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Abstract Annealing experiments on agate were per-
formed to investigate grain growth kinetics and the effect
of crystallographic anisotropy on normal grain growth of
quartz. The experiments were conducted using a piston-
cylinder apparatus at 700-800°C and 0.5 GPa for 0-66 h.
The grain growth rate was expressed by D"—Dy = kt with
k = koexp(—H*/RT) where D, is the initial grain size at
t=0,withn =44 + 03,and H* = 191.3 &+ 11.0 kJ/mol
is the activation enthalpy and logk, = 19.8 + 1.4. While the
grain aspect ratios are nearly constant at ~0.7 (short/long)
during grain growth, the longest axis in individual grains
tends to be oriented parallel to their c-axis, indicating that a
primary crystal-preferred orientation of c-axis of the agate
could result in the development of a weak shape-preferred
orientation during grain growth.
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Introduction

The grain size of rocks is an important parameter in
understanding the dynamics of the Earth’s interior (e.g.,
Austin and Evans 2007; Karato 2008). Static grain growth
is a relatively simple transformation in which grain size
increases under driving forces related to the curvature of
grain and interphase boundaries (e.g., Atkinson 1988;
Yamazaki et al. 2005; Ohuchi and Nakamura 2007).
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However, there are few quantitative studies on grain growth
of quartz (e.g., Tullis and Yund 1982; Karato 2008).
Furthermore, until recently, it was difficult to measure the
size, shape, and crystallographic orientation of each grain
precisely, although this is now possible with the develop-
ment of the electron back-scattered diffraction technique
(EBSD) by scanning electron microscope (SEM). Even in
closely controlled laboratory experiments, growth kinetics
may be complicated and unconstrained; consequently,
additional data are needed to accurately predict growth rates
in nature (Evans et al. 2001; Karato 2008).

In this paper, we present the results of experiments on
the static grain growth of a quartz aggregate in a solid
confining medium high-pressure/high-temperature appara-
tus. We chose agate as a starting material because it con-
sists of very fine-grained quartz aggregates with an intense
crystal-preferred orientation (CPO) of c-axis, with the
result that we found an effect of crystallographic anisot-
ropy on the normal grain growth of quartz. These results
were partly presented by Imoto and Michibayashi (2010);
however, because this earlier paper is written in Japanese
and was not subjected to peer-review, we combine their
results with the rest of our experimental data in this paper.

Experimental procedure
Starting material

The starting material is agate, which is natural pure
quartzite with an average grain size of <l um. The agate
sample contains approximately 1.5 weight percent water
(Watanabe 2007) and has a characteristic fibrous texture
(e.g., Masuda et al. 1997). The c-axis [001] of the agate
defines a girdle pattern in a stereonet, perpendicular to the
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orientation of the fibrous texture (Imoto and Michibayashi
2010). For the annealing experiment, the agate was cored
and sliced to prepare cylindrical samples of 22 mm long
and 10 mm in diameter.

Specimen assembly and apparatus

Annealing experiments were performed using a Griggs-
type piston-cylinder apparatus, MK65S (e.g., Masuda and
Fujimura 1981; Masuda et al. 1997; Shimizu et al. 2006),
which was constructed at Shizuoka University, Japan, and
has a maximum confining pressure of 1.5 GPa and a
maximum temperature of 1,200°C. The apparatus is able to
measure confining pressure more precisely than a conven-
tional Griggs-type solid deformation apparatus (Shimizu
et al. 2006).

Figure 1 shows the assembly used for the annealing
experiments. The sample was heated by a graphite tube
heater and was surrounded by a pyrophyllite confining-
pressure medium. The specimen was surrounded by a thin
pyrophyllite sleeve to avoid direct contact with the heater.
Confining pressure was applied to the specimen by com-
pressing the pressure medium axially, using two outer
pistons. The temperature was monitored by K-type ther-
mocouples on the central surfaces of the specimen. In this
setup, the difference in temperature between the top and
central surfaces is about 40 and 50°C in the case of central
surface temperatures of 800 and 1,000°C, respectively
(Masuda and Fujimura 1981). Confining pressure was
measured by load cells located at the outer piston. Logs of
temperature and confining pressure were recorded on a
personal computer using LabVIEW (National Instruments
Corporation).

Fig. 1 Schematic of the
specimen assembly used in the
experiments. T.C.:
thermocouple

10 mm LEs

[ ] Pyrophyliite
[ Graphite
- Sample
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Annealing conditions

The experiments were conducted at temperatures of 700
and 800°C, a confining pressure of 0.5 GPa, and annealing
times of 0-66 h (Table 1). During each experiment, the
confining pressure was first increased to about 80% of the
desired pressure for several hours. The temperature was
slowly increased to 600°C over the next few hours and
maintained at this level for 1 h. This was done because
pyrophyllite releases water under these conditions. With
increasing temperature, the confining pressure was
increased up to tens of MPa. The confining pressure and
temperature were then simultaneously increased to the
required levels. After the experiment, the confining pres-
sure was slowly reduced to room pressure over about 24 h
and the temperature was rapidly dropped to room temper-
ature over several minutes.

Analytical method

All of the annealed samples were cut parallel to the long
axis. One half of each annealed sample was impregnated
with resin prior to preparing polished thin sections or thick
sections for microstructural analyses.

Grain boundaries at the center of each annealed sample
were carefully traced from a secondary electron image of
the sample microstructure taken using a scanning electron
microscope (JEOL JSM6300) housed at the Center for
Instrumental Analysis, Shizuoka University, Japan. The
grain sizes (D) of all samples were measured using Scion
image analyse software. The grain size of each grain is
represented by the diameter of a circle with an equivalent
area to that of the grain (e.g., Michibayashi and Masuda
1993; Masuda et al. 1997).

The samples annealed at 800°C show clear microstruc-
tures; consequently, we measured the shape parameters
(aspect ratio L (short/long axis)) and the orientation of the
long axis (¢) of quartz grains, as well as their grain sizes.

Crystal-preferred orientations (CPO) of quartz were
measured from highly polished thin sections using a JEOL
6300 SEM equipped with electron back-scattered diffrac-
tion (EBSD) at Shizuoka University (e.g., Michibayashi
et al. 2007, 2009; Katayama et al. 2009; Muramoto et al.
2011). We determined between 198 and 201 quartz crystal
orientations per sample and visually checked the comput-
erized indexation of the diffraction pattern for each crystal
orientation.

Results

The annealed samples consist of granular and polygonal
quartz grains without undulose extinctions (Fig. 2). The
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grain size distributions are log-normal (Fig. 3), and the
mean grain size, D [um], calculated using a log scale,
increases with increasing annealing time, ¢ [s], as shown in

Table 1 Experimental conditions and grain size data

Kt0'184 + 0.005

Fig. 4. The relationship between D and ¢ for the experi-
ments is expressed by D =
temperature-dependent rate constant (Fig. 4).

, where K is a

Sample no. Material Temperature Pressure Time Logarithmic mean Standard Standard Mean grain
°C) (GPa) (h) grain size log(pm) deviation log(pum) error log(pum) size (Lm)
IMO-005* Agate 800 0.5 0.5 0.43 0.15 0.006 2.69
IMO-007* Agate 800 0.5 24 0.64 0.20 0.019 437
IMO-008* Agate 800 0.5 66 0.90 0.35 0.024 7.94
IMO-011 Agate 700 0.5 6 0.12 0.21 0.074 1.32
IMO-012 Agate 700 0.5 31 0.28 0.22 0.023 1.91

* Data from Imoto and Michibayashi (2010)

(A) 800 °C, 0.5 GPa

Fig. 2 Secondary electron images of quartz aggregates in annealed samples (Hitachi S-3400N Type II, Shizuoka University)

Fig. 3 Grain size distributions
of quartz aggregates in annealed
agates
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The aspect ratios for the samples annealed at 800°C
show a normal distribution (Fig. 5a-b); however, the mean
aspect ratio, L., is similar for all samples, in contrast to
grain size (compare Figs. 3, 5a-b). Whereas the mean
aspect ratios are ~ (.7, the orientation distributions show
that shape-preferred orientations are more intense with
increasing grain size (Fig. Sc—d). Quartz CPOs are defined
by a girdle of c-axis oriented parallel to a great circle,
representing the primary CPO of the agate (Fig. Se—f).
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Fig. 4 Mean grain sizes of quartz aggregates in annealed agates with
respect to annealing time. The solid lines represent grain growth
trends according to D = %84 * 0005

Discussion

Several features are common to all of the annealed sam-
ples: grains are polygonal, grain diameters show a log-
normal distribution (Fig. 3), the mean grain diameter
increases with increasing annealing time (Fig. 4), and the
largest grain in each experiment is less than five times the
mean grain diameter. These findings indicate the occur-
rence of normal grain growth (e.g., Ohuchi and Nakamura
2007).

Grain growth kinetics

Normal grain growth over time is commonly described as
follows:

D" — Dy = kt, (1)

where k = koexp(—H*/RT), D is the grain size after
annealing time #, Dy is the hypothetical initial grain size, n is
a grain growth exponent, k, is a pre-exponential constant,
H* is activation enthalpy, R is the molar gas constant, and
T is temperature. We determined n, Dy, and k in the Eq. (1)
by a non-linear least squares method and subsequently H*
and ky were calculated on an Arrhenius plot (Fig. 6). As a
result, we obtained n = 4.4 4+ 0.3, Dy, = 0.54 + 0.44,
H* = 191.3 £ 11.0 kJ/mol, and logk, = 19.8 &+ 1.4.

The grain growth exponent n is considered to be a
geometric factor and depends on the rate-limiting processes
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Fig. 5 a and b Aspect ratios of quartz aggregates in annealed agate
samples after 0.5 and 66 h, respectively. Best-fit curves are shown for
a log-normal distribution. ¢ and d Orientation distributions of the long
axis of quartz grains with respect to a horizontal reference line for
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(F) 66 hr, 800°C, 0.5GPa
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individual grains within the quartz aggregates in the annealed agate
samples after 0.5 and 66 h, respectively. e and f Orientations of quartz
[001] axis within quartz aggregates in annealed agate samples after
0.5 and 66 h, respectively
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Fig. 6 Grain growth rate of quartz aggregates in annealed agates at the
pressure of 0.5 GPa. a As a function of annealing time at temperatures
of 700 and 800°C. b As a function of reciprocal temperature for
different annealing times. Solid lines indicate the non-linear least square

of the grain growth (Evans et al. 2001). The theoretical
values of n are generally in the range of 1-5, most of which
are calculated for single and quasi-single polycrystallines
(Atkinson 1988; Yamazaki et al. 2005; Ohuchi and
Nakamura 2007). Karato (2008) recalculated grain growth
parameters of quartz based on the experiments by Tullis
and Yund (1982) and obtained n~2, H* = 80 klJ/mol, and
logky = 2, which is smaller than the present result.

The starting material was different between this study
(agate) and Tullis and Yund (1982), who used novaculite
and flint. Tullis and Yund (1982) proposed that grain
growth kinetics is controlled by the solubility of quartz in
the interstitial fluid. Our preliminary result, also based on
experiments using the MK65S apparatus, showed that the
grain growth rate of quartz in flint is much faster than that
in agate (Ueta and Michibayashi 2010). Karato (2008)
pointed out that grain growth kinetics is further sensitive to
other parameters such as oxygen fugacity and water con-
tent. Therefore, it seems that the difference in the starting
material between the present study and Tullis and Yund
(1982) could result in a rather contrasting grain growth rate
of quartz.

The effect of crystallographic anisotropy

Our experimental results show that while the grain size of
quartz increased from a few microns to a few tens of
microns with time, grain shape was nearly constant,
becoming slightly elongated (Figs 4, 5a-b). However, the
orientation distributions of the longest axis in such slightly
elongate grains are anisotropic, even for an annealing time
of 0.5 h (Fig. 5c—d). Furthermore, the orientations of grain
long axis tend to be parallel to their c-axis (Figs. 5, 7).
Kruhl (2001) showed that during normal grain growth, the
crystallographic orientation affects not only the shape and
orientation of grain boundaries, but also the development

0.95 1 1.05
1000/T

fit to the grain growth law: D"—Dj = koexp(—H*/RT)t, yielding
n=44=+ 0.3, H*=191.3 + 11.0 kJ/mol, logk, = 19.8 £ 1.4, and
Dy =0.54 £ 0.44

v
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Fig. 7 BSE image showing the relation between grain shape and
c-axis orientations (red lines) of quartz grains in agate annealed at
800°C and 0.5 GPa for 66 h. The scale is 10 pm

of foam texture. In the case of quartz, the boundary facets
preferentially occupy specific crystallographic orientations,
being rhombohedral (Kruhl 2001). Indeed, some of the
present grains have boundary facets that are subparallel to
rhombohedral (Fig. 7). Because the starting material
(agate) of the present experiments has a primary CPO, it is
likely that the SPO resulted from the CPO of the agate,
demonstrating that quartz grains, and especially their
shape, are influenced by crystallographic anisotropy during
normal grain growth. It suggests that this effect of crys-
tallographic anisotropy on the normal grain growth of
quartz may be important in determining the final micro-
structure, for instance, in the case of post-deformational
grain growth after the development of a quartz CPO.
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