruse and Stünitz, 1999; Dijkstra et al., 2002; Kenkmann and Dresen, 2002;
Hidas et al., 2016]. As an example, in experiments on anorthite-diopside composites, Dimanov et al.
[2007] reported extensive phase mixing at a shear strain of 5, which they attributed to grain boundary slid-
ing, cavitation, and diffusion. It is also important to note that complete phase mixing is likely not necessary
for rheological weakening, which requires only that a pervasive weak network of grains is formed [Handy,
1990]. Nonetheless, it is clear that shear zone formation involves a protracted stage of non-steady state
microstructural and mechanical evolution.

5. Summary and Closing Remarks

Calcite-anhydrite composites were deformed to large shear strains to understand the underlying physical
mechanisms of phase mixing: a process often proposed to enable strain localization in ductile shear zones.
With increasing deformation, we observe a geometrically-driven thinning and stretching of domains of both
calcite and anhydrite, ultimately leading to the formation of finely laminatedmonolayers of one grain’s width.
Monolayer formation begins at a shear strain of ~6 and drives an increase in the spatial density of interphase
boundaries, enhancing grain boundary pinning. Grain boundary pinning suppresses grain growth and
enables grains to reduce in size beyond the theoretical lower limit of grain-size established by the recrystal-
lized grain-size piezometer or dislocation-diffusion creep boundary. Rheological weakening related to a tran-
sition to diffusion-dominated creep is predicted to coincide with monolayer formation at a shear strain of ~6,
since all grains within monolayers are in contact with phase boundaries, and therefore become pinned.
Monolayers ultimately disaggregate at high strains (17< γ< 57) to form a homogenous, fully mixed micro-
structure that, in these experiments, may be up to 60% weaker than the starting material. This geometric
phase mixing mechanism is entirely mechanical and does not depend on cavitation, diffusion, or reaction.
A model for the geometric thinning and stretching of domains during simple shear shows that an approxi-
mate 1:1 relationship exists between the strains required to form monolayers and the ratio of the starting
domain width to the monolayer width. The model demonstrates that rheological weakening associated with
the formation of monolayers may require large strains in nature (γ ≤ 100), since protolith grains are often up to
100 times larger than grains in adjacent ultramylonites.

The microstructures observed here are remarkably similar to those documented in natural ductile shear
zones [e.g., Kruse and Stünitz, 1999; Kenkmann and Dresen, 2002; Mehl and Hirth, 2008; Linckens et al., 2015],
where thin layers (i.e., foliation) formed during mylonitization were observed to separate into individual
grains at around the mylonite-ultramylonite boundary (e.g., Figure 1). Our experiments demonstrate that
large strains (γ ≤ 100) may be required for rheological weakening caused by the formation of thin composi-
tional layering, particularly where protolith domain/grain-sizes are large. However, the large strains required
for geometric phase mixing should be considered an upper bound on the strain scales required for rheolo-
gical weakening due to phase mixing. Contributions to phase mixing from diffusion and petrologic reactions
will both serve to make phase mixing more efficient. Nonetheless, the long transient interval between the
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initiation of localized deformation and the formation of ultramylonitic textures in nature suggests that other
mechanisms must be required to initiate shear localization [Skemer et al., 2013]. Ultramylonite formation is
therefore a consequence, not the cause, of shear localization but, regardless, is essential to the preservation
of weak zones and the formation of Earth-like plate boundaries in the crust and upper mantle.
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