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A B S T R A C T   

We conducted general shear experiments on synthetic mixtures of quartz and muscovite aggregates at 800 ◦C and 
1.5 GPa with 0.1 wt% H2O added in the Griggs apparatus to investigate the role of muscovite content on the 
microstructural evolution and rheological properties of quartz aggregates. Muscovite content varied between 0, 
5, 10 and 25% muscovite. Mechanically, the sample strengths decrease with an increase in muscovite content. At 
high strains muscovite grains align sub-parallel to the shear plane with C′- bands commonly observed in the 
muscovite-bearing samples. The presence of muscovite has significant influence on the amount of dynamic 
recrystallization in quartz; at high strains the pure quartz sample completely recrystallizes while only ~5% of the 
quartz in the 25% muscovite sample is dynamically recrystallized at similar strains. The presence of muscovite 
also has a significant influence on crystallographic preferred orientations (CPO) and grain shape preferred ori-
entations (SPO) of quartz at high strains. At high strains, muscovite is interpretated to deform primarily by basal 
glide and dissolution-precipitation creep. Finally, our mechanical results fit well with rheological mixing models, 
where we estimate aggregates with 25% muscovite may deform 1–2 orders of magnitude faster than pure quartz 
aggregates at conditions near the brittle-ductile transition.   

1. Introduction 

Micas are a ubiquitous accessory phase found throughout the con-
tinental crust; however, the quantitative effects of micas on the ductile 
strength of the continental crust are poorly constrained. Thus, rheologic 
models for the continental crust are typically based on single phase flow 
laws for quartz and/or feldspar. Deformation experiments on mica sin-
gle crystals show that micas are weak relative to quartz, with a highly 
nonlinear rheology; micas deform primarily by kinking and slip along 
their basal plane (e.g., Bell et al., 1986; Meike 1989; Kronenberg et al., 
1990; Mares and Kronenberg, 1993). In addition, deformation experi-
ments on fine-grained muscovite aggregates show a Newtonian rheology 
(Mariani et al., 2006). Naturally deformed mica shows evidence for a 
range of deformation processes, including basal slip, kinking, and 
diffusion creep (Bell et al., 1986; Bell and Cuff 1989; Hippertt 1994; 
Mulch et al., 2006), and exhibit a newly described type of defect termed 
“ripplocations” (Aslin et al., 2019), making the characterization of 

plastic deformation in micas complex. 
In this study, we investigate the influence of muscovite on the 

strength of quartz aggregates. The aggregate strength, or aggregate 
rheology, depends on the phase abundance, phase distribution, phase 
strength contrast, and the active deformation mechanisms in each phase, 
all of which can change with variations in pressure, temperature, stress, 
strain rate, and increasing strain (Handy 1990, 1994, Holyoke and 
Tullis, 2006). Rheological mixing models have been developed to 
quantify the aggregate viscosity of two-phase materials by utilizing 
end-member flow laws for the different materials (e.g., Tullis et al., 
1991; Huet et al., 2014; Rast and Ruh, 2021). 

The role of micas on polyphase aggregate rheology has been inves-
tigated in several experimental studies, including work on quartz-
–muscovite aggregates (Tullis and Wenk, 1994), biotite-rich gneiss 
(Holyoke and Tullis, 2006a;b), and mica–quartz/feldspar aggregates 
(Gottschalk et al., 1990; Shea and Kronenberg, 1992, 1993; Rawling 
et al., 2002). Of these studies, only Holyoke and Tullis (2006aa,b) and 
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Tullis and Wenk (1994) performed experiments at conditions where 
quartz deforms by dislocation creep. Tullis and Wenk (1994) deformed 
synthetically mixed powders of quartz and muscovite in axial 
compression with a volume percent of muscovite ranging from 0 to 
100%. Strong crystallographic preferred orientations (CPO) of musco-
vite grains show alignment of the basal plane perpendicular to the σ1 
direction. This orientation is not favorable for glide and thus does not 
illustrate the role of muscovite on weakening in shear zones. Holyoke 
and Tullis (2006a, 2006b) conducted general shear experiments on 
gneiss, investigating the phase strength contrast (PSC) between quartz, 
feldspar, and biotite and how the PSC affected strain localization and the 
mechanisms by which strain localization initiates. Holyoke and Tullis 
(2006a) concluded that stress concentrations at the tips of biotite grains 
promoted interconnection of weak layers with increasing strain. As a 
consequence of using a natural rock, Holyoke and Tullis (2006a, b) 
performed experiments at a single volume percent of mica (~13%). 

A potential consequence of the high temperatures that are necessary 
to experimentally deform quartz at dislocation creep conditions is that 
muscovite and biotite can breakdown at these temperatures through the 
loss of hydroxyls, referred to as dehydroxylation, resulting in either the 
neocrystallization of new phases or partial melting (Guggenheim et al., 
1987; Rubie and Brearley, 1987; Brearley and Rubie, 1990; Mazzucato 
et al., 1999; Mariani et al., 2006). This has limited most deformation 
experiments at low confining pressures on muscovite and biotite to T ≤
400 ◦C (Kronenberg et al., 1990; Shea and Kronenberg, 1992, 1993; 
Mares and Kronenberg, 1993). Low pressure shear experiments con-
ducted by Mariani et al. (2006), show that samples with high pore-fluid 
pressure can inhibit muscovite breakdown at temperatures up to 700 ◦C. 
While at high pressures, ≥1.0 GPa, and high temperatures, ≥700 ◦C, it 
has been shown that the kinetics for breakdown in micas are slow 
relative to the timescales of rock deformation experiments (Rubie and 
Brearley, 1987; Brearley and Rubie, 1990) and that both muscovite and 
biotite are largely stable over the time scale of experimental studies (e.g. 
≤100 h) with only minor amounts of breakdown products observed in 
select regions in only a few samples of quartz-muscovite aggregates 
(Tullis and Wenk, 1994) and pure biotite aggregates (Holyoke and 
Tullis, 2006a, 2006b, 2006c). The one example of a dehydration reac-
tion in mica-bearing aggregates at high temperatures and high pressures 
are the deformation experiments conducted by Holyoke and Tullis 
(2006c) of Gneiss Minuti; however, the dehydration reaction was a 
result of the polyphase starting material and deformation conditions and 
not the stability of biotite. 

We designed a series of deformation experiments in the Griggs 
apparatus to investigate the role of muscovite content on quartz 
rheology and microstructural evolution. Care was taken to avoid sig-
nificant chemical breakdown of muscovite in order to study only me-
chanical effects of mixing quartz and mica. We conducted general shear 
experiments to low and high strains on synthetically prepared quartz 
aggregates with 0–25 vol% muscovite to explore how the presence of 
muscovite influences a) dynamic recrystallization in quartz; b) the 
evolution of quartz crystallographic preferred orientations (CPO) and 
grain shape preferred orientations (SPO) with increasing strain; c) strain 
localization in a quartz-rich rock; and d) the effective viscosity of a 
muscovite-bearing quartzite. 

2. Experimental methods 

2.1. Starting material 

Samples were prepared by mixing powders derived from Black Hills 
Quartzite (BHQ) and Black Hills Muscovite (BHM), the same materials 
used by Tullis and Wenk (1994). The BHQ powder was sieved to a grain 
size of 63–100 μm while the BHM powder was sieved to a grain size of 
45–73 μm. Powders were prepared with 0, 5, 10, and 25% muscovite by 
volume. Quartz and muscovite powders were first mixed together in an 
acetone slurry in a glass beaker. The beaker was placed in an ultrasonic 

bath and the slurry was mixed until the acetone completely evaporated 
and no visible clumps remained (e.g. de Ronde et al., 2005). This pro-
cedure mitigates grain size and density sorting, as well as mineral 
segregation. 

2.2. Experimental procedures 

The sample assembly and deformation geometry are shown in Fig. 1. 
Alumina shear pistons were cut at 45◦ to each other to produce an 
inclined-piston shear geometry. The shear pistons were jacketed in a Pt 
sleeve with Ni foil inserted between the alumina shear pistons and the Pt 
jacket. The starting material powder is placed between the two shear 
pistons with 0.1 wt% water added, and the assembly is weld-sealed 
using Pt cups at the ends of the shear pistons. As is true for all un-
drained experiments, the exact pH2O and potential for gradients within 
the sample is not measured; however, the lack of significant variation in 
microstructure within each sample (section 3.2), indicates uniform 
pH2O at the sample-scale. For comparison with previous work, we 
calculate water fugacity assuming that pH2O is equal to the confining 
pressure. NaCl is used as the confining medium. All deformation ex-
periments were conducted at 800 ◦C, 1.5 ± 0.1 GPa confining pressure, 
and a shear strain rate ~1.6–3.2 × 10− 5 s− 1. 

Three types of experiments were conducted on each of the prepared 
starting powders: hydrostatic annealing for 34 h, high strain (γ ≈ 4.0) 
experiments that achieved nominally steady state flow, and low strain 
experiments that were quenched when samples reached peak stress (γ ≈
0.6). To preserve the microstructures, at the end of each experiment the 
temperature was lowered at a rate of 4 ◦C/s to 200 ◦C. The confining 
pressure decreased by ~250 MPa during the initial temperature drop 
and was subsequently lowered to room pressure and temperature while 
maintaining a modest differential stress to suppress decompression 
cracking. 

2.3. Image analysis 

After experiments, samples were impregnated in epoxy and standard 
petrographic thin sections were prepared perpendicular to the shear 
plane, parallel to the shear directions, and polished to first-order grey 
colors for quartz. Photomicrographs were taken with circular polarized 
and crossed polarized light for microstructural analysis. Circular polar-
ized light micrographs were used to analyze grain size, SPO, CPO, and 
sample-scale phase maps. Cross-polarized light and back-scatter electron 
(BSE) images were used to examine deformation microstructures. 2D 
Phase maps were created in ImageJ to estimate the volume percent of 
each phase as well as the amount of quartz dynamic recrystallization by 
comparing the phase maps of relict grains and dynamically recrystal-
lized grains. The term “relict” quartz grain is used for grains that are 
interpreted to remain largely unrecrystallized and typically have a grain 
size ≥50 μm. 

SPOs were analyzed using grain boundary maps of relict quartz 
grains. We used the SURFOR (SURFace ORientation) method in 5-degree 
increments to quantify the surface fabric of the grain boundary maps in 
relation to the shape, size, and orientation of the two-dimensional sur-
faces relative to the deformation geometry (Panozzo, 1984). The 
orientation of the long axis of grains is displayed in length-weighted rose 
diagrams, where the average length of each 5-degree increment is 
normalized by the maximum average length whereas the average grain 
shape is represented by the long particle axis (b-axis) and the short 
particle axis (a-axis). The aspect ratio of the average grain shape is 
determined by taking the long particle axis divided by the short particle 
axis for each grain boundary map. 

Crystallographic preferred orientations (CPOs) were measured using 
computer-integrated polarized (CIP) microscopy (Panozzo Heilbronner 
and Pauli, 1993; Heilbronner and Tullis, 2006). CIP maps are con-
structed from the central region of each sample, where strain is most 
uniform. Quartz CPOs were derived from the freeware Image SXM 
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(http://www.ImageSXM.org.uk) and the ‘Lazy pole’ macro from the CIP 
database (https://earth.unibas.ch/micro/). Lower hemisphere pro-
jections are used to plot the quartz c-axes. 

2.4. Data processing 

The Griggs apparatus uses an external load cell to measure the force 
applied to the sample column. The displacement of the σ1 piston is 
measured using a direct current displacement transducer with a reso-
lution of 1 μm. Experimental data are digitally recorded at a sampling 
rate of 1 Hz and processed by the open source MATLAB program RIG 
(http://mpec.scripts.mit.edu/peclab/software/). Piston displacement 
was corrected for apparatus compliance while the force was corrected 
for friction based on a set of calibration tests. The samples thin by ~40% 
in the high strain experiments; we assume that the thinning is contin-
uous with increasing piston displacement. The mechanical data are 
corrected for shear zone thinning and forcing block area change with 
increasing shear strain, as well as variations in confining pressure. Shear 
stresses and shear strain rates were converted to equivalent stress (σeqv 

= 2τ were τ is shear stress) and equivalent strain rate (ε̇eqv =
γ̇̅ ̅
3

√ , where γ̇ 
is shear strain). All experimental data are summarized in Table 1. 

3. Results 

3.1. Mechanical data 

As shown in Fig. 2, sample strengths decrease with an increase in 
muscovite content. This result is consistent with previous experimental 
studies on polyphase aggregates that analyzed the influence of 
increasing amounts of weaker phases, including halite–calcite (Jordan, 
1987), muscovite–quartz (Tullis and Wenk, 1994), cam-
phor–octachloropropane (Bons and Urai, 1994), and anorthite–diopside 
(Dimanov and Dresen, 2005). The pure quartz high strain sample 
reached a peak shear stress of 440 MPa at γ ≈ 0.8, followed by strain 
weakening to a stress of 285 MPa at γ ≈ 2.4 and a nonlinear increase in 
stress to 310 MPa at γ ≈ 4.0. In comparison, the 25% muscovite sample 

Fig. 1. Illustration of the all-salt assembly and general shear sample for the Griggs apparatus. a) cross-sectional view of the sample assembly. b) 3D cross-sectional 
view perpendicular to the shear plane of the jacketed sample prior to deformation. Modified after Pec et al. (2012). 

Table 1 
Experimental conditions. 
Synthetic Quartz-Muscovite Aggregates Annealed and Deformed in General 
Shear at T = 800 ◦C and P = 1.5 GPa.  

Experiment 
No. 

Ms. 
(%) 

Shear 
strain,γ 

Shear 
strain rate, 
γ̇ (s− 1) 

Shear 
stressa, τ 
(MPa) 

Final 
Thickness, 
(mm) 

372LT 0 0 0 0 1.60 
394LT 5 0 0 0 1.60 
396LT 10 0 0 0 1.70 
398LT 25 0 0 0 1.70 
370LT 0 0.7 1.3 × 10− 5 535 1.40 
385LT 5 0.6 1.3 × 10− 5 283 1.40 
390LT 10 0.5 1.2 × 10− 5 178 1.45 
392LT 25 0.6 1.5 × 10− 5 81 1.45 
379LT 0 3.9 1.6 × 10− 5 310 0.95 
382LT 5 3.9 2.7 × 10− 5 224 1.00 
389LT 10 4.3 3.2 × 10− 5 170 0.90 
391LT 25 4.0 3.2 × 10− 5 60 0.90  

a The shear stress listed in Table 1 is the final stress. 
Fig. 2. Plot of shear stress versus shear strain for the peak stress/low strain 
(dashed lines) and high strain (solid lines) experiments. 
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only achieved a steady state flow stress of 60 MPa and no strain weak-
ening is observed. The magnitude of strain weakening observed for 
muscovite-bearing samples with 5% and 10% muscovite is more modest 
than that observed for the pure quartz sample. The low strain experi-
ments all record higher shear stresses than the high strain experiments 
for the same volume percent of muscovite; however, the variation in 
stress for all the muscovite-bearing samples, for the same volume 
percent of muscovite, are approximately within experimental error 
(±30 MPa, Holyoke and Kronenberg, 2010). While the low strain pure 
quartz sample is stronger than the high strain sample, they are both 
consistent with previous experiments on quartz deformed at similar 
deformation conditions in the shear geometry (Supplementary Fig. S1). 
The raw mechanical data and hit point calculations are plotted in Sup-
plementary Fig. S2. 

3.2. Microstructural observations 

Here we outline the microstructural characteristics of the hydro-
statically annealed and deformed samples to illustrate how the presence 
of muscovite influences the amount of dynamic recrystallization, the 
development of S–C–C’ fabrics and the evolution of quartz CPO. 

3.2.1. Hydrostatically annealed samples 
Hydrostatically annealed samples help characterize the microstruc-

ture prior to deformation. Quartz grains in all hydrostatically annealed 
samples show undulatory extinction, and evidence for grain crushing 
and microcracking; the crushed material heals to form small grains 
ranging from 10 to 15 μm in diameter (Fig. 3). We interpret that grain 
crushing and microcracking occur during pressurization of the originally 
porous sample, where grain boundaries and microcracks within crushed 
quartz can be filled with smaller neocrystallized muscovite (see green 
arrows in Fig. 3d and Supplementary Fig. S3). Neocrystallized muscovite 

Fig. 3. Polarized light microstructures of quartz-muscovite samples at hydrostatic conditions. The shear plane is parallel to the horizontal plane of each micrograph. 
Photomicrographs taken in cross-polarized light. Qz – quartz and Ms – muscovite. d) green arrows show muscovite within quartz microcracks. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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grains are defined as new muscovite grains, interpreted to form either 
through dissolution and precipitation or compositional change. EDS 
analysis shows the neocrystallized muscovite are in fact muscovite and 
not a reaction product from any potential muscovite breakdown reac-
tion (Supplementary Fig. S4). In the muscovite-bearing samples, the 
muscovite grains do not develop a strong preferred orientation; how-
ever, a notable amount of muscovite aligns sub-parallel to the shear 
plane in the 10% and 25% muscovite samples (Fig. 3c–f), while in the 
5% muscovite sample, muscovite grains are mostly isolated (Fig. 3b). 
Grain crushing in quartz is most prominent in the pure quartz, 5% and 
10% muscovite samples. All muscovite-bearing samples show minor 
amounts of reaction products (Supplementary Fig. S3). 

3.2.2. Low strain (peak stress) samples 
The effect of muscovite on microstructural evolution is minimal at 

low strains. The low strain samples, which achieve peak stress between 
γ = 0.5–0.75, develop weak foliations defined primarily by the SPO of 
quartz in the pure quartz and 5% muscovite samples and by both the 
SPO of quartz and muscovite in the 10% and 25% muscovite samples 

(Fig. 4). In the pure quartz sample, a foliation defined by the shape of 
relict quartz grains developed at an angle 35–40◦ antithetic to the shear 
plane, where antithetic refers to rotations opposite the shearing direc-
tion with the shear plane representing 0◦. This sample also shows a 
higher fraction of recrystallized grains in bands parallel to the foliation 
plane. In the 5% and 10% muscovite samples, a foliation formed ~30◦

antithetic to the shear plane; the muscovite grains in the 5% muscovite 
sample remain isolated with no obvious SPO, while muscovite grains are 
more interconnected in the 10% muscovite sample (Fig. 4c). At the 
sample-scale, the 25% muscovite sample has a weak foliation defined 
primarily by an SPO of muscovite oriented 15◦ antithetic from the shear 
plane (Fig. 4f), a much lower angle than observed in the other low strain 
experiments. Similar to the hydrostatic experiments, the 10% and 25% 
muscovite samples have a notable number of muscovite grains oriented 
sub-parallel to the shear plane (Fig. 4e and f). Fine extinction bands, as 
defined by Derez et al., 2015, are observed in relict quartz grains in all 
low strain samples (Fig. 4). All muscovite-bearing samples have minor 
amounts of reaction products (Supplementary Fig. S5). 

In comparison to the pure quartz sample, dynamic recrystallization 

Fig. 4. Polarized light microstructures of quartz- 
muscovite samples at low strain. Shear plane is par-
allel with the horizontal plane of each micrograph 
with a dextral sense of shear. Photomicrographs taken 
in cross-polarized light. Qz – quartz and Ms – 
muscovite. Red arrows in b,c) show examples of 
quartz grains with deformation lamellae. k The green 
arrow in d) shows an example of a quartz-muscovite 
phase boundary and the blue arrow shows an 
example of a quartz-quartz grain boundary. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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of quartz is less extensive in the muscovite-bearing samples (Fig. 4), with 
the 25% muscovite sample showing the least amount of quartz recrys-
tallization (Fig. 4). In the muscovite-bearing samples, dynamic recrys-
tallization occurs at quartz grain boundaries and is rarely observed at 
quartz-muscovite phases boundaries (Fig. 4). 

3.2.3. High strain samples 
At high strains, the quartz microstructures change dramatically with 

an increase in muscovite content (Figs. 5 and 6). The extent of dynamic 
recrystallization in quartz decreases as the volume percent of muscovite 
increases. Microstructures for the pure quartz sample indicate homog-
enous deformation with near complete (>97%) dynamic recrystalliza-
tion (Figs. 5a and 6a). Relict quartz grains form elongated ribbons in an 
orientation consistent with the imposed shear direction, defining a 
foliation ~12◦ antithetic from the shear plane (Fig. 5a). Additionally, 
fine extinction bands are observed in relict quartz grains in all high 
strain samples (Figs. 5–7 and Supplementary Fig. S6). The 5% muscovite 
sample shows ~85% dynamic recrystallization of quartz, while the 
majority of muscovite grains in the 5% muscovite sample align at a small 
angle (<10◦) to the shear plane (i.e., close to the C-plane), and “mica 
fish” are observed in orientations consistent with the imposed sense of 
shear (Figs. 5b and 6b). Many muscovite grains remain isolated, with 
shapes conforming to the adjacent quartz ribbons. 

The addition of 10% and 25% muscovite promotes significant 
changes in the quartz microstructures. The amount of dynamic recrys-
tallization of quartz decreases and the relict quartz grains remain more 
equant, indicating smaller amounts of intragranular strain. For example, 
muscovite-filled quartz microcracks, where the cracks are interpreted to 
form during pressurization similar to Fig. 3d, can be observed in the high 
strain 25% muscovite sample (Fig. 7a). In the 10% muscovite sample, 
~30% dynamic recrystallization is observed (Figs. 5c and 6c). Relict 
quartz grains in the 10% muscovite sample are moderately elongated 
and rotate in the direction of shear, producing an SPO and partly 
defining a foliation oriented 20–25◦ antithetic from the shear plane 

(Fig. 5c). Only ~5% dynamic recrystallization is observed in the 25% 
muscovite sample, where recrystallization is primarily localized at 
quartz-quartz grain boundaries (Figs. 5d and 6d). Relict quartz grains 
are only modestly elongated in the 25% muscovite sample, but still 
define a foliation oriented ~20◦ antithetic from the shear plane. All high 
strain muscovite-bearing samples exhibit minor amounts of reaction 
products at muscovite grain boundaries that can be observed from the 
bright needle-shaped grains in Fig. 9a and Supplementary Fig. S7. These 
reaction products may indicate a change in chemical composition of the 
muscovite, while the muscovite can still be identified as muscovite. 

All muscovite-bearing samples deformed to high strains develop 
muscovite-rich (Ms) C′- bands. These shear bands are sub-planar (i.e., 
sub-linear in 2D) and are distributed throughout the sample. In the 5% 
muscovite sample, Ms C′-bands develop at an orientation ~30◦ synthetic 
to the shear plane and extend up to 150 μm in length (Figs. 6b and 8). Ms 
C′-bands in the 10% muscovite sample develop at a wider range of 
orientations than in the 5% muscovite sample, ranging from 15 to 30◦

synthetic to the shear plane, and are typically longer than the Ms C′- 
bands observed in the 5% muscovite sample, extending up to 500 μm in 
length (Fig. 6c). In the 25% muscovite sample, muscovite is weakly 
interconnected throughout the sample producing more numerous, but 
less distinct Ms C′-bands (Fig. 6d). 

Another microstructural feature that develops along C′-planes in all 
the high strain muscovite-bearing samples are linear bands defined 
primarily by recrystallized quartz grains and pores (interpreted to have 
been fluid-filled during the experiment) that often extend from musco-
vite grains (Fig. 9a). We call these features C′-bands because they are 
also sub-planar and form in the same orientation as the Ms C′-bands. The 
majority of C′-bands do not contain muscovite (Fig. 9a), however there 
are some C′-bands that contain a small amount of neocrystallized 
muscovite and in a few cases, the C′-bands contain a mixture of quartz 
and neocrystallized muscovite (Fig. 9b and c). C′-bands range in length 
up to 100 μm and are typically defined by the spacing between 
muscovite grains (Fig. 9). In the 5% and 10% muscovite samples, local 

Fig. 5. Polarized light microstructures of quartz- 
muscovite samples at high strain. d) Blue arrows 
highlight quartz-quartz grain boundaries while green 
arrows highlight quartz-muscovite phase boundaries. 
Shear plane is parallel with the horizontal plane of 
each micrograph with a dextral sense of shear. Pho-
tomicrographs taken in cross-polarized light. Qz – 
quartz and Ms – muscovite. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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phase mixing is observed where muscovite grains are intermixed with 
dynamically recrystallized quartz grains (Fig. 7c and d, 8). Regions of 
phase mixing occur sub-parallel to the C-plane between two quartz 
grains or in the C′-plane with modest amounts of dynamic recrystalli-
zation. Phase mixing is not as prevalent in the 25% muscovite sample, 
with mixing primarily localized to the C′-planes, presumably due to a 
lack of quartz recrystallization. 

Quartz grains that are bounded by muscovite appear to deform ho-
mogeneously without recrystallizing (e.g., Fig. 5d); microstructures 
illustrating this “shielding” effect of muscovite are present in all the 
muscovite-bearing samples (Figs. 4–6). This observation suggests a 

relaxation of strain compatibility constraints at muscovite-quartz phase 
boundaries by easy slip in the muscovite, which reduces strain rate 
gradients (and thus dynamic recrystallization) within the relict quartz 
grains. 

Microstructural evidence for quartz and muscovite dissolution is 
observed in all muscovite-bearing high strain samples. Serrated quartz- 
muscovite phase boundaries in high stress orientations are observed 
locally in all the high strain muscovite-bearing samples (Fig. 7b). The 
serrated phase boundaries are normal to σ1, a favorable orientation for 
quartz dissolution (e.g., Shimizu, 1995). In addition, Figs. 7–9 show 
neocrystallized muscovite grains aligned subparallel to the shear plane 

Fig. 6. Polarized light microstructures of the high strain samples using a circular polarizer. Shear plane is parallel with the horizontal plane of each micrograph with 
a dextral sense of shear. The color of quartz ranges from black to light grey while muscovite is distinctively lighter grey to white. In the 10% muscovite sample, the 
muscovite grains are a darker grey but still distinguishable due to their characteristic shape and orientation. In each micrograph, the alumina shear piston(s) can be 
observed in the top and/or bottom of each photo for reference. 

Fig. 7. Cross-polarized light and backscatter electron 
photomicrographs from the high strain muscovite- 
bearing samples. a) blue arrows highlight muscovite 
filling an intragranular crack in two quartz grains. b) 
purple arrows highlight serrated phase boundaries at 
quartz-muscovite phase boundaries where the arrows 
define the high stress orientation. c,d) Examples of 
phase mixing between dynamically recrystallized 
quartz and neocrystallized muscovite highlighted by 
green arrows, where red arrows highlight relict 
muscovite grains. c) also shows two examples where 
recrystallized quartz grains are pinned by muscovite 
(yellow arrows). The shear plane is parallel with the 
horizontal plane of each micrograph with a dextral 
sense of shear. (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   
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in regions of quartz recrystallization, suggesting neocrystallized 
muscovite grew in these locations at hydrostatic conditions or during 
deformation. Based on the deformation microstructures, most neo-
crystallized muscovite grains are observed at distances of ~20–30 μm 
from relict muscovite grains (Fig. 7c and d, 9) but a few grains are 
observed at distances up to ~100 μm (see blue arrows in Fig. 8). 

3.2.4. Shape Preferred Orientations (SPO) 
The SPO of relict quartz grains systematically decreases with an 

increase in muscovite content (Fig. 10). In hydrostatic samples, the pure 
quartz, 5%, and 10% muscovite samples all exhibit nearly random SPOs 
with average grain aspect ratios of 1.08, 1.03, and 1.03, respectively. 
The 25% muscovite hydrostatic sample shows a weak SPO with a long 
axis oriented ~25◦ antithetic with respect to the shear plane with an 
average grain aspect ratio of 1.15 (Fig. 10). 

At low strain, the role of muscovite on SPO is minimal, except for the 
sample with 25% muscovite. The pure quartz, 5%, and 10% muscovite 
samples all show an SPO with long axes oriented 25–30◦ antithetic to the 

Fig. 8. Cross-polarized and plane light micrographs 
of high strain 5% muscovite sample. Shear plane is 
parallel with the horizontal plane with a dextral sense 
of shear. Ms C′-band defined by alignment of 
muscovite in the C′-orientation in a) cross-polarized 
light and b) plane light (highlighted by the red ar-
rows). Blue arrows show several examples of neo-
crystallized muscovite grains aligned in the C-plane. 
Qz – quartz and Ms – muscovite. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 9. Backscatter Electron images of C′-bands in the 10% muscovite sample that originate and terminate at the tip of muscovite grains. a) C′- bands are largely 
made of equant quartz grains and surrounded by void space highlighted by blue arrows. b) An example of neocrystallized muscovite (green arrows) mixing with 
recrystallized quartz grains and c) shows an example where there is significant mixing between neocrystallized muscovite (green arrow) and recrystallized quartz. b, 
c) Red arrows highlight relict/original muscovite grains. The yellow arrow in a) highlights potential reaction products from muscovite compositional change. The 
shear plane is parallel with the horizontal plane of each micrograph with a dextral sense of shear. Muscovite (Ms) grains are lighter grey and quartz (Qz) darker grey. 
Portions of muscovite grains are plucked during sample preparation. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

L. Tokle et al.                                                                                                                                                                                                                                    



Journal of Structural Geology 169 (2023) 104835

9

shear plane and similar grain aspect ratios of 1.44, 1.37, and 1.32, 
respectively. In contrast, the 25% muscovite sample has a long axis 
oriented ~15◦ antithetic to the shear plane with an aspect ratio of 1.25 
(Fig. 10); this SPO likely reflects the influence of an initial SPO, as 
observed in the 25% muscovite hydrostatic sample. The quartz grain 
aspect ratios for the low strain samples decrease modestly, but system-
atically with increasing muscovite content. 

The influence of muscovite on quartz SPO is more obvious at high 
strain. The pure quartz and 5% muscovite samples exhibit quartz SPOs 
with long axes oriented 10–15◦ antithetic from the shear plane with 
average aspect ratios of 3.93 and 3.46, respectively. The long axes for 
the 10% and 25% muscovite samples are oriented 15–20◦ antithetic 
from the shear plane with average aspect ratios of 2.28 and 1.80, 
respectively. In high strain samples, the particle long-axis maxima are 
oriented approximately parallel to the finite elongation direction 
calculated based on the sample strain (Fig. 10). For the low strain 
samples, the particle long-axis maxima are oriented near the finite 
elongation direction but rotated further towards the shear plane 
(Fig. 10). 

Plotting the quartz porphyroclast aspect ratio against both the 
normalized frequency and orientation of the long particle axis for all the 
samples emphasizes the influence of muscovite on the evolution of 

quartz SPO (Fig. 11). The change in aspect ratio between the hydrostatic 
and high strain samples decreases systematically with increasing 
muscovite content. The pure quartz and 5% muscovite samples show a 
significant increase in the aspect ratio from the hydrostatic sample to the 
high strain sample, while there is only a minimal change in the aspect 
ratio with strain in the 10% and 25% muscovite samples. In the pure 
quartz and 5% muscovite high strain samples, large aspect ratio grains 
or “ribbon” grains are observed; while in the 10% and 25% muscovite 
high strain samples no large aspect ratio grains are observed (Fig. 11). 
Quartz ribbons are orientated within ~15◦ of the shear plane. Quartz 
grains with smaller aspect ratios show a greater spread in the long axis 
orientations with orientations as high as 35◦ away from the shear plane 
in the pure quartz and 5% muscovite samples and 40◦ in the 10% and 
25% muscovite samples (Fig. 11). 

3.2.5. Crystallographic Preferred Orientation (CPO) 
Muscovite content also influences the development of quartz CPO, 

where Fig. 12 shows the pole figures and pole figure maximum (multi-
ples of a uniform distribution) for all samples. Fig. 13 shows the CIP 
maps for the high strain samples. Grain boundary maps of relict quartz 
grains were constructed from the CIP maps in Fig. 13 of the high strain 
samples to highlight variations in quartz strain based on c-axis 

Fig. 10. Surface orientation distribution (SURFOR) 
functions of relict quartz grains for all quartz-
–muscovite samples. The aspect ratio for each sample 
is plotted in black in the bottom right. The red line 
represents the expected orientation of the long axis of 
the finite strain ellipse (red numbers indicating the 
expected angle between the long axis of the strain el-
lipse with the shear plane). The measured angle be-
tween the maximum of the rose diagram and the shear 
plane is represented in blue in the top left, where 0◦ is 
parallel with the shear plane. The shear plane is in the 
east-west orientation with a dextral sense of shear. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version 
of this article.)   
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orientations (Fig. 14). 
All the hydrostatic samples exhibit a random quartz c-axis texture 

(Fig. 12). The CIP maps for the hydrostatic and low strain samples are 
illustrated in Supplementary Figs. S8 and S9, respectively. Crushed 
quartz grains in the hydrostatic samples are easily identified in the CIP 
maps, displaying a significantly smaller grain size, 10–15 μm, than the 
starting grain size (Supplementary Fig. S10). 

At low strains, the pure quartz sample develops a quartz CPO with c- 
axes aligned sub-parallel to the axial shortening direction (Fig. 12). 

In high strain samples, the strength of the quartz CPO decreases with 
increasing muscovite content. In addition, the orientation of the CPO 
with respect to the shear plane varies with muscovite content (Fig. 12). 
In the 100% quartz sample, c-axes align approximately normal to the 
shear plane, rotated slightly synthetically with the sense of shear, 

Fig. 11. The top row shows plots of quartz grain aspect ratio versus normalized frequency for the hydrostatic, low strain, and high strain samples. The bottom row 
shows plots of aspect ratio versus orientation of the long particle axis for the hydrostatic, low strain, and high strain samples. 0 and 180 represent the orientation of 
the shear plane. The data used to construct these plots comes from the same SURFOR analyses used to plot the rose diagrams in Fig. 10. Long axis angle orientations 
follow the same convention used in Fig. 10. 

Fig. 12. Area-weighted pole figures for quartz c-axis orientations. Contours are set at 0.5 times the uniform distribution with maxima for each pole figure presented 
to the bottom left of each corresponding pole figure. The shear plane is in the east-west orientation with a dextral sense of shear. The white arrows around the 100% 
quartz hydrostatic pole figure define the axial shortening direction. 
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indicative of dominantly basal <a> slip. With low muscovite contents, 
c-axes also align normal to the shear plane, but with increasing 
muscovite content, the c-axis maxima progressively become more 

parallel to the axial shortening direction. 
In Fig. 12 we also highlight differences between the CPO of relict and 

recrystallized grains as a function of muscovite content. The c-axes of 

Fig. 13. C-axis orientation images of quartz for the 
high strain samples. Corresponding pole figures for 
each orientation map are located in the bottom left 
corner. The shear plane for each map is parallel to the 
horizontal plane of the image with a dextral sense of 
shear. Color lookup table found in the bottom right of 
the figure. The scale bar is 400 μm and found at the 
bottom right for each CIP map. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 14. Plots of aspect ratio versus orientation of the 
long particle axis for the high strain samples. Data are 
color-coded to represent the particle (e.g., grains) c- 
axis orientation. The color lookup table is represented 
in the top right of figure. 0 and 180 represent the 
orientation of the shear plane. SURFOR analyses were 
performed on relict quartz grains from the CIP maps 
in Fig. 13. The white arrows around the color look up 
table define the axial shortening direction. Long axis 
angle orientations follow the same convention used in 
Fig. 10. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web 
version of this article.)   
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relict grains in the pure quartz sample are primarily orientated 
perpendicular to the shear plane (Figs. 12 and 13). In contrast, a larger 
fraction of c-axes are oriented sub-parallel to the axial shortening di-
rection in all of the muscovite-bearing samples (Figs. 12 and 13). The c- 
axes for the recrystallized quartz grains show the same spread in ori-
entations as the relict grains but with stronger maxima. 

In Fig. 14 we illustrate relationships between grain aspect ratio, the 
orientation of the particle long axis, and the c-axis orientations of relict 
quartz grains from the high strain samples. In all samples, quartz grains 
with Y-max c-axis orientations (c-axes align parallel to the Y direction of 
the strain ellipse) or with c-planes parallel to the shear plane have the 
largest aspect ratios, suggesting that the dominant slip systems are basal 
<a> and prism <a> slip, consistent with single crystal data (Muto et al., 
2011; Stünitz et al., 2017). In the 10% and 25% muscovite samples, the 
number of grains with c-axes oriented antithetically to the shear plane 
increases. These have similar low aspect ratios to grains oriented with 
c-axes sub-parallel to the shear plane. The lower degree CPO and more 
variable rotation of quartz grains suggests that as the volume percent of 
muscovite increases, more strain is partitioned into muscovite and less 
strain is accommodated by quartz. 

4. Discussion 

Our results demonstrate that muscovite plays an important role on 
the strength and microstructural evolution of mica-bearing quartzites. 
Below we discuss how the observed changes in microstructural devel-
opment constrain the role of muscovite on grain scale deformation 
processes and compare our results to a combination of flow laws and 
rheological models for the aggregate viscosity of a mica-bearing 
quartzite. 

4.1. Effect of muscovite on the development of c-axis fabrics in quartz 

Muscovite plays an important role in the development of quartz c- 
axis fabrics in our deformed samples. At low strains, where only modest 
dynamic recrystallization is achieved, some c-axes in the pure quartz 
sample align sub-parallel to the axial shortening direction, consistent 
with previous general shear quartz experiments (Heilbronner and Tullis, 
2006), numerical simulations employing Taylor-Bishop-Hill models 
(Lister et al., 1978; Lister and Hobbs, 1980), and viscoplastic 
self-consistent (VPSC) models (Morales et al., 2011) for quartz in shear. 
At high strains, with a high degree of dynamic recrystallization, the 
c-axes align approximately normal to the shear plane, indicative of 
dominantly basal <a> slip (Figs. 12 and 13), which is also consistent 
with previous experimental work on quartz conducted in the general 
shear geometry at similar deformation conditions (Heilbronner and 
Tullis, 2006; Richter et al., 2018). These observations suggest that as the 
sample dynamically recrystallizes, the orientation of recrystallized 
grains and some relict grains rotate synthetically with the shear sense 
developing preferred orientations of basal planes near the shear plane. 
However, a significant fraction of relict quartz grains maintains c-axis 
orientations at large angles to the shear plane, even at shear strains 
exceeding 4 (see Figs. 7 and 8 in Heilbronner and Tullis, 2006; Richter 
et al., 2018, and Fig. 13a). For the deformation conditions of our sam-
ples, muscovite is mechanically weaker than quartz, and therefore strain 
is partitioned into muscovite in the muscovite-bearing samples. This 
results in a lower extent of dynamic recrystallization of quartz in sam-
ples with higher muscovite contents and less strain accumulation in 
quartz. As a result, quartz c-axis rotation into the basal <a> c-axis fabric 
orientation is suppressed, leaving a larger number of relict quartz grains 
with c-axes at a large angle to the shear plane. 

The development of quartz c-axis fabrics sub-parallel to the axial 
shortening direction in the high strain muscovite bearing samples may 
be related to strain partitioning in the quartz-muscovite aggregates, in 
addition to details of the deformation mechanism of the unrecrystallized 
relict grains. At low strains, the muscovite-bearing samples show 

random quartz c-axis fabrics, while at high strains some quartz c-axes 
align antithetically to the shear sense, similar to the low strain pure 
quartz sample, especially the 25% muscovite sample, shows the least 
amount of dynamic recrystallization in quartz (Fig. 12). In addition, the 
long axis orientations for the high strain 25% muscovite sample are 
similar to the low strain pure quartz sample, even though the bulk shear 
strain in the 25% muscovite high strain sample is ~4 (Fig. 11). These 
observationst suggest that due to strain partitioning into the weaker 
muscovite, not enough strain was accumulated in the quartz to produce 
a c-axis fabric at low strains. Additionally, the similar quartz c-axis 
fabrics between the low strain pure quartz sample and the high strain 
muscovite-bearing samples indicate similar processes that lead to the 
development of the c-axis fabrics sub-parallel to the axial shortening 
direction. One possibility is the effect of the coaxial shortening in gen-
eral shear experiments. General shear experiments conducted in the 
Griggs apparatus contain significant coaxial shortening, where high 
strain experiments (γ > 3.5) thin between ~30 and 50% relative to a 
hydrostatic experiment (Table 1; see also, Heilbronner and Tullis, 2006). 
If quartz, the more competent and mechanically isotropic phase in the 
muscovite-bearing samples, accommodates a larger part of the short-
ening component of the strain and muscovite, the weaker and me-
chanically anisotropic phase, accommodates the larger part of the 
simple shear component of the strain, this would lead quartz c-axes to 
align in the orientation of coaxial shortening. Tullis et al. (1973) have 
shown that in the absence of dynamic recrystallization quartz grains 
tend to rotate towards the axial shortening direction, i.e. in our case an 
antithetic orientation to the shear sense. 

Strain partitioning into the muscovite and the suppression of dy-
namic recrystallization in quartz, may also cause relict quartz grains to 
deform primarily by glide-dominated dislocation creep without the 
involvement of grain boundary processes resulting in an antithetically 
rotated c-axis fabric similar to that in observed in low strain pure quartz 
experiments (Heilbronner and Tullis 2006), as well as the 
Taylor-Bishop-Hill and VPSC numerical models (Lister et al., 1978; 
Lister and Hobbs, 1980; Morales et al., 2011). Through the analysis of a 
natural shear zone, Kilian et al. (2011b) showed that quartz porphyr-
oclasts (e.g., largely unrecrystallized grains) may align antithetically to 
the global shear sense if such grains are mechanically stronger than the 
matrix. The change in c-axis orientation is induced by local kinematics 
of the unrecrystallized grains during strain partitioning. Such a situation 
can also arise in our experiments where the unrecrystallized quartz 
grains represent the mechanically strongest phase of the aggregate. In 
both models, relict quartz grains will dynamically recrystallize with 
increasing strain, which can be observed in the 5 and 10% high strain 
muscovite-bearing samples, however the strain accumulated in the relict 
quartz grains in the high strain 25% muscovite sample was not high 
enough to produce significant recrystallization. 

The correlation between increasing muscovite content and weak-
ened quartz c-axis fabric in the high strain muscovite-bearing samples is 
also consistent with the quartz-muscovite axial compression experi-
ments conducted by Tullis and Wenk (1994) as well as naturally 
deformed micaceous quartzites (Song and Ree, 2007; Little et al., 2015; 
Hunter et al., 2016, 2019) and graphite bearing quartzites (Krabbendam 
et al., 2003). The naturally deformed samples analyzed by Song and Ree 
(2007) and Krabbendam et al. (2003) show a weakening in CPO strength 
as well as a change to a more random quartz c-axis fabric while the 
samples analyzed by Little et al. (2015) and Hunter et al. (2016) show a 
weakening in CPO strength but the general c-axis pattern remains, even 
though the samples in all four studies cover a wide range in secondary 
phase abundance. 

4.2. Aggregate viscosity 

To quantify the influence of muscovite content on the strength of 
quartz aggregates we compare our results with rheological mixing 
models. The theoretical bounds to all rheological mixing models for two 
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phase aggregates are the iso-strain-rate and iso-stress models. In the iso- 
strain-rate model, which defines the upper strength bound for a two- 
phase aggregate, the strong and weak phases deform at the same 
strain rate (i.e., the strong phase must deform at the applied strain rate). 
The iso-stress model provides a lower strength bound; in this case, both 
phases deform at the same stress, thereby partitioning more of the strain 
(strain rate) into the weaker phase. These bounds are defined by equa-
tions (1) and (2) for a two-phase quartz-muscovite aggregate, 

ε̇=φQzA
′

QzσnQz e
− QQz

RT + φMsAMsσnMs e
− QMs

RT (1)  

σ =φQz

(
e

QQz
RT

A′

Qz
ε̇
) 1

nQz

+ φMs

(
e

QMs
RT

AMs
ε̇
) 1

nMs

(2)  

where φi is the volume fraction of quartz (Qz) or muscovite (Ms) and A, 
Q, and n are the pre-exponential factors, activation enthalpies, and stress 
exponents of the end-member flow laws (Tullis et al., 1991; Handy 
1994). These relationships can be modified to account for a H2O fugacity 

term (required for extrapolation to natural conditions); in equations (1) 
and (2) we denote A′ as the preexponential factor times the H2O fugacity 
term (e.g. A′

Qz = AQzfr
H2O) where r is the H2O fugacity exponent. 

Tullis et al. (1991) developed an empirical rheological mixing model 
based on averaging A, Q, and n between the two end-member phases, 
where the subscript ‘agg’ refers to the aggregate. The Tullis mixing 
model is defined by equations (3)–(6); this model does a good job 
describing the variation in strength of two-phase aggregates with 
changing phase proportions in axial compression experiments (e.g., 
anorthite-diopside aggregates; Dimanov and Dresen, 2005). 

nagg = 10φQz log (nQz)+φMs log (nMs) (3)  

Aagg = 10

[
log AQz(nagg − nMs)− log AMs(nagg − nQz)

nQz − nMs

]

(4)  

Qagg =
QQz
(
nagg − nMs

)
− QMs

(
nagg − nQz

)

nQz − nMs
(5) 

Fig. 15. Plots of differential stress versus strain rate comparing the experimental data for basal slip in a) muscovite from Mares and Kronenberg (1993), b) biotite 
from Kronenberg et al. (1990), and c) a natural mica schist in the x45z orientation from Shea and Kronenberg (1992). Solid lines represent the respective power law 
flow laws, the dashed lines represent the exponential flow laws, and the dotted lines represent the exponential flow law that incorporates a stress squared term (see 
text). Flow law parameters for the biotite and mica schist flow laws incorporating the stress squared term are Cbio_easy = 4e-9, Cbio_hard = 2e-12, α_bio = 0.41, and 
Q_bio = 82 kJ/mol and C_MS = 6e-15, α_MS = 0.15, and Q_MS = 89 kJ/mol, respecitvely. The differential stress plotted for muscovite in Mares and Kronenberg 
(1993) is the final stress. The confining pressure is not the same for the mechanical data in each plot, however there is no clear pressure dependence within the data 
and therefore the confining pressure is not distinguished. 
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ε̇=Aaggσnagg e
− Qagg

RT (6) 

To apply these rheological mixing models, we need power-law flow 
law parameters for each end-member phase. For this analysis we 
developed power-law flow law parameters for muscovite based on the 
mechanical data from Mares and Kronenberg (1993) and used flow law 
parameters for quartz from Tokle et al. (2019). A limitation to all 
rheological mixing models is that they are based on the deformation 
mechanisms modeled by the end member flow laws and do not explicitly 
account for the possibility of intergranular processes such as grain 
boundary sliding and pressure solution that may be promoted in 
multiphase aggregates. In the case of quartz and muscovite, the 
muscovite flow law was developed based on single crystal deformation 
experiments where the single crystal was oriented for easy basal slip 
while the quartz flow law is based on deformation experiments of 
polycrystalline quartz aggregates. Microstructural evidence from our 
muscovite-bearing samples suggests grain boundary diffusion processes 
such as dissolution-precipitation creep are active to some degree (as 
discussed in the next section); however, there are currently no flow laws 
available to accurately describe the participation of other mechanisms. 

Mares and Kronenberg (1993) define a directional anisotropy for 
basal slip in muscovite for “easy” slip directions [100] & [110] and 
“hard” slip directions [310] & [010], similar to biotite (Kronenberg 
et al., 1990). However, based on the mechanical data from Mares and 
Kronenberg (1993) it is unclear whether there is directional anisotropy 
in muscovite (Fig. 15). The mechanical data for samples oriented 45◦ to 
the basal plane (001) with slip directions of [310] and [010] provide a 
good approximation of the average stress for all of the muscovite me-
chanical data from Mares and Kronenberg (1993) (Fig. 15, Supple-
mentary Fig. S11). Therefore, we use the dataset from experiments with 
[310] and [010] slip directions to define a power-law flow law for 
muscovite, with parameters of n = 25, Q = 45 kJ/mol, and A = 2e-40 
MPa-n s− 1 (see supplementary material). In addition, we use the same 
mechanical data to develop a new exponential flow law for muscovite 
incorporating a stress squared term (e.g., dislocation density term) 
(Frost and Ashby, 1982). The flow law takes the form, ε̇ =

Cσ2 exp
(
ασ − Q

RT
)
, where C = 1e-12, α = 0.5, and Q = 47 kJ/mol. This 

process was repeated for biotite and mica schist based on the mechanical 
data from Kronenberg et al. (1990) and Shea and Kronenberg. (1992), 
respectively (Fig. 15). These modified exponential flow laws provide a 
better estimate for mica strength at low stress conditions (Fig. 16 and 
Supplementary Fig. S14). For reference, we compare the mechanical 
data and flow laws for muscovite, biotite, and mica schist from Mares 
and Kronenberg (1993), Kronenberg et al. (1990), and Shea and Kro-
nenberg (1992), respectively, to each other (Fig. 15). 

The application of a power-law flow law for muscovite (and biotite) 
comes with several caveats. Based on both experimental and natural 
observations, micas appear to deform by glide-controlled mechanisms, 
referred to as low-temperature plasticity or Peierls creep (Bell et al., 
1986; Meike 1989; Kronenberg et al., 1990; Mares and Kronenberg, 
1993; Mariani et al., 2006; Aslin et al., 2019), which include exponential 
relationships with stress and temperature. Application of a power law 
flow law for micas is thus a simplifying assumption that allows one to 
estimate the influence of micas on aggregate rheologies through rheo-
logical mixing models outlined in equations (3)–(6); however, power 
law flow laws for micas should not be extrapolated to low stress con-
ditions because of the differences in power law and exponential rheol-
ogies (Fig. 16). The creation of voids in kink bands and ripplocations in 
naturally deformed micas suggests a large activation volume in mica 
deformation mechanisms, implying pressure could play an important 
role on the strength of mica. Additionally, if micas are deforming by a 
glide-controlled mechanism, the stress exponent will be 
temperature-dependent (Frost and Ashby, 1982; Burdette and Hirth, 
2022). Extrapolating mica flow laws to lower stress eclogite facies 
conditions is also problematic, because the combination of high pressure 

and temperature may promote dissolution-precipitation creep, owing to 
the increased solubility of SiO2 (e.g., Manning, 2018). However, given 
these caveats we are confident that the muscovite (and biotite) power 
law flow laws can be applied to the relatively higher stress geologic 
conditions from the middle continental crust to near the brittle-plastic 
transition. 

For dislocation creep in quartz, we use flow law parameters of A =
8.3e-13 MPa-n s− 1, n = 3, Q = 115 kJ/mol, and r = 1.2 from Tokle and 
Hirth (2021) (where A is modified from Tokle et al., 2019). The Hirth 
et al. (2001) flow law significantly underestimates the strength of the 
high strain pure quartz sample (Fig. 17). Based on this observation, 
Tokle et al. (2019) compared the mechanical data from 21 experimental 
studies on dislocation creep in quartz – finding evidence for a transition 
in the rate-limiting slip system for quartz aggregates with decreasing 
temperature. The condition where the change in flow law parameters is 
observed also correlates well with conditions where a transition from 
prism <a> to basal <a> quartz c-axis fabrics is observed. Our me-
chanical and CPO data for the pure quartz sample agrees well with the 
lower temperature flow law constrained by Tokle et al. (2019) (Fig. 17). 

To compare the experimental data to the mixing models we use a 
strain rate of 2 × 10− 5 s− 1 and a water fugacity of 4840 MPa (calculated 
assuming water-saturated conditions using the data from Pitzer and 
Sterner (1994) and the Wither’s fugacity calculator (https://publish. 
uwo.ca/~awither5/fugacity/index.htm)). To calculate the effective 
viscosity, shear stresses and shear strain rates were converted to 
equivalent stresses (σeqv = 2τ, where τ is shear stress) and equivalent 
strain rates (ε̇eqv =

γ̇̅ ̅
3

√ , where γ̇ is shear strain rate) (Paterson and 

Olgaard, 2000), where effective viscosity = σeqv
2ε̇eqv 

. 
At the experimental conditions of this study, the 10% and 25% 

muscovite samples have an effective viscosity of approximately a factor 
2 and 6 lower than the quartz flow law viscosity (Fig. 18a). The rheo-
logical mixing model from Tullis et al. (1991) provides an excellent 
description of the role of muscovite content on the effective viscosity for 
muscovite contents up to 25% (Fig. 18c). 

Fig. 16. Plot showing the extrapolation of the exponential muscovite flow law 
developed by Mares and Kronenberg (1993) [MK93] using the formula: ε̇ =

Aexp(ασ)exp
(
− Q
RT
)
, and the exponential and power law flow laws developed in 

this study using the mechanical data from Mares and Kronenberg (1993) 
labeled modified. See the text and supplementary material for flow law equa-
tions and mechanical used to derive the flow laws. 
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For comparison, previous work on samples deformed in axial 
compression shows much less weakening with increasing muscovite 
content (Fig. 18b). As illustrated in Fig. 18d, quartz-muscovite samples 
deformed in axial compression (Tullis and Wenk, 1994) plot near the 
iso-strain-rate model. However, the effective viscosity of their pure 
muscovite sample is significantly greater than that predicted by the 
single crystal muscovite flow law (Fig. 18d); this observation likely re-
flects the role of muscovite grain orientation. The muscovite flow law is 
calibrated using experiments on well-oriented muscovite single-crystals; 
in the axial compression experiments, the basal planes of the muscovite 
grains rotate to become sub-perpendicular to the shortening direction, 
resulting in strain hardening. In contrast, for the general shear geometry, 
micas often align sub-parallel to the shear plane, which favors easy slip 
along the basal plane, making the aggregate mechanically weak. 

4.3. Deformation mechanisms 

Microstructural observations show several deformation mechanisms 
are active during the deformation experiments. Quartz deforms pri-
marily by dislocation creep where the pure quartz high strain sample 
develops a strong basal <a> c-axis fabric while in all the deformation 
experiments quartz shows dynamic recrystallization indicative of 
dislocation creep (Figs. 4–9). Serrated phase boundaries in contact with 
muscovite grains sub-orthogonal to the axial shortening direction in 
both the low and high strain experiments suggest some quartz is dis-
solved; however, based on microstructural observations the amount of 
dissolved quartz is limited and localized. 

The analysis of the muscovite-bearing samples shows several 

deformation mechanisms are active in muscovite. In the high strain 
muscovite-bearing samples, muscovite grains align parallel to sub- 
parallel to the shear plane suggesting grain rotation by basal slip. In 
addition, all muscovite-bearing samples show varying degrees of evi-
dence for neocrystallized muscovite, suggesting a component of 
dissolution-precipitation creep (Figs. 7–9). Dissolution-precipitation 
creep is a serial process involving the dissolution, diffusion, and pre-
cipitation of material from regions of high stress (i.e., high chemical 
potential) to low stress and has been well documented in naturally 
deformed rocks containing micas (Bell and Cuff, 1989; Hippertt, 1994; 
Wintsch et al., 1995; Wintsch and Yi, 2002; Mulch et al., 2006) and has 
been proposed to help accommodate shape changes during the forma-
tion of mica fish (Mulch et al., 2006). Dissolution-precipitation creep 
may also be an important deformation mechanism at high strains, where 
it has been shown that mass transfer by dissolution-precipitation is faster 
in the direction parallel to the mylonitic foliation than when the micas 
are at high angles to the foliation (Thompson and Connolly, 1990; 
Fischer and Paterson, 1992; Zhang et al., 1994; Farver and Yund, 1999). 
The alignment of muscovite parallel to the shear plane is 
strain-dependent and all the low and high strain muscovite-bearing 
samples are weaker than the pure quartz samples (Fig. 2). These ob-
servations suggest that either i) there are enough muscovite grains 
aligned in weak orientations prior to deformation to reduce the strength 
of the aggregate at low strains through basal slip, ii) another deforma-
tion mechanism such as dissolution-precipitation creep may promote 
weakening at both low and high strains, or iii) a combination of multiple 
deformation mechanisms are active that aid in muscovite aligning sub-
parallel to the shear plane. 

While dissolution precipitation creep likely plays an important role 
in the redistribution and interconnection of muscovite with increasing 
strain, several observations suggest basal slip remains the rheologically- 
controlling mechanism in our samples. First, in the high strain samples, 
neocrystallized muscovite grains are common but not ubiquitous 
throughout all the muscovite-bearing samples. If dissolution- 
precipitation creep were the dominant deformation mechanism 
throughout the muscovite-bearing samples, one might expect more 
prevalent precipitation of muscovite into the fluid-filled spaces as shown 
in Fig. 9a, but this is not commonly observed. Second, if dissolution 
precipitation had been the dominant deformation mechanism, one 
might also expect to see widespread neocrystallizion of muscovite in the 
low strain samples, but this is not observed. Third, the observation that 
quartz-muscovite samples deformed in axial compression (Tullis and 
Wenk, 1994) show less weakening than our general shear experiments 
for a given volume percent of muscovite (Fig. 18), suggests muscovite 
grain orientation is important to the strength of mica-bearing samples. 
In contrast, if solution-precipitation creep were the dominant defor-
mation mechanism we’d expect a similar weakening effect regardless of 
deformation geometry. Fourth, the diffusion length scale (e.g. the relict 
quartz grain size) is likely too large to allow for dissolution-precipitation 
creep to be the dominant mechanism throughout the aggregate over the 
duration of these experiments. However, as outlined in the next section, 
dissolution-precipitation creep is important to mechanical and micro-
structural evolution through the formation of C′ bands in our 
mica-bearing aggregates. 

4.4. Muscovite and quartz C′-bands 

The development and evolution of C′-bands, Ms C′-bands, and the 
localization of fluids through the development of these bands can lead to 
local and/or global interconnection of weak layer networks with 
increasing strain. We propose that the connection of C′-bands with 
muscovite grains promotes increased interconnection of weak layers 
within the aggregate. Fig. 19 (see also Fig. 13) shows phase maps for the 
high strain muscovite-bearing samples with and without C′-bands 
highlighted. Without the C′-bands, through-going layers of muscovite 
are not observed in the 5% muscovite sample, however, with C′-bands 

Fig. 17. Plot of log strain rate versus log stress comparing the high strain 
mechanical data with quartz and muscovite flow laws. The three grey curves 
are muscovite flow laws developed based on the mechanical data from Mares 
and Kronenberg (1993) - MK93. The dashed curve (the weakest flow law) is the 
exponential relationship developed by Mares and Kronenberg (1993). The 
dash-dot curve is an exponential flow law developed in this study incorporating 
a stress squared term and the solid line is a power law flow law developed in 
this study (for flow law parameters, see text). The solid black curve represents 
the quartz flow law defined by Tokle et al. (2019) - T19 - where A = 8.3e-13 
MPa-n s− 1 and the black dashed curve represents the quartz flow law defined by 
Hirth et al. (2001) - H01. We use a water fugacity of 4840 MPa for the quartz 
flow laws. The shear stresses and shear strain rates for the four high strain 
samples were converted to equivalent stresses and strain rates. Error bars of 
±30 MPa are plotted following Holyoke and Kronenberg (2010). 
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drawn in, the isolated muscovite grains become more interconnected. In 
the 10% muscovite sample, muscovite grains are less isolated where C′- 
bands and Ms C′-bands develop, and together, the mica and the C′-bands 
create a more interconnected network in 2D (Fig. 19). In the 25% 
muscovite sample, muscovite already forms an interconnected network 

in 2D, however C′-bands are still observed at quartz grain boundaries 
creating an even more interconnected network of C′-bands and Ms C′- 
bands (Fig. 19). 

C’-bands observed in other experimental studies have been inter-
preted to promote weakening. Holyoke and Tullis (2006a) observed 

Fig. 18. Plots of log viscosity versus volume fraction 
of muscovite for a) the high strain samples and b) 
axial compression experiments on ‘as-is’ quartz- 
muscovite aggregates from Tullis and Wenk (1994). 
c,d) Plots of log viscosity versus volume fraction of 
muscovite comparing the viscosity of the c) high 
strain muscovite-bearing aggregates and d) the Tullis 
and Wenk (1994) aggregates to the isostress, isostrain 
rate, and Tullis et al. (1991) rheological mixing 
models. For a,c) the water fugacity is 4840 MPa while 
in b,d) the water fugacity used for the flow law was 
lowered from 4840 to 1100 MPa to account for the 
lower water content of the as-is samples, and match 
the observed viscosity of the pure. In all plots, the 
thick black horizontal lines represent the quartz and 
muscovite viscosities based on the n = 3 flow law by 
Tokle et al. (2019) and a power law flow law derived 
based on the mechanical data from Mares and Kro-
nenberg (1993), see text for flow law details. In c,d), 
the grey regions represents the biotite single crystal 
flow laws for easy and hard slip orientations derived 
from Kronenberg et al. (1990). In the bottom right 
side of a,b) cartoons of the deformation geometries 
are shown to illustrate a) the general shear geometry 
and b) the axial compression geometry with the ver-
tical arrows representing the axial shortening direc-
ton. The y-axis is scaled to the same range (2.2 orders 
of magnitude) in all plots for direct comparison.   

Fig. 19. Phase maps of the high strain muscovite-bearing samples. White regions represent muscovite and black regions represent quartz. The shear plane for each 
map is parallel to the horizontal plane of the image with a dextral sense of shear. Red lines are drawn in to show the location of C′-bands. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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C′-band microstructures in their low phase strength contrast (PSC) 
general shear experiments on mica-rich gneiss. In their high PSC ex-
periments, Holyoke and Tullis (2006a) observed small-scale faults 
emanating from biotite grains that lead to through-going weak zones. 
Similar C′-band structures have been observed in other experimental 
studies, including quartz-iron oxide (Gonçalves et al., 2014) and 
plagioclase (Stünitz and Tullis, 2001) aggregates; in these studies, the 
C′-bands are defined by fine-grained reaction products, which were 
inferred to promote weakening. Additionally, numerical studies have 
also shown that the development of C′-bands promote weakening in 
mica-bearing aggregates (Johnson et al., 2004; Finch et al., 2020; Rast 
and Ruh, 2021). 

Fluid-filled pores aligned within C′-bands highlight the presence and 
redistribution of fluids into low stress orientations with increasing 
strain. Similar pore networks are preserved in experimentally deformed 
partially molten dunite (Holtzman et al., 2003), fluid-rich quartzite 
(Palazzin et al., 2018; Okazaki et al., 2021), and inferred from micro-
structures in naturally deformed quartz-rich rocks (Hippertt, 1994; 
Mancktelow et al., 1998; Geraud et al., 1995; Fusseis et al., 2009). In 
addition, C′-bands promote phase mixing which can lead to a switch 
from grain size insensitive to grain size sensitive deformation mecha-
nisms (Kilian et al., 2011a). With smaller grains and localization of 
fluids enhancing diffusion in the both the C′-bands and parallel to the 
foliation plane, grain size sensitive creep may play an important role in 
the microstructural evolution of mica-bearing aggregates. 

4.5. Muscovite stability 

The presence of neocrystallized muscovite through dissolution and 
precipitation is the best evidence highlighting the stability of muscovite 
in our samples (Fig. 9 and Supplementary Fig. S4). Extrapolation of the 
Qz + Ms + H2O stability fields developed by Rubie and Brearley (1987) 

and Vielzeuf and Holloway (1988) shows that our samples are near the 
conditions where break down occurs to form aluminosilicate + melt; 
while stability fields for H2O undersaturated conditions indicate 
muscovite is stable at our deformation conditions (Rubie and Brearley, 
1987; Vielzeuf and Holloway, 1988). The kinetics for these reactions at 
1.0 GPa are very slow relative to the duration of our deformation ex-
periments. Given the presence of reaction products in all of the 
muscovite-bearing samples, partial dehydroxylation of muscovite 
cannot be entirely ruled out. As noted by Mariani et al. (2006), as OH are 
lost during muscovite dehydroxylation, the remaining Al–OH bonds are 
strengthened inhibiting further dehydroxylation, which suggests that 
partial dehydroxylation in muscovite may have occurred in our samples, 
but reached a stable equilibrium. Based on these observations, we are 
confident that muscovite is stable throughout our experiments and the 
reaction products have little to no effect on our mechanical or micro-
structural analyses. 

4.6. Implications for crustal rheology 

To provide a first order estimate of the effect of muscovite on quartz 
rheology we plot stress versus depth plots as well as plots showing the 
increase in strain rate for a given temperature and stress for aggregates 
with 5, 10, and 25% muscovite using the Tullis et al. (1991) mixing law 
with the muscovite power law flow law and the n = 3 and n = 4 quartz 
flow laws from Tokle et al. (2019) (Fig. 20). At depths greater than 
approximately 15–20 km, the extrapolation of the flow laws suggests 
that muscovite is the more viscous phase (owing to the high stress 
exponent and low activation enthalpy for the muscovite flow law). This 
observation is nominally supported by deformation microstructures, 
such as biotite micro-boudins in a granitic protomylonite (see Fig. 7d in 
Gottardi et al., 2020). However, as outlined in section 4.3, the possibility 
that the presence of mica promotes dissolution-precipitation creep at 

Fig. 20. Plots of stress versus depth and volume 
fraction of muscovite versus strain rate estimating the 
effect of muscovite on the quartz-muscovite aggregate 
rheology. The stress versus depth plots a,b) and the 
strain rates in c,d) are calculated using the Tullis et al. 
(1991) mixing law with the a,c) n = 4 and b,d) n = 3 
extrapolated quartz flow laws from Tokle et al. 
(2019) and the muscovite power law flow law (see 
Fig. 15–17). In a,b) the thermal gradient is 30 ◦C/km. 
The thin black line is the frictional stress assuming a 
vertical maximum principal stress defined by equa-
tion 7a in Zoback and Townend (2001) with μ = 0.85 
and a ratio of pore fluid pressure to lithostatic pres-
sure of λ = 0.4, following Behr and Platt (2011). The 
thick black line is the frictional stress assuming a 
horizontal maximum principal stress defined by 
equation 7c in Zoback and Townend (2001) with μ =
0.6 and λ = 0.6 following Tokle and Hirth (2021).   
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higher pressure and temperature conditions must be acknowledged. At 
more shallow depths our results indicate an aggregate with 25% 
muscovite has a strength ~25% lower than 100% quartz for a strain rate 
of 10− 13 s− 1 near the brittle-viscous transition (Fig. 20a and b). Simi-
larly, for a given stress, the muscovite-bearing aggregates are predicted 
to deform at a faster strain rate (Fig. 20c and d). For example, at 100 
MPa a 100% quartz aggregate is predicted to deform approximately two 
orders of magnitude slower than an aggregate with 25% muscovite 
(Fig. 20c and d). This effect becomes less significant with increasing 
temperature/depth or decreasing stress based on the muscovite power 
law flow law; however, with decreasing stress the muscovite power law 
flow law likely overestimates muscovite strength suggesting muscovite 
may still significantly weaken quartz-muscovite aggregates at low stress 
conditions (Fig. 16). 

Lusk et al. (2021) developed a dislocation creep flow law for quartz 
that predicts strain rates approximately one order of magnitude faster 
than existing dislocation creep flow laws at geologic conditions; how-
ever, their faster flow law can be explained by the rheological influence 
of micas on quartz rheology. They use a combination of deformation 
experiments and estimates from naturally deformed quartz-rich rocks to 
constrain a dislocation creep flow law in quartz. The naturally deformed 
rocks used in their analysis come from shear zones in northwest Scotland 
where the shear zones are estimated to range from several kilometers to 
~100 m in thickness over a range of mid-crustal temperature and 
pressure conditions (Lusk and Platt, 2020). Mineralogically, the shear 
zones primarily contain quartz, mica, and feldspar where quartz largely 
deforms by dislocation creep, however evidence for pressure solution 
creep in fine-grained quartz-mica layers is observed (Lusk and Platt, 
2020). At all deformation conditions micas or mica-rich layers define the 
foliation of the shear zone and are the weakest phase at all conditions 
where there is no overprinted annealing (see Fig. 7 in Lusk and Platt, 
2020). We also highlight the microstructural similarity between our 
high strain muscovite-bearing samples and the micaceous quartzite from 
domain 2a characterized by Lusk and Platt (2020) (see Fig. 8a in Lusk 
and Platt, 2020). Strain rates for these shear zones were determined 
based on the estimated minimum displacement rate across the shear 
zone width; therefore, the strain rate estimates represent deformation 
accommodated by all phases (quartz, micas, and feldspar) and defor-
mation mechanisms (dislocation creep, basal glide, pressure solution, 
etc). Lusk et al. (2021) assume in their analysis that these strain rates 
represent dislocation creep in quartz while also highlighting that their 
strain rate estimates are significantly faster than predicted from existing 
dislocation creep flow laws for quartzite (see Fig. 10 in Lusk et al., 
2021). We suggest the presence of mica in their samples could account 
for this apparent discrepancy. As shown in Fig. 20c and d, accounting for 
the influence of 10–25% mica (in the range of what is apparent in the 
micrographs presented in Lusk and Platt, 2020), strain rates at natural 
conditions can be enhanced by approximately an order of magnitude or 
more relative to pure quartz aggregates. While quartz is one of the most 
important minerals defining the rheology of the middle crust, the in-
fluence of micas on crust rheology should not be ignored. 

5. Conclusions 

General shear experiments were conducted on synthetic mixtures of 
quartz and muscovite aggregates at 1.5 GPa, 800 ◦C, and shear strain 
rates ~2 × 10− 5 s− 1 with 0.1 wt% water added. The volume percent of 
muscovite ranged from 0% to 25% and was homogeneously mixed with 
quartz. The mechanical data shows that as the volume percent of 
muscovite increases the aggregate strength decreases with the high 
strain pure quartz sample ~4 times stronger than the 25% muscovite 
sample. The presence of muscovite had a significant effect on the 
microstructural evolution of quartz:  

- The volume percent of dynamically recrystallized quartz decreased 
substantially as the volume percent of muscovite increased, from 

nearly complete recrystallization in the pure quartz sample to ~5% 
recrystallization in the 25% muscovite sample.  

- The fabric strength of the high strain quartz CPO decreases with 
increasing muscovite content. The orientation of quartz CPO also 
varies with muscovite content, with the pure quartz c-axes aligning 
approximately normal to the shear plane while the c-axes in the 25% 
muscovite sample are approximately parallel to the axial shortening 
direction.  

- At high strains, muscovite largely aligned in the C-plane, however, 
all muscovite-bearing samples develop rheologically weak layers in 
the C′-planes, either through the connection of muscovite grains (Ms 
C′-bands) or through localized quartz recrystallization (C′-bands). 
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