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Effect of mica on the grain size of dynamically recrystallized
quartz in a quartzemuscovite mylonite
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Abstract

Quartz ribbons in a quartzemuscovite mylonite from the Sunchang shear zone of South Korea show a variation in the average size
(25�107 mm) of dynamically recrystallized quartz depending on the fraction and dispersion of muscovite within the ribbons. Micas within
the quartz ribbons occur both inside quartz grains and along their boundaries, having a strong preferred orientation with the basal planes parallel
to the mylonitic foliation. Micas (or mica aggregates) inside the quartz show a size range of 1e25 mm, whereas those along the quartz grain
boundaries range from 2 to 98 mm. The average quartz grain size (D) calculated from three-dimensional grain size distribution decreases dras-
tically with increasing mica volume fraction (Fm) up to Fm¼ 3% in the ribbons, and further increases in the mica fractions above 3% result in
only a little decrease (with some fluctuation) in the quartz grain size, generating the equation of D¼�20.11� lnFm� 9.64. With almost the
same fraction of mica however, the quartz ribbons with dispersed mica show a smaller quartz grain size than those with clustered mica, indi-
cating the importance of dispersion as well as fraction of second-phase particles to the grain size of dynamically recrystallized quartz. Quartz
c-axes tend to have a random orientation with an Fm> 3%, presumably due to the greater contribution to the total deformation of grain boundary
sliding for quartz with a smaller grain size (D< 47 mm).
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Second-phase particles are important for the dynamic re-
crystallization processes of a main phase, as they inhibit grain
boundary migration (thus dynamic grain growth) of the main
phase and stabilize the grain size below steady-state recrystal-
lized grain size (e.g. Olgaard, 1990; Krabbendam et al., 2003;
Herwegh and Berger, 2004). With a reduced grain size, the
dominant deformation mechanism of the main phase can
switch from grain-size insensitive dislocation creep to grain-
size sensitive diffusion creep (e.g. Etheridge and Wilkie,
1979; De Bresser et al., 1998, 2001). Despite the importance
of the effect of second phase, there have only been a few stud-
ies on the effect of second-phase particles on recrystallization
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of the main phase in geologic materials; the effect of mica on
the grain size of recrystallized calcite in static heating exper-
iments (Olgaard and Evans, 1986, 1988) and natural carbonate
mylonite (Herwegh and Jenni, 2001; Herwegh and Berger,
2004; Herwegh et al., 2005), the effects of dolomite and sili-
cate minerals on the grain size of statically recrystallized cal-
cite in natural marble (Mas and Crowley, 1996), the effect of
mica on the grain size of statically recrystallized quartz in nat-
ural metacherts (Masuda et al., 1991), and the effect of graph-
ite on dynamically recrystallized quartz in natural quartz
mylonite (Krabbendam et al., 2003). Furthermore, there has
been no study on the influence of mica on the dynamic recrys-
tallization of quartz, even though quartzemica mylonites and
mica-bearing metapsammites are common in continental de-
formation belts. In this paper, we report the effects of mica
fraction and dispersion on the dynamic recrystallization of
quartz in the quartz ribbons of a quartzemuscovite mylonite.
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We also suggest that the dominant deformation mechanism
can switch from dislocation creep to grain-size sensitive creep
with increasing mica fraction.

2. Geological setting

Samples of quartzemuscovite mylonite were collected
from the Osanri Formation of the late Paleozoic Pyeongan
Supergroup within the Sunchang shear zone, which is a south-
western branch of the Honam shear zone system (Fig. 1;
Cluzel et al., 1991; Kim and Kee, 1994). The Middle Jurassic
Honam shear zone is a right-lateral strike-slip shear zone with
a northeast trend, which played an important role in the Meso-
zoic tectonic evolution of the Korean peninsula (Yanai et al.,
1985; Cluzel et al., 1991; Ree and Hwang, 1994; Ree
et al., 2001; Sagong et al., 2005). The current erosion level
of the Honam shear zone, in general, is shallower toward the
northeast, resulting in different temperature conditions of the
cropped-out rocks in the shear zone (Cluzel et al., 1991). In
the Yecheon shear zone, a northeastern branch of the Honam
shear zone system, for example, the main shearing occurred
under middle greenschist-facies conditions, with a deformation
temperature between 335 and 355 �C, where quartz grains
were deformed by dislocation creep with subgrain rotation re-
crystallization or under Regime 2 of Hirth and Tullis (1992),
while feldspar porphyroclasts were deformed mainly by cata-
clasis (Ree et al., 2005; Park et al., 2006). In the Sunchang
shear zone of the southwestern Honam shear zone system,
quartz grains of mylonites were deformed by dislocation creep
with combined grain boundary migration and subgrain rotation
recrystallization or under Regime 3 of Hirth and Tullis (1992),
as shown in more detail in the following section. In granitic
mylonites of the Sunchang shear zone, almost all feldspar
grains, showing a wide range of grain size (0.05e2 mm),
have very thin mechanical twins and kink bands, with some
grains carrying deformation bands. The feldspar grains show
either sweeping or patchy undulatory extinction, with the
rare occurrence of subgrains. Many feldspar grains also exhibit
intragranular fractures with little displacement along the frac-
tures. Some boundaries between feldspar grains are serrated.
These feldspar microstructures are similar to those of the tran-
sition from zone 3 to zone 2 of Pryer (1993), suggesting a de-
formation temperature between 400 and 450 �C.

3. Microfabrics of quartzemuscovite mylonite

The quartzemuscovite mylonite examined in this study is
composed of quartz ribbons embedded in a muscovite-rich
matrix (Fig. 2). The matrix consists mostly of muscovite
(>95%), with minor contents of quartz (3e4%), biotite
Fig. 1. (a) Geologic map of the southern Korean peninsula. (b) Geologic map around the Sunchang shear zone in Hwasun area. Modified after Kim and Kee (1994).
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Fig. 2. Photomicrographs of quartz ribbons (outlined by red line) in the quartzemuscovite mylonite. Fm: area fraction of muscovite within the ribbons. Both upper

and lower polarizers were rotated 45� counterclockwise.
(<1%), opaques (<1%) and retrograde chlorite (<1%). The
mylonitic foliation is defined by a preferred orientation of
muscovites and flattened-cigar-shaped quartz ribbons, with
the lineation defined by a preferred orientation of quartz rib-
bons on the foliation surface. The flattened-cigar-shaped
quartz ribbons have an average axial ratio of 1:3.9:15.5,
with a long dimension between 0.9 and 9.1 mm. The quartz
ribbons contain fine-grained muscovite particles, with their
volume fractions ranging from 0.47 to 24.28% (Fig. 2). The
size of quartz grains decreases with increasing fraction of
muscovite particles, which will be shown in detail in the fol-
lowing section. The muscovite particles occur as individual
grains or aggregates within the ribbons, and show undulose ex-
tinction and kink bands. The muscovite particles or aggregates
can be divided into ‘inclusion’ muscovites within the quartz
grains and ‘boundary’ muscovites along the quartz grain bound-
aries. The sizes of the inclusion muscovites range from 1 to
25 mm, while those of the boundary muscovites range from 2
to 98 mm. The ratio of the boundary to inclusion micas tends
to increase from 1.5 to 14.5 with increasing mica fraction within
the quartz ribbons.

Since the size of many muscovite grains are smaller than
the thickness (w10 mm) of our ultra-thin section, the musco-
vite area fraction measured in the thin section in transmitted
light is not true volume fraction. To obtain the true volume
fraction of muscovite from photomicrographs in transmitted
light, we used a line-slicing method by Krabbendam et al.
(2003). Hereafter, mica fraction represents mica volume
fraction.

The quartz grains in the ribbons with a mica fraction of less
than 3% show sweeping undulose extinction, wavy or lobate
grain boundaries, deformation bands and subgrains (Fig. 3a).
The subgrains of quartz are either equiaxed or tabular. The
larger, tabular subgrains have straight subgrain boundaries at
a high angle to the mylonitic foliation. The quartz grains in
the ribbons with a mica fraction of more than 3% also show
Fig. 3. (a) Photomicrograph of quartz microstructure in almost pure quartz ribbon. (b) Photomicrograph of quartz microstructure in quartz ribbon with mica

fraction of 15.04%. Crossed-polarized light. Both upper and lower polarizers were rotated 45� counterclockwise in (b).
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Fig. 4. 3D volumetric distribution of quartz grains with varying mica fraction in the quartz ribbons. The size bins are logari
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sweeping undulose extinction, but most of the grain bound-
aries are slightly wavy or straight and subgrains are rare
(Fig. 3b and also see Fig. 6).

The axial ratio of the quartz grains within the ribbons with
a mica fraction of less than 20% on a section cut perpendic-
ular to the foliation and parallel to the lineation (b-section) is
about the same (1.4e1.6) as that on a section cut perpendic-
ular to the lineation (a-section), with their long axis oblique
to the mylonitic foliation on the b-section. With a mica frac-
tion of more than 20%, the axial ratio of the quartz grains on
the b-section tends to be higher (up to 2.0), presumably due
to anisotropic grain growth as explained by Herwegh and
Berger (2004).

3.1. Grain size analysis of quartz

3.1.1. Methods
For the analysis of the grain size distribution, the 3D volu-

metric distribution (volume fraction per size class) was used
because the frequency distribution (number of grains per
size class) does not appropriately reflect the physical signifi-
cance of the 3D grain size distribution (Heilbronner and
Bruhn, 1998). Here, the grain size of elongated quartz is de-
fined as the diameter of a sphere with the same volume as
an ellipsoidal grain.

For the grain size measurement, the grain boundaries of
quartz were manually traced on transparencies using optical
photomicrographs of the ultra-thin section and AVA (Achsen-
verteilungsanalyse; Sander, 1970) diagrams constructed from
an automated fabric analyzer apparatus developed at the Uni-
versity of Melbourne (Russell-Head and Wilson, 2001; Wilson
et al., 2003). After scanning the transparent overlays with the
grain boundary traces, the scanned images were converted into
binary images using the CorelDraw�11 software. The 2D
cross-sectional area of each grain was measured using the
public domain software ImageJ (http://rsb.info.nih.gov/ij/).
The average 3D axial ratio of the grains was obtained using
Panozzo’s (1983, 1984) method, for both a- and b-sections.
The cross-sectional length of the long axis of individual grains
was calculated using the 2D cross-sectional area of each grain
obtained from the ImageJ and the average axial ratio of the
grains on the b-section, assuming individual grains to have
an ellipsoidal shape with parallel long axes.

The 3D grain volume distribution was obtained using the
CSDCorrections 1.37 software (Higgins, 2000, 2006), with in-
put data including the cross-sectional length of the long axis of
individual grains, the average 3D aspect ratio of the grains and
the total area occupied by the grains. For ellipsoidal grains, the
CSDCorrections software generates the volume fraction per
size (longaxis) class after incorporating the cut-section and in-
tersection probability effects (Higgins, 2000, 2006). From this
3D volume distribution, the arithmetic mean of the long axis
of the grains and the volume of the average ellipsoidal grain
were calculated using the average axial ratio of the grains. Fi-
nally, to represent the average grain size, the average volume
of the ellipsoidal grains was converted to the diameter of an
equivalent sphere.
3.1.2. Results
The 3D volumetric distribution of quartz grains with vary-

ing mica fractions within the quartz ribbons is shown in Fig. 4.
The size bins in Fig. 4 are logarithmic, as the logarithmic size
bins simplify the calculations for the conversion of 2D into 3D
grain sizes (Higgins, 2000, 2006). The mean size of quartz
grains markedly decreases even with a small increase in
the mica fraction, up to a mica fraction of about 3% (Fig. 5;
Table 1). In contrast, a further increase in the mica fraction
above 3% results in a slight decrease in the quartz grain
size. The relationship between the mica fraction and quartz
grain size can be represented by

D¼�20:11� lnFm� 9:64 ð1Þ

where D is the mean size of the quartz grains and Fm is the
mica volume fraction, although there are some large devia-
tions in the quartz grain size from this best-fit curve, particu-
larly for quartz ribbons with mica fraction of more than 3%
(Fig. 5). For example, the quartz ribbon with a mica fraction
of 6.55% has a mean quartz grain size (36.1 mm) larger than
that (31.2 mm) with a mica fraction of 5.11% (Fig. 6). This de-
viation is presumably due to the effect of particle dispersion. A
quartz ribbon with more mica can have quartz grains larger
than that with less mica if the mica grains are more clustered
in the former. The effect of second-phase particle dispersion
will be discussed later.

The quartz grain size determined by the linear intercept
method is also shown in Fig. 5. For the linear intercept
method, the line-intercepts were counted both parallel and nor-
mal to the mylonitic foliation on the b-section and the mean
intercept length is multiplied by 1.5 for conversion to the

Fig. 5. Plot of average grain size of quartz against mica fraction in the quartz

ribbons. Solid circle: average grain size measured from CSDCorrections 1.37

software (Higgins, 2000, 2006). Open diamond: average grain size from linear

intercept method.

http://rsb.info.nih.gov/ij/
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Table 1

Database of quartzemuscovite mylonite

Quartz

ribbon

Mica

volume %

Number of

quartz grains

measured

Average grain size of quartz (mm) Average axial ratio

of quartz in b-section

(major/minor axis)

Number of

mica grains

measured

Average

grain size

of mica (mm)

Mica volume ratio

(Boundary/Inclusion)
CSDcorrections Linear intercept

13 0.47 101 106.54 79.28 1.51 58 9.05 1.45

16 0.61 107 90.69 71.47 1.62 139 6.82 1.54

12 0.79 98 93.91 74.60 1.57 54 9.98 3.13

15 1.64 104 76.69 62.25 1.41 154 8.27 2.90

14 2.02 187 72.40 61.04 1.42 359 7.54 2.89

18 3.56 108 46.44 34.39 1.53 372 5.55 6.54

17_re 5.08 73 41.52 28.88 1.55 239 6.03 6.83

03þ 04 5.11 264 31.17 29.46 1.47 582 5.96 1.74

11 5.64 131 44.33 35.45 1.35 634 5.53 2.48

05_2 6.55 110 36.06 31.22 1.47 273 6.68 8.76

10 6.90 125 43.79 33.74 1.48 363 6.93 5.11

06_re 9.35 88 40.21 33.22 1.43 288 6.38 7.10

07 11.39 119 41.65 32.43 1.54 244 8.15 8.95

08 12.44 117 38.21 28.20 1.56 292 7.34 14.48

09 13.24 129 42.24 33.16 1.65 336 8.18 12.85

02 15.04 109 27.53 23.28 1.64 170 7.26 11.13

01 24.28 80 25.40 10.65 2.00 59 9.17 12.46
mean grain size (Exner, 1972). As shown in Fig. 5, the mean
grain sizes measured by the CSDCorrections 1.37 (Higgins,
2000, 2006) were 2e27 mm larger than those obtained from
the linear intercept method.

Fig. 6. Line drawing of quartz ribbons with mica fraction of (a) 5.11% and (b)

6.55%. Fm: mica fraction. Dqtz: mean grain size of quartz.
3.2. Lattice preferred orientation of quartz

The orientation of the quartz c-axes was measured using an
automated fabric analyzer (Russell-Head and Wilson, 2001;
Wilson et al., 2003). With a small fraction of mica, the quartz
c-axis fabrics show a strong lattice preferred orientation of
a Type-I crossed girdle pattern (Fig. 7; Lister et al., 1978).
With a mica fraction of more than 3% however, the quartz
grains show no strong lattice preferred orientation.

4. Discussion

4.1. Deformation mechanism

The microstructures and lattice preferred orientation of the
quartz within the ribbons with a mica fraction of less than 3%
indicate that the quartz grains were deformed by dislocation
creep, with dynamic recovery mechanisms including grain
boundary migration and subgrain rotation recrystallizations,
corresponding to Regime 3 of Hirth and Tullis (1992) or
subgrain rotation recrystallization/grain boundary migration
recrystallization transition of Stipp et al. (2002a,b). For
quartz grains in the almost pure quartz ribbon (Fm< 1%),
the paleostress was estimated to be 34e37 MPa, using the pa-
leopiezometer of Twiss (1977) for a dynamically recrystallized
grain size. For the paleostress estimation, the mean grain size
of the quartz determined by the linear intercept method, as
used by Twiss (1977), was employed. The paleopiezometer
of Stipp and Tullis (2003) was also used to estimate the flow
stress, which was found to be 22e25 MPa. Since Stipp and
Tullis (2003) employed the root mean square diameter (e.g.
Borradaile, 2003) for the grain size, the same method was
used herein for the determination of the grain size. However,
the applicability of the paleopiezometer of Stipp and Tullis
(2003) to our mylonite is unclear, as they suggest the
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Fig. 7. c-Axis fabrics of quartz in the quartz ribbons with varying mica fraction. Equal-area, lower-hemisphere projection. Contour interval: 1% per 1% area. The

number on the upper right of each stereogram represents the maximum density in %.
paleopiezometer for grain sizes of 3e45 mm, which are
smaller than those (65e76 mm) of our pure quartz ribbon.

The paleostress and grain size data of the almost pure
quartz ribbon were plotted on the deformation mechanism
map of Etheridge and Wilkie (1979), assuming a deformation
temperature of 450 �C (Fig. 8). Our data fall within the transi-
tion from dislocation creep to grain boundary sliding
accommodated by dislocation creep. This is consistent with
De Bresser et al.’s (2001) suggestion that dynamic recrystalli-
zation of a monophase aggregate results in a balance between
grain size reduction and grain growth set up at the boundary
between the dislocation creep field and grain-size sensitive
creep field.

When the average grain size of quartz becomes less than
47 mm (35 mm by the linear intercept method), with a mica
fraction of more than 3% in the ribbons, the quartz c-axes
tend to have a weak or random orientation (see Fig. 7). The
absence of a lattice preferred orientation suggests that the
dominant deformation mechanism in the ribbons, with quartz
grain sizes of 25e46 mm (11e34 mm by the linear intercept
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method), may be grain boundary sliding, although independent
evidence of grain boundary sliding is still required. If these
quartz grain sizes are superimposed on the deformation mech-
anism map, assuming the same flow stress or the same strain
rate as that of the almost pure quartz ribbon, they are within
the regime of dominant grain boundary sliding accommodated
by dislocation creep (Fig. 8). This is consistent with earlier
suggestions that dominant grain boundary sliding would not
be possible unless the grain size is stabilized below the
steady-state recrystallized grain size due to the grain boundary
pinning effect of second-phase particles (e.g. Etheridge and
Wilkie, 1979; De Bresser et al., 2001).

The estimated strain rate of the almost pure quartz ribbon in
the deformation mechanism map is about 10�16 s�1, which is
much slower than those (10�14e10�12 s�1) inferred for natural
shear zones (e.g. Pfiffner and Ramsay, 1982; Stipp et al.,
2002b). One possible explanation for this discrepancy is that
the muscovite-dominant matrix may have deformed at a faster
strain rate while embedded quartz ribbons may have deformed
at a slower strain rate. In other words, the bulk strain rate of
the mylonite would have been faster than the local strain
rate of the embedded quartz ribbons.

4.2. Particle dispersion

The dispersion of second-phase particles as well as their
fraction affects the recrystallized grain size of the main
phase (Figs. 5 and 6). Now the question is can the effect

Fig. 8. Deformation mechanism map of quartz by Etheridge and Wilkie

(1979), assuming the deformation temperature of 450 �C. Thick broken line:

paleopiezometer of Twiss (1977). Thin broken line: paleopiezometer of Stipp

and Tullis (2003). Solid circle: deformation condition of almost pure quartz

ribbon. Box A: deformation condition of quartz ribbons with more than

3% mica fraction assuming equal differential stress. Box B: deformation con-

dition of quartz ribbons with more than 3% mica fraction assuming equal

strain rate.
of the second-phase particle dispersion on the grain size of
the recrystallized main phase be quantified? The quantifica-
tion of the particle dispersion has long been attempted in
ecology, with the most widely used method being that of
‘distance-to-nearest-neighbor’ (e.g. Clark and Evans, 1954).
This method measures the degree to which the distribution
of individual particles in a population for a given area de-
parts from that of a random distribution. In other words,
the ratio (‘R’ value) of the observed mean nearest-neighbor
distance to the expected mean nearest-neighbor distance
for an ideally random distribution is calculated, so that
R¼ 1 for a random distribution, 0� R< 1 for a clustered
distribution (with R¼ 0 for the maximum clustering) and
1< R� 2.1491 for a dispersed distribution (Clark and Evans,
1954). However, the effects of local aggregation, size, shape
and shape-preferred-orientation of individual particles are
not considered in the ‘distance-to-nearest-neighbor’ method.
For example, clustered aggregates with a given fraction of
particles can have the same R value as dispersed aggregates
with the same particle fraction, but the dispersed aggregates
will have a stronger pinning effect on the migrating bound-
aries of the main phase for a bulk rock volume (Fig. 9a).
Also, rock volumes with different sizes, fractions and/or
shapes of the second-phase particles can have the same R
value, as long as the central points of the particles are in
the same position (Fig. 9b).

Fig. 9. Schematic diagrams of particle dispersion. (a) Clustered and dispersed

aggregates with the same area fraction. (b) Dispersion of particles with differ-

ent shapes and sizes but with the same R value. F: area fraction of particles.
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Herwegh and Berger (2004) used the Zener parameter (ra-
tio of size to volume fraction of second-phase particles) to
quantify the effect of second-phase particle size and fraction
on the size of the recrystallized main phase. A larger value of
the Zener parameter corresponds to less effect of second-
phase particles on the grain size of the main phase and
vice versa in second-phase controlled microstructures. How-
ever, the Zener parameter can only be used when the second-
phase particles have a dispersed distribution. For example,
the Zener parameter (z117) for the ribbon with smaller
size of quartz (Fig. 6a) is larger than that (z102) for the
ribbon with larger size of quartz (Fig. 6b). Thus, for the
quantification of the effect of the second-phase particle
dispersion on the grain size of the recrystallized main phase,
it is necessary to develop a new method, which not only con-
siders the distance of the nearest neighbor, but also takes into
account the local aggregation, size, shape and preferred ori-
entation of individual particles.

5. Summary

(1) The grain size of dynamically recrystallized quartz in
a quartzemuscovite mylonite markedly decreases, even
with a small increase in the mica fraction. With a mica
fraction of more than 3% however, the decrease in quartz
grain size is retarded with further increases in the mica
fraction.

(2) The dispersed distribution of mica has a more pinning ef-
fect on the migrating grain boundaries of quartz than the
clustered distribution of mica.

(3) With a mica fraction of less than 3%, the dominant defor-
mation mechanism of quartz grains (72e107 mm in average
size) is dislocation creep. When the grain size of quartz be-
comes smaller than 47 mm, with a mica fraction of more
than 3%, the dominant deformation mechanism of the
quartz grains seems to switch to grain boundary sliding.
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