
2006) 331–346
www.elsevier.com/locate/tecto
Tectonophysics 421 (
Crystallographic orientations of high-angle grain boundaries in
dynamically recrystallized quartz: First results

Boriana Kuntcheva a,✠, Jörn H. Kruhl a,⁎, Karsten Kunze b

a Tectonics and Material Fabrics Section, Technische Universität München, D-80290 München, Germany
b Geologisches Institut, ETH Zürich, CH-8092 Zürich, Switzerland

Received 14 June 2004; received in revised form 1 April 2006; accepted 10 May 2006
Available online 30 June 2006
Abstract

The crystallography and geometry of high-angle grain boundaries from dynamically recrystallized quartz have been studied. On the
basis of combined electron backscatter diffraction and universal stage measurements, the complete crystallographic orientation of the
grain boundaries could be calculated. The u-stage rotation of the grain boundaries to a vertical position reveals that they are never curved
but always consist of straight segments. Our results show that these segments preferentially occupy rhombohedral, trapezohedral and
bipyramidal orientations, i.e., orientations in a ∼25–50° girdle to the c-axis. A specific, albeit low, number of segments with special
crystallographic orientation, with respect to a neighbouring quartz grain, often shows another special orientation with respect to the
other neighbouring grain. Preferred combinations of grain boundary orientations related to both neighbouring grains are (i) low-index
rhombohedral and high index trapezohedral, (ii) low-index bipyramidal and low-index trapezohedral or high-index rhombohedral, and
(iii) low-index trapezohedral and low or high index trapezohedral. In certain cases, such as at triple junctions, the boundaries occupy
specific trapezohedral orientations with a constant angle to the c-axis. This argues for energy isotropy of trapezohedral planes with the
same angle to the quartz c-axis. In general, good match coincidence site lattice (CSL) orientations are not preferentially occupied so that
most of the studied grain boundaries represent general boundaries. The formation of straight segments in special crystallographic
orientations indicates the crystallographic control and implies an energy reduction of certain general boundaries.
© 2006 Elsevier B.V. All rights reserved.
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angle grain boundary; Quartz; Universal stage
1. Introduction

Grain and phase boundaries affect the petrophysical
and rheological properties of rocks, such as strength, fluid
permeability, susceptibility to weathering, resistance to
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cracking and corrosion (Mainprice et al., 1993; Aust et al.,
1994; Shimada et al., 2002; Frary and Schuh, 2005, and
references therein) and provide information about their
tectonometamorphic history (Vernon, 2004). Vice versa,
technical procedures have been applied to metals in order
to tailor the character of grain boundaries and, conse-
quently, improve the material properties (grain boundary
engineering – Randle, 1997; Randle et al., 1999;
Watanabe and Tsurekawa, 2004). Grain boundaries in
metamorphic rocks, in particular, are formed and
changed by recrystallization, defined as “nucleation
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and migration of high-angle boundaries” (Vernon, 1976)
or “deformation-induced reorganization of grain size,
shape and/or orientation with little or no chemical
change” (Poirier and Guillopé, 1979). During dynamic
recrystallization and as a result of different lattice defect
densities in neighbouring crystals, grain boundary
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migration may lead to intense grain boundary suturing.
The geometry of the sutured boundaries mainly depends
on temperature, strain rate, finite strain and differential
stress (Kruhl and Nega, 1996; Takahashi et al., 1998),
but also on internal properties such as crystallographic
orientations and the distribution and densities of lattice
defects (Spry, 1969). During strain-induced grain
boundary migration the length of the sutured quartz
grain boundary segments increases with increasing
temperature (Voll, 1969, p.117).

Quartz grain boundaries, formed during dynamic as
well as static recrystallization, are rarely curved but
consist of straight segments (Kruhl, 2001; Kruhl and
Peternell, 2002). Voll (1960, 1969) points to a preferred
crystallographic orientation of segments with mainly
rhombohedral orientations at high temperatures. Based
exclusively on universal-stage (henceforth u-stage)
measurements of the angle between the quartz c-axis
and the grain boundary pole, Kruhl and Peternell (2002)
specified that the boundaries may occupy low- or high-
index or even irrational orientations and, with increasing
temperature, tend to be parallel to rhombohedral planes.
However, the u-stage measurements of these investiga-
tions do not provide the full crystallographic orientation
of quartz grain boundaries.

Our study, for the first time, presents the complete
crystallographic orientation of quartz grain boundaries
with respect to both neighbouring crystals and provides
additional information on these crystallographic orien-
tations with respect to specific grain boundary
geometries, such as triple junctions or zigzag struc-
tures. Indications of crystallographic preferred grain
boundary orientations are presented and possible
reasons of grain boundary ‘stability’ are discussed.
The results are based on a combination of electron
backscatter diffraction (EBSD) measurements of crys-
tal orientations and u-stage measurements of grain
boundary orientations.

2. Theoretical background and current knowledge
about the geometry of quartz grain boundaries

In general, grain boundaries represent a discontinuity
in the lattice periodicity of neighbouring crystals and can
Fig. 1. (A) c-axis distribution of the studied paragneiss from the Sesia Zone
u-stage reference frame is oriented with X parallel (E–W) and Y perpen
lineation. Solid lines=foliation; solid circle L in the centre= lineation; equ
starting at 1. (B–D) Microstructures of the studied quartz grains; thin sectio
lineation and foliation; (B) part of the measured sample area with sutured a
and after plastic deformation; (C) “zigzag” geometry of the measured quart
over the more or less uniform boundary front. Since the photomicrograph
central part is focused. (E) Orientation contrast image of part of the meas
be considered as a kind of planar defects (Read and
Schockley, 1950; Hobbs et al., 1976; Bohm, 1995). With
respect to the orientation of the rotation axis, which
brings both neighbouring crystals in coincidence, two
special types of grain boundaries are distinguished— tilt
and twist boundaries (McLean, 1957;McLaren, 1986). If
the rotation comprises tilt as well as twist components
the boundary is referred to as general boundary.

Five macroscopic and three microscopic parameters
(degrees of freedom) are required to completely describe
the geometrical relationship along a general grain
boundary (Read, 1953; Wolf, 1992). The three micro-
scopic parameters are related to atomic-scale rigid-body
translations parallel or perpendicular to the grain
boundary plane, determined by relaxation processes,
and are not subject of the present study. The five
macroscopic degrees of freedom describe the orientation
relationships and can be chosen in different ways.

a) The misorientation between two neighbouring crys-
tals is a rotation of one crystal into the orientation of
the other crystal. Therefore, it is completely described
by three independent parameters, i.e., the misorien-
tation angle and axis. The remaining two parameters
are assigned to the grain boundary pole with respect
to either crystal. Most of the previous studies on grain
boundaries in rocks are based on the determination
and interpretation of misorientations across grain
boundaries (Fliervoet and White, 1995; Lloyd et al.,
1997; Trimby et al., 1998). However, misorientation
angles are not directly related to the crystallographic
orientation of a grain boundary which determines the
grain boundary properties and, therefore, misorienta-
tion angles cannot replace the crystallographic
orientation data of grain boundaries.

b) The interface-plane scheme offers an alternative to
choose the five macroscopic degrees of freedom. It
assigns 4 parameters to the grain boundary pole with
respect to both neighbouring crystals. The fifth
independent parameter describes the angle of twist
rotation about the grain boundary pole, while the tilt
angle is determined by the grain boundary pole with
respect to the two crystals (Wolf, 1992; Mainprice et
al., 1993).
, Val Loana, Western Alps; sample KR1231; 300 measurements. The
dicular to the foliation (N–S), and Z down-dipping parallel to the
al-area projection, lower hemisphere; contour intervals=1 [m.u.d.],
n photomicrographs; crossed polarizers; section perpendicular to the
nd facetted grain boundaries, due to grain boundary migration during
z grain boundaries; (D) small grain-boundary peak (arrow) protruded
is taken from a thin section inclined by 10° on the u-stage, only the
ured sample area, with partly poorly visible grain boundaries.



Fig. 2. (A) Frequency distribution of the length of 150 grain boundary
segments from the measured thin section (Fig. 1). The segments form a
continuous network, also including segments that are not used in other
analyses for technical reasons as explained in the text. (B) Frequency
distribution from A, but weighted by lengths of segments.
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In particular, the latter approach has proven useful in
recent HRTEM studies on metals and ceramics, which
provide strong evidence of the importance of grain
boundary orientations, such as atomic-scale faceting and
frequent preference of asymmetrical rather than sym-
metrical boundary configurations (Wolf and Merkle,
1992, and references therein). In addition, recent studies
on quartz indicate that grain boundaries with twin
orientation relationships are only partly preferred (Kruhl
and Peternell, 2002).

Our current knowledge about the geometry of quartz
grain boundaries is restricted to certain twin boundary
types, for which the existence of coincidence site lattice
(CSL) models was geometrically and algebraically
determined (McLaren, 1986; Grimmer and Kunze,
2004). However, according to McLaren (1986), the
twin plane does not always coincide with the plane of
densest CSL. Based exclusively on measurements of the
angle between the quartz c-axis and the grain boundary
pole, Kruhl and Peternell (2002) show that grain
boundaries from dynamically recrystallized quartz do
not preferentially occupy orientations parallel to good
match twin planes.

Triple junctions are commonly described as linear
defects where three crystals meet (King, 1999). It is
assumed that at each triple junction (TJ) the balance of
surface tensions and torque forces (function of the
crystallographic orientations of grain boundaries) leads
to local equilibrium (Herring, 1951). The equilibrium
conditions affect the TJ geometry, defined by the three
dihedral angles between the adjoining boundaries. If
the grain boundary orientations are not crystallograph-
ically controlled, i.e., if the grain boundary energies are
isotropic, for example, in monophase materials, the
surface tension leads to the formation of dihedral
angles of ∼120° (Spry, 1969). According to Spry
(1969), the grain boundaries at TJ can rotate or move
and change from high-energy orientations, with respect
to the neighbouring crystals, to lower energy orienta-
tions. The deviations of the dihedral angles from 120°
reflect the effect of the anisotropic energy of the
opposing grain boundaries (King, 1999). In addition,
recent studies in material science have shown that,
independently of the crystallographic orientations of
the meeting boundaries, the TJ geometry is affected by
the orientation of the triple line, i.e., the intersection
line between the three boundaries (Adams et al., 1999;
King, 1999; Gottstein et al., 2000). Based on a low-
energy orientation of the triple line, a “pinning” or
“friction” force, the “triple-line drag” (King, 1999),
could arise and lead to a change of the dihedral angle
at TJ.
3. Sample description and problem definition

The present study investigates quartz grain bound-
aries from garnet–biotite gneiss, a former kinzigite of
the Sesia Zone (lower Val Loana, Western Alps, Italy).
The gneiss was deformed and foliated during the first
and second (D1 and D2) and refolded during the third
Alpine deformation event (D3) at lower amphibolite
facies temperatures, increasing to ∼570 °C (Kruhl,
1979). During deformation quartz recrystallized and
developed a crystallographic preferred orientation
showing a cross-girdle distribution around the D2
lineation and slightly oblique to the foliation (Fig.
1A). The obliquity is interpreted as a result of D3
folding around the lineation.

The amphibolite facies conditions outlasted the
deformation and, consequently, the quartz was annealed
over a certain period during temperatures above the
recrystallization temperature of quartz of ca. 300 °C
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(Voll, 1976). This period is estimated as nearly 10
million years, based on cooling ages from the nearby
Simplon–Antigorio region (Wagner et al., 1977). The
quartz grains in the sample form up to 10 mm wide
almost monomineralic layers with few isolated biotite
and plagioclase grains (Fig. 1B). The quartz grains are
50 μm to 1 mm large and their axial ratios range from 1
to 2. The rare subgrains are mainly prism-parallel. The
grain boundaries are strongly sutured and composed of
straight segments, with lengths mostly between 2 and
30 μm (Fig. 2). But lengths of up to 100 μm can also
occur. Locally, two sets of approximately parallel grain
boundary segments may form “zigzag” structures (Fig.
1C). Locally, very long segments are interrupted by a
short step, or small bulges protrude over an otherwise
flat grain boundary front (Fig. 1D).

4. Methods

The complete crystallographic orientations of the
grain boundaries were determined by a combination of
u-stage and electron backscatter diffraction (EBSD)
measurements. First, all grain boundaries, optically
visible under crossed polarizers, with or without the
gypsum plate, were manually digitized from the thin
Fig. 3. (A) Thin section sketch of the same part of the measured quartz grai
segment is numbered as exemplified in the upper right part of the figure. (B
section, as shown in A. The black lines represent grain boundaries between g
results from the step size of measurement (25 μm). The grey shades are relat
section using a drawing tube mounted on the polarizing
microscope (Fig. 3). Since all grain boundaries are, to
some extend, inclined to the thin section plane and,
therefore, appear as more or less broad bands, only
certain details of the grain boundary geometry are
visible in plane view under the polarizing microscope.
However, the u-stage allows the rotation of the inclined
boundaries to a vertical position and, consequently, a
more accurate registration of the grain boundary
geometries. This technique represents a rather simple
and fast method to determine the three-dimensional
orientation of grain boundary segments and the
geometry of grain boundary sutures on the microme-
ter-scale with sufficient accuracy.

4.1. Universal stage

The universal stage (u-stage; von Federow, 1893;
Sarantschina, 1963) allows determining the spatial
orientation of a straight grain boundary segment and
of the quartz c-axis. The orientation of each boundary
segment is recorded by the spherical coordinates of its
pole relative to the thin section reference frame.
Segments, down to the maximum resolution of the
polarizing microscope of about 1–2 μm, can be
n-boundary pattern shown in Fig. 1B. Each measured grain boundary
) Orientation image map (OIM) of the same part of the measured thin
rains with misorientations>15°. The rectangular grain boundary shape
ed to different orientations of the crystals. Confidence index (CI)>0.2.
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measured. The measurement time is reduced by using a
semi-automatic u-stage. The precision of the measure-
ments, given by the inclination steps of the u-stage,
approximates 0.5°. However, the error of measurement
(estimated by repeated measurements) is ∼ ±1° for the
azimuth angle and ∼ ±2° for the dip-angle. Due to three
reasons, the u-stage cannot be applied for measurements
of all grain boundaries in a thin section:

(1) The u-stage tilt is restricted to ca. 45° and,
therefore, does not allow the rotation of flat grain
boundary segments, i.e., with 0–45° dip with
respect to the thin section plane, to a vertical
position. Consequently, the orientation of these
segments cannot be measured. This inability
creates a bias in selecting the investigated
boundary population and may change the proba-
bility of occurrence of certain crystallographic
orientations. The statistical significance of this
effect will be verified below.

(2) A zigzag geometry may lead to horizontal grain
boundary stripes, with different inclinations,
below the thin section surface. Consequently,
they appear as diffuse grey bands and cannot be
measured with sufficient accuracy.

(3) Grain boundaries inclined more than ∼20° to the
normal of the thin section plane appear more
frequently diffuse when rotated to a vertical
position because they are longer. Consequently,
the measurement error is higher for these grain
boundaries or most of them cannot be measured
with sufficient accuracy.

4.2. Electron backscatter diffraction

The electron backscatter diffraction (EBSD) tech-
nique allows the local determination of the crystallo-
graphic orientation of a known crystal lattice (Venables
and Harland, 1973; Adams et al., 1993). The EBSD
system (EDAX-TSL OIM 3), equipped with a Digiview
FW CCD camera, is installed on a SEM CamScan
CS44LB at the Electron Microscopy Centre, ETH
Zürich. Subsequently to mechanical grounding and in
order to remove residual surface damage and to level
any topography, the thin section was ultra-polished for
8 h, first with Al2O3 of 30-μm size and later with
colloidal silica. For avoiding charging effects in the
SEM the sample was coated by a few nm of carbon. A
combined beam/stage scan was applied on measuring
crystallographic orientations on a predefined surface
area of 5000 μm×1800 μm at a square raster of 25-μm
steps. The data result in an orientation contrast image
(Fig. 1E) and an orientation map which assigns a
different colour to each 25-μm pixel, according to the
measured crystal orientations (Fig. 3B). Due to weak
EBSD pattern quality or different phases at some raster
points, not all of the collected diffraction patterns were
indexed with sufficient reliability. The indexing reli-
ability is evaluated by a confidence index (CI) assigned
to each measurement and ranging from 0 to 1 from low
to high confidence, respectively. In the present study
only measurements with CI>0.2 were taken into
account. The angular accuracy of the crystallographic
orientation measured by EBSD is ∼1° (Prior, 1999).
The crystallographic orientations of the quartz grains,
determined by the EBSD technique, are given as sets of
Euler angles describing the specific rotations that
transform the sample coordinate system into the crystal
coordinate system and vice versa (Bunge, 1982).

4.3. Obtaining the crystallographic orientation of the
quartz grain boundaries from the combination of
u-stage and EBSD data

The practical determination of the crystallographic
orientation of the grain boundaries on the basis of the u-
stage and EBSD data is performed in two steps.

(1) The exact orientation of a digitized grain bound-
ary segment is found on the EBSD orientation
image map by graphical comparison with the
grain boundary outlines sketched from the thin
section. Usually, several data points of the EBSD
measurement grid are covered by one quartz
grain. Their orientations may vary as a result of
lattice bending, subgrains and twins, but also as a
result of measurement noise. From these data
points an appropriate crystal orientation is select-
ed, based on grid points with CI>0.2 and as close
as possible to the boundary segment without any
subgrain boundaries in between. This is also
checked by polarizing microscopy. Thus, for each
u-stage orientation of a grain boundary pole
(given in spherical coordinates) with respect to
the thin section coordinate system, the EBSD
crystallographic orientations (given in Euler
angles) of both neighbouring grains are identified.

(2) The orientations of the grain boundary poles with
respect to the crystal reference frame e of both
neighbouring quartz grains are calculated by
means of the rotation matrix derived from the
Euler angles (Bunge, 1982), as shown by van
Daalen et al. (1999, Appendix A). The rotation
matrix represents the transformation of any direction



Fig. 4. Frequency distribution of all measured quartz grain boundaries
(inverse pole figure, equal area projection, upper hemisphere). Each
grain boundary is represented with respect to the crystallographic
system of both neighbouring grains and, consequently, occurs in two
different orientations. For comparison, low-index planes of quartz
are indicated. Contour intervals=0.5 multiples uniform distribution
[m.u.d.], starting at 1.
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(here the grain boundary pole) from the sample
into the crystal coordinate system. Based on the
measurement errors of u-stage and EBSD data, the
maximum combined inaccuracy was estimated
∼3.5°.

The trigonal crystal symmetry of quartz leads to six
equivalent crystal directions corresponding to the grain
boundary pole. These six directions are represented by
the one direction in the standard 120° sector on the
upper hemisphere, spanned by two a-axes and the c-
axis. This 120° sector consists of four 30° sub-sectors
that carry equivalent hemimorphic (positive and nega-
tive) and enantiomorphic (right and left) forms, which
are derived from the hexagonal holohedric (high
symmetry) forms by discarding all mirror planes (Kleber
et al., 1998, p. 86). For example, the four corresponding
trapezohedral planes in the 120° sector are the left
negative (615

–
6), right positive (516̄6), right negative

(156̄6), and left positive (1̄65̄6) planes, all with the same
angles to the c-axis and to the a-axes. Although these
planes are not symmetrically equivalent, with respect to
the quartz crystal structure, they are equivalent with
respect to the hexagonal lattice (holohedry) spanned by
the crystallographic axes of quartz. Therefore, they may
show similar characteristics when constituting a grain
boundary. For these reasons and the purpose of
simplification, the grain boundary poles are also plotted
in one fourth of the standard sector, i.e., in a 30° sub-
sector on the upper hemisphere (equal area projection).
In addition, density estimations are presented, based on
the discrete data obtained by convolution with a Fisher
distribution with a concentration parameter k=30,
which were contoured in multiples of the uniform
distribution [m.u.d.].

5. Results

5.1. Preferred crystallographic orientation of the
measured quartz grain boundaries

The crystallographic orientations of all measured grain
boundary segments are plotted in relation to the two
neighbouring quartz crystals (Fig. 4). Each segment is
represented by two crystallographic directions with
respect to the crystal reference frames of the two
neighbouring grains. The frequency distribution of the
crystallographic orientations of the segments is non-
uniform. Segments with angles of ∼25–50° to the quartz
c-axis dominate. They form a belt with several clearly
separated maxima, mostly sub-parallel to some low-index
rhombohedral and bipyramidal planes (101̄1, 303̄2, 202̄3,
112̄2, 422̄1) or to low-index trapezohedral planes (413̄3,
312̄3, 516̄6, 134̄4, 134̄2). However, maxima away from
low-index planes do also occur and grain boundary
segments sub-parallel to prismatic planes or to the basal
plane are significantly less frequent.

The frequency distribution of the data set, presented
in Fig. 4 but reduced to the hexagonal holohedry and
displayed in a 30° sector (Fig. 5), strongly underlines the
preferred occurrence of grain boundaries with angles of
∼25–50° to the c-axis. Within this narrow area of
enhanced frequency, single maxima occur with up to 2.0
[m.u.d.] and 0.7 [m.u.d.] difference to the average
density. These maxima are sub-parallel to the rhombo-
hedral and bipyramidal planes ((101̄1), (202̄3) and
(112̄2)) or to certain low-index trapezohedral ((213̄3)
and (516̄6)) orientations.

Fig. 5 does not show the relationship between the two
individual crystallographic orientations of any single
grain boundary segment with respect to both neighbouring



Fig. 5. Frequency distribution of all measured quartz grain boundaries
shown in Fig. 4, but represented in a 30° segment of the quartz crystal
system. Each grain boundary is shown in two orientations with respect
to both neighbouring grains. Low-index planes are indicated. Inverse
pole figure, equal area projection, upper hemisphere; contour
intervals=0.3 [m.u.d.] starting at 1.
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quartz crystals. The graphical representation of the
relationship between these two orientations requires the
simultaneous presentation of four parameters and an
attempt for an appropriate representation is made as
follows. Segments, forming specific maxima in Fig. 5
with one of their two orientations, are selected and their
second position, with respect to the other neighbouring
grain, is displayed separately (Fig. 6). The extension of
each of the maxima is defined by the 1.6 [m.u.d.] contour
since this density value represents the concentration
threshold separating the maxima from the background,
i.e., the general density of the belt distribution.

Fig. 6A indicates that grain boundary segments with
rhombohedral (101̄1) orientations, with respect to one
neighbouring grain, do not prefer low-index orientations
with respect to the other grain. Their second position is
parallel to high-index trapezohedral planes. In contrast,
grain boundaries parallel to (112̄2), i.e., the Japanese
twin plane, are preferentially related to the low-index
trapezohedral plane (213̄3) or to certain prismatic planes
(Fig. 6B). Single measurements also occur close to high-
index rhombohedral or trapezohedral orientations.
However, symmetrical orientations with the same
(112̄2) orientation of both grain boundaries are not
apparent.

Grain boundaries parallel to (202̄3), with respect to
one neighbouring grain, prefer the trapezohedral
orientations with an angle of 35–45° to the c-axis,
with respect to the other grain. However, a few sub-
prismatic grain boundary segments form a diffuse belt,
5–15° away from the prism orientations (Fig. 6C). The
(213̄3) segments tend to have counterparts parallel to
mainly trapezohedral orientations with angles of 25–50°
to the c-axis (Fig. 6D). Within this area, single maxima
close to relatively low-index trapezohedral planes
((325̄3), (325̄5), (314̄3)) occur, in addition to symmet-
rical (213̄3) orientations. The grain boundaries parallel
to (5166), with respect to one neighbouring grain, do not
show preferred low-index orientations with respect to
the other grain (Fig. 6E). Nevertheless, they are not
randomly distributed. Their orientation distribution
forms maxima parallel to high-index trapezohedral
orientations.

A similar representation for all measured rhombohe-
dral and bipyramidal grain boundaries is made as
follows. If a grain boundary is oriented sub-parallel
(±3°) to any rhombohedral or bipyramidal plane, with
respect to the one neighbouring grain, its orientation with
respect to the other grain is represented (Fig. 7A, B). As
for the (101̄1) boundaries (Fig. 6A), boundaries with two
rhombohedral orientations are not preferred whereas the
most favourable second positions are the high-index
bipyramidal planes between (112̄2) and (112̄3). They
form the strongest maxima with densities>3.5 [m.u.d.]
(Fig. 7A). All other measurements in Fig. 7A do not
show significantly preferred orientations within the
range of the high-index trapezohedral planes. In contrast,
the bipyramidal grain boundaries are clearly non-
randomly distributed (Fig. 7B), with strongest concen-
trations near to (213̄3). Concentrations occur also close
to the rhombohedral (101̄1) and (202̄3) planes as well as
to the rhombohedral (112̄1) and trapezohedral (314̄2)
planes.

In general, based on Figs. 6 and 7, it may be
concluded that grain boundaries with a preferred low-
index orientation, with respect to one neighbouring
quartz grain, often also show a preferred orientation
with respect to the other neighbouring grain. However,
the second position is not always a low-index
orientation. Combinations of two low-index orienta-
tions are apparent but not preferred. Moreover, at least
one of the low-index orientations is a trapezohedral
one. Frequent combinations of one low-index and one
high-index orientation occur only if the low-index
orientation is parallel to the rhombohedral plane (101̄1).
High-index rhombohedral orientations, with respect to
one neighbour, tend to be oriented parallel to
bipyramidal planes, with angles of 40–50° to the c-
axis, with respect to the other neighbour. The



Fig. 6. Frequency orientation distribution of grain boundaries selected in relation to concentration maxima from Fig. 5. Each grain boundary is
represented by two orientations with respect to either neighbouring crystal. If one of these grain boundary orientations belongs to a frequency
maximum, represented by the bold lines in A–E, the second position is selected and presented in the frequency distribution diagrams; contour and
pole representations; inverse pole figures; equal area projection, upper hemisphere; contour intervals=0.5 [m.u.d.] starting at 1. (A) Orientations of
grain boundaries with second position approximately parallel to (101̄1); (B) (112̄2); C. (202̄3); (D) (213̄3); (E) (516̄6).
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bipyramidal planes prefer mainly the low-index
trapezohedral (213̄3) planes but also the rhombohedral
(101̄1) and (202̄3) planes.

5.2. Effects of statistical bias in the data sets

The preferred grain boundary orientations (Figs. 4–
7) may be effected by crystallographic preferred
orientations of the quartz grains with respect to the
sample (thin section) reference frame. They may be
additionally biased by the inability to measure all grain
boundary inclinations by u-stage. Fig. 8 shows the
distributions of c- and a-axes derived from crystal
orientations, measured by EBSD, and of the grain
boundary poles, measured by u-stage. Diagrams 8A and
8B show crystallographic preferred orientations of the
measured quartz grains. The concentration of the grain
boundary poles along the margin of the equal area



Fig. 7. Presentation analogue Fig. 6. (A) Orientations of grain boundaries with second position approximately parallel to any rhombohedral plane. (B)
Second position approximately parallel to any bipyramidal plane. Inverse pole figure, equal area projection, upper hemisphere; contour intervals=0.5
[m.u.d.] starting at 1.
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projection (Fig. 8C) reflects the u-stage cut-effect plus a
restricted measurability. The latter occurs due to the fact
that the grain boundaries, inclined at low angles to the
Fig. 8. (A) c-axis and (B) a-axes distribution of all measured quartz grains;
contour (bottom) representations. The u-stage reference frame X and Y is sh
centre= lineation; equal-area projection, lower hemisphere; contour intervals
thin section plane, often appear diffuse under the
microscope after their rotation to a vertical position.
The effect of these non-random crystal and grain
(C) distribution of the measured grain boundary poles; pole (top) and
own; with Z down-dipping. Solid lines= foliation; solid circle L in the
=1 [m.u.d.], starting at 1.
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boundary orientation distributions on the preferred
crystallographic orientations of the grain boundaries
are evaluated as follows.

Sets of randomly distributed grain boundary poles
(represented by spherical coordinates) and of randomly
distributed crystal orientations (represented by Euler
angles) are generated. On the basis of these sets, the
orientations of 300 randomly distributed grain boundary
poles, in the crystal system of 25 randomly distributed
quartz grains, are calculated (Fig. 9A). In the same way,
the crystallographic orientations of all measured grain
boundaries, related to 25 randomly distributed quartz
grains (Fig. 9B), as well as of 140 randomly distributed
grain boundaries, related to all measured quartz grains
(Fig. 9C), are determined. 3–5 additional calculations
with different randomly distributed sets show similar
results (not presented here). The random distribution of
grains and their boundaries in the sample reference
Fig. 9. Frequency distribution of grain boundaries represented in the
crystallographic system of quartz. Inverse pole figures, equal-area
projection, upper hemisphere; contour intervals=0.5 [m.u.d.], starting
at 1. (A) 25 randomly oriented quartz crystals, each related to 300
randomly oriented grain boundaries. (B) 25 randomly oriented quartz
crystals, each related to all of the measured grain boundaries. (C) All
measured quartz crystals, each related to 140 randomly oriented grain
boundaries. (D) 350 grain boundaries and 45 quartz crystals, randomly
chosen from all measured quartz crystals and grain boundaries.
frame and the absence of crystallographic control lead to
a random orientation of the grain boundaries in the
crystal system of the grains (Fig. 9A). A similar
distribution is observed if the orientations of random
grain boundaries are represented in the crystal system of
all measured grains (Fig. 9C). Thus, on the basis of Fig.
9C, it may be concluded that the non-random orientation
of the measured quartz crystals does not significantly
change the probability of occurrence of any crystallo-
graphic grain boundary orientation. On the other hand,
the immeasurability of the strongly inclined grain
boundaries slightly increases the probability of occur-
rence of prismatic grain boundaries by 1 to 1.5 [m.u.d.]
(Fig. 9B). Thus, the absence of the u-stage constraints
and measurements of all present grain boundaries might
result in a slightly decreased (up to 1.5 [m.u.d.])
concentration of grain boundaries with 0–20° inclina-
tion to the c-axis and in a slightly increased concentra-
tion of all other boundaries in comparison to the data
presented in Fig. 4. However, the effect of restricted
measurability remains weak because most grain bound-
aries preferentially occur in a belt of ∼25–50° to the c-
axis.

As an additional test, 350 from all 595 measured
grain boundaries are randomly selected and their
crystallographic orientations calculated with respect to
45 quartz grains, randomly selected from all measured
grains and without relationship to the selected bound-
aries (Fig. 9D). As for the randomly distributed grains
and grain boundaries (Fig. 9A), the distribution of
crystallographic orientations shown in Fig. 9D is almost
random with a maximum density of 1.6 [m.u.d.].
Consequently, the crystallographic preferred orienta-
tions of the measured quartz grains and the restrictions
of u-stage measurements do not significantly affect the
observed pattern of crystallographic preferred orienta-
tions of the measured grain boundaries.

5.3. Crystallographic orientation of grain boundaries
at triple junctions

Fig. 10A shows the crystallographic orientation of all
measured grain boundaries at triple junctions, referred to
the crystal system of both neighbouring quartz grains.
The second crystallographic orientation of the grain
boundaries which form distinct maxima with their first
orientations are presented in Fig. 10B–E. The orienta-
tion distribution of the grain boundaries at triple
junctions is non-random, with maxima of up to 3 [m.
u.d.], the strongest ones near to the trapezohedral
(213̄3), to the bipyramidal (112̄1), and to the mean
rhombohedral (101̄1) plane. Compared to the frequency



Fig. 11. Frequency distribution of grain boundary orientations at triple
junctions opposite to dihedral angles of certain size; the grain
boundaries are represented in the crystal system of both neighbouring
quartz grains; inverse pole figures, equal-area projection, upper
hemisphere. (A) Grain boundaries opposite to angles>130° (130–
164°); (B) opposite to angles<110° (90–107°).

Fig. 10. (A) Frequency orientation distribution of all measured grain
boundaries at triple junctions represented in the crystallographic
system of both neighbouring grains. Presented are triple junctions with
three as well as two or one measured grain boundaries. Inverse pole
figures, equal-area projection, upper hemisphere; contour inter-
vals=0.5 [m.u.d.] starting at 1. (B)–(E) Presentation similar to Fig.
6; bold lines encircle selected maxima from diagram A. (B)
Orientations of grain boundaries with second position ∼ ∥ (213̄3);
(C) ∼ ∥ (101̄2); (D) ∼ ∥ (112̄1); E. ∼ ∥ (101̄1).
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distribution of all measured boundaries (Fig. 5), some
similarities are evident, such as increased concentra-
tions parallel to (213̄3) and (101̄1). As for all measured
boundaries, only (213̄3) orientations occur as symmet-
ric boundaries (Fig. 10B). Other preferred orientations,
related to the second neighbouring grain of boundaries
with their first orientations parallel to the (213̄3) plane,
are the bipyramidal (112̄1), rhombohedral (101̄2) or
high-index trapezohedral ones (Fig. 10C–E). Grain
boundaries with the rhombohedral plane (101̄1) as first
orientation have high-index bipyramidal and trapezo-
hedral planes as second position (Fig. 10B). In general,
the grain boundaries at triple junctions tend to be
oriented in low-index rhombohedral or bipyramidal
orientations with respect to one neighbouring quartz
grain and in low- or high-index trapezohedral orienta-
tions with respect to the other quartz grain.

In order to determine the dihedral angles at triple
junctions, the spatial orientations of all three grain
boundaries at the TJ are required. In practice, the
necessary u-stage measurements may not be realizable
because of (i) the restricted inclination of the u-stage, (ii)
the diffuse or irregular shape of buckled grain
boundaries under the microscope, (iii) short and
practically immeasurable segments directly at a TJ.
During the present study full measurements on 12 triple
junctions were performed. Except one, all of them show
deviations of more than 10° from 120° for at least one of
the dihedral angles, suggesting that the majority of the
triple junctions in the measured sample contain angles
different from 120°. Dihedral angles, including mea-
surements from only two grain boundary segments at a
TJ, vary from 90° to 164°, i.e., showing a similar range
as silicate minerals in most metamorphic rocks (Vernon,
1968). These ‘non-equilibrium’ angles point to a strong
anisotropy of grain boundary energies.

The crystallographic preferred orientations of the TJ
boundaries with large (>130°) and small (<110°)
dihedral angles clearly differ from each other (Fig.
11). Similar to the preferred orientation of all measured
grain boundaries (Fig. 5), the TJ boundaries opposite to
large angles concentrate in the “trapezohedral belt”, with
angles of ∼25–50° to the c-axis. In contrast, the
majority of TJ boundaries opposite to small angles avoid
this “belt” and tend to be oriented closer and partly sub-
parallel to the c-axis, i.e., sub-parallel to prismatic
orientations such as (101̄1) and (112̄2).

Fig. 12 represents the crystallographic orientations of
all measured triple lines in relation to the crystal system
of the three neighbouring grains. The triple lines are



Fig. 12. Frequency distribution of the triple line orientations determined
as intersection lines of the grain boundaries at triple junctions and
presented in the crystal system of the three neighbouring quartz grains.
Each triple line is represented by 3 positions. Included are triple lines
based on only twomeasured intersecting grain boundaries. Inverse pole
figure, equal area projection, upper hemisphere; contour intervals=0.5
[m.u.d.], starting at 1.
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preferentially oriented parallel to the pole direction of
certain rhombohedral (202̄3 and 505̄1), bipyramidal
(112̄2 and 224̄1) or high index trapezohedral planes.
However, a larger data set is needed for a more detailed
investigation.

6. Discussion

This study presents first results of investigations on
sutured grain boundaries in dynamically recrystallized
and post-tectonically annealed quartz and it contributes
to the existing concepts of crystallographic orientations
of quartz grain boundaries. Over a period of ca. 10
million years after decline of deformation the studied
quartz experienced temperatures above the recrystalli-
zation temperature of ∼300 °C, i.e., temperatures where
grain boundary migration occurs. Within this period
strain-induced grain boundary migration (Voll, 1960,
p. 520; Spry, 1969) led to sutured grain boundaries.
Since the development of sutured grain boundaries is a
geologically short process, as discussed by Kruhl and
Peternell (2002), it can be expected that the studied
quartz grain boundaries reached their present positions
already during the early stage of post-tectonic annealing.
Consequently, it may be speculated that these positions
did not change during continuous annealing and
represent stable crystallographic orientations for the
given geological conditions.

As shown for statically and dynamically recrystal-
lized quartz (Kruhl, 2001; Kruhl and Peternell, 2002) as
well as for metals and ceramics (Norton and Carter,
1992; Wolf and Merkle, 1992), the quartz grain
boundaries from the present study also consist of
straight segments and tend to facet. Although a curved
boundary would reduce the surface area and thus
decrease the free surface energy, compared to a facetted
one, no curved boundaries are visible in the studied
material on the micrometer scale, i.e., down to ca. 1–
2 μm. Often zigzag structures of different size are
formed. At the TJ, the dihedral angles generally deviate
from 120°. All these observations on the geometry of the
sutured grain boundaries indicate anisotropy of the grain
boundary energies.

Our investigation shows that, as a result of amphib-
olite facies annealing after syntectonic recrystallization,
segments of sutured quartz grain boundaries occupy
crystallographic preferred orientations in a girdle of
∼25–50° to the c-axis (Figs. 4 and 5). Within this girdle
certain maxima of density distribution occur, however,
no clear correlation to low-index planes is visible. This is
valid for both orientations of the segments in relation to
the neighbouring quartz grains. The comparison between
the two orientations of a grain boundary segment to its
two neighbouring grains reveals a more complex pattern
of certain preferred combinations of orientations: (i) low-
index rhombohedral and high-index trapezohedral, (ii)
low-index bipyramidal and low-index trapezohedral or
high-index rhombohedral, (iii) low-index trapezohedral
and low or high index trapezohedral orientations (Fig. 6).
In addition, certain differences in the favourable
orientations between the rhombohedral and bipyramidal
grain boundaries can be recognized. The rhombohedral
boundaries, with respect to one adjoining grain, are often
in high-index orientations with respect to the other grain
and are almost never parallel to a second rhombohedral
plane. In contrast, the grain boundaries with one
bipyramidal orientation prefer certain bipyramidal or
relatively low-index trapezohedral orientations with
respect to the second neighbouring grain. In certain
cases, such as at triple junctions, the boundaries
“distinguish” between the “trapezohedral belts” with a
constant angle to the c-axis, whereas within the belt these
boundaries are distributed relatively randomly (Fig. 10).
This fact argues, on one hand, for energy isotropy within
the same “belt” of trapezohedral orientations with the
same angle to the quartz c-axis, on the other hand, for
energy anisotropy of orientations with different angles to
the c-axis. However, all of these maxima comprise only a
few measurements and the conclusions need to be
confirmed by a larger data set.

In addition, at triple junctions with non-equilibrium
dihedral angles, i.e., angles clearly deviating from 120°,
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grain boundaries opposite to large angles preferentially
show orientations within a 25–50° girdle to the quartz
c-axis whereas grain boundaries opposite to small
angles preferentially occupy orientations away from
this girdle and partly sub-parallel to prismatic planes
(Fig. 11). Since the relative energies of grain or phase
boundaries at triple junctions are reciprocally propor-
tional to the opposing angles (Smith, 1948; Vernon,
2004), it is inferred that quartz grain boundaries
oriented with 25–50° to the c-axis have lower energies
compared to grain boundaries sub-parallel to the c-
axis. Consequently, the preferred orientation of all
measured grain boundaries in the rhombohedral–
trapezohedral belt (Figs. 4 and 5), but most of them
not parallel to rhombohedral or trapezohedral planes, is
interpreted as indication that grain boundaries prefer-
entially occupy low-energy orientations as a result of
post-tectonic annealing. However, it should be kept in
mind that this interpretation is based on only 40 grain
boundaries at triple junctions.

What is the relevance of these results with respect to
the CSL theory which strongly influenced the grain
boundary studies during the last decades, leading to the
distinction between special boundaries of good fit and
low energies (Spry, 1969; Bollmann, 1970; Pumphrey,
1976) and general boundaries without good atomic
coherence and equally high grain-boundary energies? In
general, the studied quartz grain boundaries do not show
preferred low-index or CSL orientations with respect to
both neighbouring grains, i.e., they do not represent
special boundaries. Nevertheless, formation of facets
and buckling of straight boundary segments indicate
occupation of preferred crystallographic orientations
and hence implies an energy reduction of certain general
boundaries.

Our results are in agreement with recent studies on
metals and ceramics which show that no simple
relationship between CSL planes and grain-boundary
energy exists (Wolf and Merkle, 1992; Saylor et al.,
2003). Moreover, atom translations parallel to the grain
boundary plane often disturb the existing CSL (Wolf
and Merkle, 1992) indicating that other mechanisms for
energy minimization are also involved. For quartz,
McLaren (1986) concluded that for the most common
twin types the twin composition plane is determined to
some extend by the plane with the densest CSL. But the
degree of matching across the boundary cannot always
explain the formation of the twin boundaries and other
factors may also exert influence. In addition, a large
number of all boundary types exists, of which CSL
boundaries represent only a small part. Saylor et al.
(2003) distinguish between 6561 boundary types for
MgO, of which less than 1% correspond to coherent
CSL boundaries. This fact implies the statistical
importance of general boundaries.

Finally, during the migration process, a grain
boundary cannot be considered as isolated part of the
texture that can freely “choose” the crystallographic
orientation with lowest energy. The migration of the
grain boundaries is affected by their geometrical
positions within the grain boundary network and by
the crystallographic orientation of the adjoining seg-
ments, so that the achievement of stable orientations
may be constrained by lower mobility of neighbouring
facets caused by their low-energy orientation. At triple
junctions, a low energy orientation of one or two
boundaries or of the triple line itself determines to some
extend the orientation of the third adjoining boundary
and, thus, suppresses the crystallographic control.
Consequently, the number of geometrical and thermo-
dynamic parameters affecting the formation of the grain
boundaries leads to quite different grain boundary types,
so that large data sets are required for a statistical
investigation of grain boundary orientations.

7. Conclusions

Sutured quartz grain boundaries from a metamorphic
rock, resulting from annealing after greenschist to mid-
amphibolite facies deformation, were investigated by
electron backscatter diffraction and universal-stage
methods. For the first time, crystallographic preferred
orientations of straight quartz grain boundary segments
are presented. Measurements of totally 595 segments, in
relation to both neighbouring quartz grains, provide
results as follows.

1. The segments are preferentially oriented in a
girdle of ∼25–50° to the c-axis.

2. In detail, they occupy certain rhombohedral,
trapezohedral and bipyramidal but mostly high-
index or irrational orientations.

3. Grain boundaries with a preferred low-index
orientation, with respect to one neighbouring
quartz grain, often also show a specific preferred
orientation with respect to the other neighbouring
quartz grain. However, the second position is not
always a low-index orientation and by far most
pairs of orientations are both high-index or
irrational.

4. In general, twin or other coincidence site lattice
orientations are not preferred.

5. Quartz grain boundary segments with angles of
∼25–50° to the c-axis have lower energies
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compared to grain boundaries sub-parallel to the
c-axis and the preferred occupation of such
low-energy orientations is the result of post-
tectonic annealing under mid-amphibolite facies
conditions.
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