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ABSTRACT
Quartz deformation fabrics reflect stress and strain conditions in mylonites, and their 

interpretation has become a mainstay of kinematic and structural analysis. Quantification 
of grain size and shape and interpretation of textures reflecting deformation mechanisms can 
provide estimates of flow stress, strain rate, kinematic vorticity, and deformation tempera-
tures. Empirical calibration and determination of quartz flow laws is based on laboratory 
experiments of pure samples; however, pure quartzite mylonites are relatively uncommon. 
In particular, phyllosilicates may localize and partition strain that can inhibit or enhance 
different deformation mechanisms. Experimental results demonstrate that even minor phyl-
losilicate content (<15 vol%) can dramatically alter the strain behavior of quartz; however,
few field studies have demonstrated these effects in a natural setting.

To investigate the role of phyllosilicates on quartz strain fabrics, we quantify phyllosilicate 
content and distribution in quartzite mylonites from the Miocene Raft River detachment 
shear zone (NW Utah, USA). We use microstructural analysis and electron backscatter dif-
fraction to quantify quartz deformation fabrics and muscovite spatial distribution, and X-
ray computed tomography to quantify muscovite content in samples with varying amounts 
of muscovite collected across the detachment shear zone. Phyllosilicate content has a direct 
control on quartz deformation mechanisms, and application of piezometers and flow laws 
based on quartz deformation fabrics yield strain rates and flow stresses that vary by up to 
two orders of magnitude across our samples. These findings have important implications 
for the application of flow laws in quartzite mylonites and strain localization mechanisms in 
mid-crustal shear zones.

INTRODUCTION
Quartz mylonites commonly contain second-

ary phases, such as phyllosilicates (e.g., Tay-
lor and McLennan, 1985), which may play an 
important role in the dynamic recrystallization 
of quartz and other minerals (e.g., Song and Ree, 
2007; Herwegh et al., 2011; Hunter et al., 2016; 
Wehrens et al., 2017). Depending on the quantity 
and arrangement of phyllosilicates, quartz may 
change deformation processes (dislocation to 
diffusion creep), thereby affecting the rheology 
of the crust (e.g., Tullis and Yund, 1991). Dur-
ing the development of S-C fabrics associated 
with mylonitization, phyllosilicates form inter-
connected networks, causing a change in rheo-

logical properties in which the weak phase—
phyllosilicates—accommodates strain, resulting 
in a weaker aggregate (e.g., Holyoke and Tul-
lis, 2006). In addition, phyllosilicates inhibit 
dynamic recrystallization by grain boundary 
migration, preventing grain growth and encour-
aging other mechanisms such as dissolution 
creep, dislocation glide in phyllosilicates, and 
grain boundary sliding in quartz (e.g., Olgaard, 
1990; Song and Ree, 2007; Hunter et al., 2016; 
Wehrens et al., 2017). Inhibition of grain bound-
ary migration leads to reduced dynamic grain 
growth, resulting in diminished grain size, which 
may cause the dominant deformation mechanism 
of the main phase to switch from grain-size-
insensitive dislocation creep to grain-size-sen-
sitive diffusion creep (e.g., Etheridge and Wilkie, 
1979; Olgaard, 1990; De Bresser et al., 1998, 
2001; Fukuda et al., 2018; Richter et al., 2018). 

Because of this critical dependency of rheology 
on grain size, it is important to understand how 
weaker secondary phases such as phyllosilicates 
can affect grain size and thus, in turn, rheology.

The role of phyllosilicate in strain localiza-
tion has been observed in experimental work 
(Tullis and Wenk, 1994) and proposed theoreti-
cally (Johnson et al., 2004; Gerbi et al. 2010; 
Montési, 2013; Rast and Ruh, 2021), but only 
a few studies have explored this in naturally 
deformed rocks (e.g., Kronenberg, 1981; Song 
and Ree, 2007; Herwegh et al., 2011; Wehrens 
et al., 2017). Results from lab experiments con-
ducted on quartz aggregates containing vari-
ous amounts of muscovite indicate that when 
quartz deforms by dislocation creep, addition 
of as little as 10% muscovite causes a mechani-
cal transition from a strong phase that forms a 
load-bearing framework to an aggregate with 
an interconnected weak phase, allowing strain 
partitioning into the weak muscovite network, 
thereby reducing the composite strength of the 
aggregate (e.g., Tokle et al., 2023).

This paper investigates the role of muscovite 
in quartz deformation. We focus on the Miocene 
Raft River detachment shear zone (RRDSZ) 
associated with the Raft River metamorphic core 
complex, NW Utah, USA (e.g., Compton, 1980). 
Quartz microstructural and electron backscatter 
diffraction (EBSD; e.g., Prior et al., 1999) analy-
ses are combined with X-ray computed tomog-
raphy (XRCT; e.g., Mees et al., 2003) to quan-
tify muscovite content and its impact on quartz 
recrystallization mechanisms. Our results sug-
gest that quartz recrystallized grain size (RxGS) 
varies significantly not only between different 
samples but also within each sample depending 
on the presence or absence of muscovite. These 
findings have important implications for the 
application of RxGS piezometers and dislocation 
creep flow law used to constrain the mechanical 
evolution of detachment shear zones.
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THE RAFT RIVER DETACHMENT 
SHEAR ZONE

The Raft River Mountains form the eastern 
limb of the larger Albion–Raft River–Grouse 
Creek metamorphic core complex in NW Utah 
(Fig. S1 in the Supplemental Material1; e.g., 
Compton, 1980). Exhumation of the RRDSZ 
initiated ca. 25–20 Ma and shows muscovite 
40Ar/39Ar ages as young as 15 Ma (Wells et al., 
2000). The RRDSZ is best exposed along Clear 
Creek Canyon, incised along the transport direc-
tion, providing vertical exposures of continuous 
sections of mylonitic rocks (Fig. S1). The RRDSZ 
is localized in the ∼100-m-thick Proterozoic Elba 
Quartzite (Compton, 1980). The mylonitic fabric 
is constant throughout the RRDSZ, characterized 
by sub-horizontal foliation, defined by flattened 
and elongated muscovite grains, and eastward 
stretching lineation (Compton, 1980). Quartz 
microstructures and stable isotope geothermome-
try suggest that Miocene mylonitization occurred 
under greenschist-facies conditions (345–485 °C; 
Gottardi et al., 2011).

ANALYTICAL METHODS
Samples were collected along a vertical tran-

sect across the RRDSZ at Clear Creek Canyon, 
which contains a muscovite-rich horizon located 
∼15–22 m above the basement (Fig. 1A). The 
base of this horizon is characterized by a tran-
sition from cliff-forming Elba Quartzite to a 
zone where muscovite makes up 80%–100% 
of the rock. Microstructural analysis was con-
ducted on thin sections oriented perpendicular 
to foliation and parallel to lineation. XRCT and 
EBSD analyses were conducted on ∼5 × 5 × 5 
mm cubes cut from the thin section billets with 
the same orientation. Muscovite content was 
measured by XRCT at the University of Texas 
at Austin (USA) High Resolution XRCT Facil-
ity (see File S1 in the Supplemental Material). 
Quartz crystallographic preferred orientation 
was investigated by EBSD at Appalachian State 
University (Boone, North Carolina, USA) on 
the cubes imaged by XRCT (see File S1).

For each sample, the average RxGS (root mean 
square of the mean diameter) of the samples was 
estimated for (1) the entire sample surface, (2) a 
smaller muscovite-free area, and (3) a muscovite-
rich area on each sample surface (Fig. 1; Table S1 
[see footnote 1]). Differential stress was estimated 
based on the quartz RxGS piezometer of Cross 
et al. (2017). Strain rate was calculated using the 
quartzite dislocation creep flow law of Hirth et al. 

(2001), with a stress exponent n of 4, an activa-
tion energy Q of 135 kJ/mol, and a temperature 
of 400 °C (Gottardi et al., 2011).

RESULTS
The quartzite is characterized by two quartz 

grain populations: coarse elongate (>500 µm 
long) “relict” grains and finer recrystallized 
grains (20–100 µm) (Fig. 2). The relict grains 
define the macroscopic fabric and exhibit undu-
lose extinction and deformation lamellae (Fig. 2). 
Dynamic recrystallization textures reflect domi-
nantly sub-grain rotation as described by Hirth 
and Tullis (1992) and consistent with previous 
observations of the RRDSZ (e.g., Gottardi and 
Teyssier, 2013). Petrographic observations and 
XRCT results demonstrate that the amount of 
muscovite varies among the samples, ranging 
from 4–8 vol% to 14–18 vol% (Fig. 3).

Quartz c-axes show Type I cross girdles 
indicative of basal, prism, and rhomb <a> slip 
(Fig. 1). The structurally lowest three samples 
display a narrow girdle with a strong rhomb 
<a> maxima and a slight dextral asymmetry 
indicative of top-to-the-east sense of shear.

The average RxGSs across all samples range 
from 20.6 to 60.5 µm. We observe a negative cor-
relation between grain size and muscovite content 
where the smallest RxGS is associated with the 
samples containing the most muscovite and vice 

1Supplemental Material. Figure S1: Simplified geo-
logical map and cross section of the Raft River Moun-
tains. Table S1: Quartz textural results from electron 
backscatter diffraction analysis. File S1: Analytical 
procedure. Please visit https://doi​.org​/10​.1130​/
GEOL​.S.25554414 to access the supplemental mate-
rial; contact editing@geosociety​.org with any questions.

Figure 1.  (A) Synthetic 
vertical profile of the Raft 
River detachment zone. 
(B) Electron backscatter 
diffraction (EBSD) pole 
figures of quartz c-axis 
and a-axes oriented like 
the thin sections shown in 
C. CPO—crystallographic 
preferred orientation; 
M.U.D.—multiples of 
uniform distribution. (C) 
Representative micro-
structures of the samples 
(cross-polarized thin sec-
tion photos taken with 
polarizer oriented at ∼45° 
to foliation to maximize 
muscovite il lumina-
tion). musc—muscovite; 
Fol—foliation. (D) EBSD 
maps showing recrys-
tallized (blue) and relict 
(red) quartz grains and 
two subset areas: one 
consisting of pure quartz 
(zone 1) and one contain-
ing muscovite (zone 2).
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Figure 2.  (A–D) Cross-
polarized thin section 
photomicrographs of 
representative micro-
structures of the Raft 
River detachment shear 
zone quartzite mylonite. 
Relict and recrystallized 
grains are shown by black 
arrows. Yellow arrows 
indicate grain boundary 
pinning by muscovite. 
(E–G) Relict grains show 
undulose extinction (ue) 
and contain deforma-
tion lamellae (dl). Thin 
sections are cut perpen-
dicular to foliation (Fol) 
and parallel to lineation; 
photos were taken with 
polarizer oriented at 45° 
to foliation to maximize 
muscovite illumination.
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Figure 3.  (A) Synthetic 
vertical profile of the Raft 
River detachment shear 
zone. See Figure  1A for 
symbol explanations. (B) 
Muscovite (Ms) content 
obtained from X-ray com-
puted tomography. (C) 
Root mean square of mean 
diameter of recrystal-
lized quartz grain (RxGS) 
obtained by electron back-
scatter diffraction analysis. 
(D) Flow stress estimates 
using the Cross et al. (2017) 
piezometer. (E) Strain rate 
estimates based on the 
Hirth et al. (2001) quartzite 
flow law. Semi-transpar-
ent blue and green boxes 
indicate independent flow 
stress and strain rate esti-
mates, respectively, for 
the Raft River detachment 
shear zone (see text for 
discussion).
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versa (Fig. 3). Similarly, grain size analysis of 
muscovite-free and muscovite-rich areas reveals 
that the RxGS is systematically smaller in the 
muscovite-rich area than in the muscovite-free 
area or than the average grain size of all sam-
ples except for RR09-10. The grain size spread 
between muscovite-free and muscovite-rich areas 
ranges from 0.9 to 22.4 µm across our sample suite 
(2%–62% variation with respect to bulk grain 
size) (Fig. 3; Table S1). Based on our RxGS, we 
use the Cross et al. (2017) quartz RxGS piezom-
eter to estimate differential stress, which ranges 
from 32.3 to 69.4 MPa, and estimate the strain 
rate to be between 1.1 × 10−14 to 2.4 × 10−13 s−1 
using the Hirth et al. (2001) quartzite dislocation 
creep flow law (Fig. 3; Table S1).

DISCUSSION
Our findings are consistent with lab results 

that suggest even minor phyllosilicate content 
(<10%) exerts significant control on quartz 
deformation (e.g., Tokle et al., 2023). Samples 
sharing similar microstructures and dislocation 
creep deformation processes collected within 
a 50-m vertical transect show an inverse rela-
tionship between RxGS and muscovite content 
(Fig. 3), ranging from 53.3 µm to 23.1 µm cor-
relating to ∼6 vol% to ∼16 vol% muscovite, 
respectively. Additionally, RxGS varies within 
each sample, to as large as 22.4 µm (Table S1; 
Fig. 3). The observed correlation between mus-
covite content and quartz deformation textures 
has substantial implications for the applica-
tion of piezometry and strain rate estimates, 
which are ultimately based on quartz RxGS. 
The observed RxGS variability translates to a 
∼32–70 MPa range in flow stress and a range 
in strain rates of more than one order magnitude 
(∼1.1 × 10−14 to 2.4 × 10−13 s−1) across all sam-
ples (Table S1; Fig. 3). Intra-sample grain size 
variation correlated to muscovite content results 
in a difference of flow stress of ∼10 MPa and 
more than an order of magnitude in strain rate.

Microscale bands of contrasting grain sizes 
have been interpreted elsewhere to record pro-
gressive superposition of deformation fabrics 
and used to track the evolution of local defor-
mation or metamorphic conditions (e.g., Behr 
and Platt, 2011). Textural variation within indi-
vidual samples correlates to a strain rate dif-
ference of more than one order of magnitude 
(Fig. 3), which could similarly be interpreted 
as being due to superposed fabrics recording 
an evolving detachment shear zone. However, 
this interpretation requires extreme deformation 
temperature gradients and strain rate and/or flow 
stress localization, or reactivation of the detach-
ment shear zone.

If we assume that differences in RxGS are due 
to temperature, then our observed RxGS range 
would translate to a difference in temperature of 
75–100 °C across our samples. Detachment shear 
zones can show apparent large temperature ranges 
because high-strain zones can telescope rocks that 
have experienced broadly different thermal condi-
tions (e.g., Law et al., 2011). However, there is 
no evidence of such structures that would juxta-
pose rocks with different thermal histories in the 
RRDSZ. Quartz microstructures and dominant 
deformation mechanism are consistent across all 
our samples and the broader RRDSZ (Fig. 1; Got-
tardi and Teyssier, 2013), suggesting that there is 
no microstructural evidence for such temperature 
variations. Additionally, geochronological studies 
demonstrate that deformation and exhumation 
of the RRDSZ occurred contemporaneously and 
rapidly and was not temporally partitioned (∼5 
m.y.; Wells et al., 2000; Gottardi et al., 2015). 
Finally, there is no field evidence for structural 
telescoping; the RRDSZ does not exhibit any 
subsidiary detachment surfaces (e.g., Compton, 
1980; Wells, 1997; Wells et al., 2000). Therefore, 
we assume that all studied samples experienced 
the same temperature conditions at the same time 
during exhumation, and that changes in RxGS are 
not related to temperature variations.

The observed RxGS differences could also be 
explained by differences in strain rate. The strain 
rate of the RRDSZ has previously been estimated 
to range between 10−14 to 10−13 s−1 based on finite 
strain and thermochronological data (Wells et al., 
2000; Gottardi and Teyssier, 2013). These rates 
are systematically at least one order of magnitude 
slower than strain rates determined from RxGS 
analysis, except those for the purest quartzite 
samples (Fig. 4). Besides demonstrating changes 
in muscovite content within the mylonites, the 
RRDSZ is devoid of any evidence of high-strain 
zones and rather accommodated strain homog-
enously (e.g., Sullivan, 2008).

Variation in RxGS could be related to varia-
tions in stress at constant temperature. It is gen-
erally accepted that detachment shear zones 
evolve under constant stress (Behr and Platt, 
2011). Subsidiary shear zones and rheological 
contrast between units may concentrate stress 
and deformation on various scales. However, 
as mentioned above, the RRDSZ lacks any 
subsidiary structures that may have localized 
stress locally and is localized entirely in the Elba 
Quartzite. The only lithological variation results 
from variation in muscovite content.

Because exhumation of the Raft River meta-
morphic core complex occurred rapidly and the 
RRDSZ is devoid of macro- and microstructural 
evidence of polyphase deformation or brittle 
overprint of the ductile microstructures, we thus 
(1) interpret the observed range of fabrics to 
reflect one event rather than the sum of several 
overprinting fabrics, and (2) attribute textural 
variation to phyllosilicate control over deforma-
tion and strain localization processes. This inter-
pretation is consistent with experimental results 
(Tullis and Wenk, 1994; Tokle et al., 2023) and 
previous qualitative observations of texture vari-
ation in polyphase mylonites (e.g., Song and 
Ree, 2007; Herwegh et al., 2011; Hunter et al., 
2016; Wehrens et al., 2017).

Paleopiezometric and strain rate calcula-
tions based on microstructural analysis are com-
monly applied to tectonic inferences of local 
and regional structures (e.g., Hirth et al., 2001; 
Gueydan et al., 2005; Behr and Platt, 2011; Got-
tardi and Teyssier, 2013; Lusk and Platt, 2020). 
Our results support the conclusions of laboratory 
studies (e.g., Tokle et al., 2023) that demonstrate 
that failure to account for phyllosilicate content 
may lead to erroneous results.

CONCLUSION
In this project, we have investigated the 

effect of muscovite on quartz deformation in 
the RRDSZ. Our results demonstrate a strong 
inverse relationship between quartz RxGS and 
muscovite content both between samples and 
within sub-millimeter-scale subregions within 
individual samples. The range in grain sizes 
between our proximal samples translates into 
variation in calculated strain rate of greater 

Figure 4.  Flow stress 
versus strain rate versus 
elevation of the analyzed 
samples. Grey shaded 
surface represents strain 
rate calculated using the 
Hirth et al. (2001) quartz-
ite flow law at 400 °C. Red 
shaded area refers to 
independent strain rate 
estimates of Gottardi and 
Teyssier (2013).
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than one order of magnitude (∼1.1 × 10−14 
to 2.4 × 10−13 s−1) and more than doubling of 
the calculated flow stress from most- to least-
pure quartzite (32–70 MPa). These estimates 
are incompatible with previous field and ther-
mochronology integrated strain rate estimates 
of the RRDSZ. Elsewhere, similar textural 
observations have been interpreted as evidence 
for polyphase deformation, reactivation, and 
superposition. We offer a simpler explanation 
that relatively small amounts of mica exert a 
disproportionate influence on quartz deforma-
tion fabrics, which has important implications 
for the application of flow laws in quartzite 
mylonites and the interpretation of strain local-
ization mechanisms.
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