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Abstract Rocks consist of crystal grains separated by
grain boundaries that impact the bulk rock properties.
Recent studies on metals and ceramics showed that the
grain boundary plane orientation is more significant for
grain boundary properties than other characteristics such
as the sigma value or disorientation (in the Earth’s sci-
ence community more frequently termed misorientation).
We determined the grain boundary character distribution
(GBCD) of synthetic and natural polycrystalline olivine,
the most abundant mineral of Earth’s upper mantle. We
show that grain boundaries of olivine preferentially con-
tain low index planes, in agreement with recent findings on
other oxides (e.g. MgO, TiO,, Al,O; etc.). Furthermore, we
find evidence for a preferred orientation relationship of 90°
disorientations about the [001] direction forming tilt and
twist grain boundaries, as well as a preference for the 60°
disorientation about the [100] axis. Our data indicate that
the GBCD, which is an intrinsic property of any mineral
aggregate, is fundamental for understanding and predicting
grain boundary related processes.
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Introduction

Olivine is the most important phase in the Earth’s upper
mantle, where the bulk rock composition varies on average
from lherzolitic to harzburgitic, where the olivine fractions
are normally >60 %. Olivine is of major importance for
Earth’s mantle dynamics and the presence of grain bounda-
ries in olivine and their type might partially be responsible
for attenuation phenomena as well as thermal and diffusion
anisotropy observed in seismic studies (Sobolev et al. 1996;
Hammond and Humphreys 2000; Toomey et al. 2002; Vil-
lagomez et al. 2014). Furthermore, the importance of ani-
sotropic grain boundary properties for fluid (including
melt) percolation has been a field of controversial debate
(Faul 2001; Hiraga et al. 2007; Gardés et al. 2012; Dai
et al. 2013; Ghanbarzadeh et al. 2014). In this contribution,
we focus on the full characterization of all 5 independent
grain boundary parameters for both natural and synthetic
polycrystalline olivine samples, with the goal to determine
the anisotropy of olivine grain boundaries in olivine domi-
nated rocks.

In the introduction, we first highlight the general impor-
tance of grain boundaries and summarize the current state
of knowledge on olivine grain boundaries followed by an
overview on melt distribution on the grain scale as this is a
topic where many studies have been performed.

This is followed by an overview on how grain boundary
properties are studied.

The geometry of grain boundaries and how they can be
characterized in their full parameter space is introduced in
the third paragraph of the introduction, we aim to give the
reader an insight into the most commonly used concepts to
differentiate different grain boundary types.

Finally, the last part introduces the methods to measure
the grain boundary character distribution.
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Grain boundaries in olivine bearing rocks

Grain boundaries are interfaces between two grains of the
same mineral. They represent two dimensional defects of
the crystal structure that affect a number of physical and
chemical properties, such as diffusion, reaction rates, elec-
trical conductivity, or segregation. Examples showing that
element diffusion rates along dislocations and grain bound-
aries are orders of magnitude faster compared to transport
rates through the crystal lattice are given by various authors
(Atkinson and Taylor 1979; Kaur et al. 1995; Hayden and
Watson 2008; Keller et al. 2010; Marquardt et al. 2011).
In addition, grain boundaries and individual dislocations
can evolve to potential fluid pathways in various rocks
[e.g. Worden et al. 1990; Fitz Gerald et al. 2006; Hart-
mann et al. 2008; Kruhl et al. 2013). Another geologically
important process is the capability of grain boundaries to
store incompatible elements by grain boundary segregation
(Hiraga and Kohlstedt 2007). In polycrystalline aggregates
it is not resolved if specific grain boundaries are control-
ling the grain boundary network, as would be the case if
the polycrystal would be made of isomorphic single crys-
tals, each displaying their equilibrium crystal shape (habit).
The equilibrium habit as described in standard text books
(Troger 1967; Deer et al. 1992) has been observed on large
single crystals usually grown in fluid. In this case, the sur-
face energy controlling the habit is different from a poly-
crystal where grain—grain contact dominates the surface (or
interface) energy.

Grain boundary networks in olivine aggregates have pre-
viously been studied with either a focus on deformation and
related development of crystallographic preferred orientation
(CPO) (e.g. Tommasi et al. 2008, 2009; Vauchez et al. 2012)
or with a focus on partially molten rocks (Hirth and Kohlst-
edt 1995; Wirth 1996; Cmiral et al. 1998; Faul and Fitz Ger-
ald 1999; Faul et al. 2004; Jackson 2004; Tommasi et al.
2008). The latter studies generally aim at characterizing the
grain boundary and melt network through the characteriza-
tion of wetting behavior of melt on the interfaces. The chal-
lenge of characterizing grain boundary networks is a result
of the large number of physically distinct grain boundaries
arising from the fact that any grain boundary has a minimum
of five degrees of freedom (see paragraph on grain bound-
ary geometry below). Most observations are time consuming
and hence the number of measurements is limited; statisti-
cally significant conclusions about grain boundary character-
istics where difficult if not impossible to reach. Garapic et al.
(2013) characterized the melt network in olivine aggregates
at relatively high resolution in two and three dimensions
and compared the melt distribution at different melt volume
fractions that indirectly affects properties through the conti-
guity (Takei 1998). Walte et al. (2003, 2005) performed an
in situ study on rock analogues. They found that wetted grain
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boundaries can arise during normal static grain growth as a
result of dynamic events, such as the disappearance of indi-
vidual grains during growth. However, the surface energy
anisotropy of their system was estimated to be negligible
(Walte et al. 2003), which may result in different behav-
ior during growth compared to anisotropic systems. Their
observations of disequilibrium features resulting from grain
growth indicate a relatively continuous porosity—permeabil-
ity relation, similar to the empirical function (traditional) of
Wark and Watson (1998). These results give new input into
the discussion of the threshold versus traditional permeabil-
ity model with the threshold model introduced by Faul in
2001 and described in the next paragraph. Faul and Fitz Ger-
ald (1999) observed that grain disorientations between wet-
ted and dry grain boundaries in a melt containing sample dif-
fer. The authors demonstrate that grain boundaries with 60°
disorientation about [100] have a higher probability of being
melt-free, whereas the interfaces between grains of all other
disorientations are equally likely of being wetted or dry.
They concluded that the wetting behavior is related to the
grain boundary energy and thus grain boundary frequency.

Melt distribution on the grain scale is governed by sur-
face energy minimization, a process potentially related
to seismic attenuation, energy dissipation, and reduced
strength during deformation (e.g. Suzuki 1987; Hirth and
Kohlstedt 1995; Wirth 1996; Cmiral et al. 1998; Faul and
Fitz Gerald 1999; Hiraga et al. 2003; Faul et al. 2004;
Jackson 2004). The prevailing approximation in dynamic
melt segregation, retention and extraction models that aim
at describing internal grain boundary networks is isotropy
of the surface energy (Bagdassarov et al. 2000; Faul 2001;
Wark et al. 2003; Schmeling et al. 2012). Traditional per-
meability models result in dry grain boundaries and wet
triple junctions only, generally these models are geometric
models that include wetting properties in form of dihedral
angles and are applicable to melts and fluid (Takei 1998;
Wark and Watson 1998; e.g. Wark et al. 2003; Takei and
Holtzman 2009), with the principle ideas dating back to
Smith (1948) and von Bargen and Waff (1986). In con-
trast, observations show that melt mostly occupies grain
boundaries in partially molten lherzolites, which resulted
in the suggestion of a unique “threshold” permeability
relation for upper mantle melts, where permeability shows
a sudden jump when grain boundaries start to wet (Faul
2001). Recently, the first models have been developed that
account for grain boundary anisotropy (Becker et al. 2008;
Ghanbarzadeh et al. 2014), however without experimental
calibration.

Studies on grain boundary properties

The study of grain boundary properties can be divided
into two broad categories: (a) studies on individual grain
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boundaries (e.g. bicrystal studies; Pond and Vlachavas
1983; Peters and Reimanis 2003; Campbell et al. 2004;
Marquardt et al. 2011) and (b) studies averaging over many
grain boundaries (e.g. polycrystal studies Farver et al.
1994; Yund 1997; Farver and Yund 2000; Milke et al. 2001;
Dai et al. 2008; Marquardt 2011).

The bicrystal approach has the advantage that struc-
ture of a specific grain boundary can directly be related to
specific properties. To investigate trends of such relations
various bicrystals have to be synthesized and studied. Gen-
erally a main focus of these studies lay on special, e.g. X
grain boundaries. However, it has been established that
most of these so-called “special” interfaces are not particu-
larly common in polycrystals (Saylor et al. 2003b, 2004b;
Vonlanthen and Grobety 2008; Rohrer 2011a), a situation
referred to as the “Sigma enigma” (Randle 2002).

The polycrystal approach either differentiates between
single crystal and grain boundary properties in the most
general way, for example by studying diffusion using depth
sectioning methods in combination with the Whipple-Le
Claire analytical solution (Le Claire 1963; Kaur et al. 1995;
Farver and Yund 2000; Schwarz et al. 2002). Otherwise,
many studies determined the lattice disorientation of all
adjacent crystals to investigate the varying grain boundary
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Fig. 1 Stereology, schematic of the principle. a Sketch of poly-
crystalline sample. The definition of the variables in the reference
frame of the sample is illustrated. The normal vectors to the possible
habit plane, 7, trace a circular arc rotating about the grain bound-
ary trace. b Illustration of possible planes corresponding to the trace
shown in (a). The real habit plane corresponding to the trace is in the
zone defined by planes perpendicular to the trace, f,j - Mg = 0. The
probability that the correct plane is in this zone is 1. The probabil-
ity of sampling planes perpendicular to the observed planar section is

types and their possible influences on grain boundary prop-
erties (Lloyd et al. 1997; Fliervoet et al. 1999; Wheeler
et al. 2001). However, this description neglects the grain
boundary plane orientation. More details on disorientation
and grain boundary plane orientation are given in the para-
graph on grain boundary geometry.

Grain boundary geometry

The general challenge with characterizing grain bound-
ary networks is a result of the large number of physically
distinct grain boundaries arising from the fact that any
grain boundary has a minimum of five degrees of freedom
(5 parameters, Fig. 1) in orientation space: 3 rotations for
the misorientation, and 2 spherical rotations for the grain
boundary plane orientation:

The misorientation (Ag) describes the rotations neces-
sary to bring two adjacent crystals frames (g; and g,) into
coincidence. The three rotation angles in either the sample
or the crystal reference frame are needed for this opera-
tion. The disorientation angle describes the misorientation
with the smallest possible rotation angle out of all sym-
metrically equivalent misorientations that fall within the
fundamental zone (=the parameter space that results from

A Psing
ijk k

[100]

higher than for planes parallel to the surface of the section. The prob-
ability variation is shown in (¢) where poles that plot in the red part
of the zone correspond to the traces that are more probable compared
to those plotting in the blue range. The parameter space of A(Ag,n)
is divided into (d) three lattice misorientation parameters and (e) two
boundary plane orientation parameters. The misorientation space has
93 cells, each of these cells can be stereographically projected giving
the boundary plane normals with 4 x 97 cells (Saylor et al. 2004a, b,
)
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Fig. 2 Hot isostatically pressed forsterite. a Micrograph of a thin
section, using crossed Nichols. b—d EBSD data, depicting the cleanup
procedure preceding the export of the reconstructed grain bound-
ary segments. b Raw EBSD data, grains where pseudo symmetry of
60° around [100] is present have a speckled appearance, two exam-
ples are circled. ¢ Data cleaned for pseudo symmetry of 60° around
[100], furthermore, grains are dilated to a minimum of 25 pixel total
and minimum of 3 pixels in 3 rows, with grain boundaries defined
to a minimum of 3° disorientation. Triple junctions with 120° angles
are stripe-circled. A large grain with stepped grain boundaries is dot-
circled. Arrows indicate some low angel tilt grain boundaries. ¢ The

reduction by the crystal symmetry from the full orienta-
tion space available to the fraction of physically distin-
guishable misorientations. Note that mathematically all
available misorientations are distinct. In the orthorhombic
crystal system there are 8§ symmetry related orientations,
thus the size of the full orientation space is in principle
reduced by a factor of 8.). In the geological literature mis-
orientation and disorientation are usually not differenti-
ated. In this contribution we use the term disorientation
and describe orientations in the Bunge convention with
the three Eulerian angles (¢, @, ¢,) where the first angle
refers to a rotation about the z-axis, the second about the
x-axis, and the third is another rotation about the z-axis.
One can use this convention to either define an orienta-
tion in the sample reference frame or the orientation with
respect to a neighboring grain. The latter specifies the
disorientation, (Ag), that extends to 120° in orthorhom-
bic crystals because disorientations larger than 120° have
symmetry related disorientations with a smaller angle. For
orthorhombic crystals there are 8 equivalent g, represent-
ing the 4 proper and 4 improper symmetry operators for
orthorhombic crystal symmetry. We use only the 4 proper
operators and imply a center of symmetry that is imposed
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same as b but superimposed on the IQ value map. Reconstructed
grain boundary segments for grains disoriented by more than 25° are
overlaid in white. e Length fraction of the grain boundary segments
versus the disorientation angle of the adjacent crystals, the blue curve
shows the normal distribution for orthorhombic crystal lattices. f Ori-
entation distribution function plotted for each crystals [001] direction.
Weak CPO with [001] axis pointing towards the center is displayed.
g Grain boundary plane distribution. {100} surfaces occur more fre-
quently than {010} and {001} displays a normal distribution, with
a relative area ratio of 9:6:5, yielding the simplified crystal shape
shown in (f)

by using a diffraction method (EBSD) to obtain our data.
The inversion of the grain boundary plane orientation must
not be explicitly imposed, but is a result of the method.
This reasoning is given by C,g, where C; (i = 1 to 4) are
the symmetry operators. The disorientation can be given
with respect to the first grain, Ag = C,g,(Cig,)", or with
respect to the second grain Ag = C;g,(C;g;)". This gives a
total of 2 x 4% = 32 equivalent disorientations.

A grain boundary plane is specified by describing its normal
in the reference frame of the crystal lattice (n) using 2 spherical
angles, ® and ¢. For each (Ag) the plane normal in the crystal
reference frame (n) we know the measured planar normal in
the sample reference frame (n’ ) and the non-transposed ref-
erence frame; hence, for Ag = C;g; (ngz)T, n=gCin,
and for Ag = Cjg2(Cig1)”, mn=gCon’.

Doing this for the whole data set and plotting the grain
boundary plane orientations irrespective of the disorienta-
tions of the adjacent crystals yields the grain boundary plane
distribution (GBPD). It is stereographically plotted as poles
to planes in the crystal reference frame (e.g. Figs. Ic, e, 2g).

The grain boundary character distribution (GBCD)
A(Ag,n) represents the relative populations of bounda-
ries with different crystallographic characteristics (simply
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referred to as character) as a function of the three misori-
entation angles and the two plane parameters (spherical
angles) that sum to the full five macroscopic grain boundary
parameters (Saylor et al. 2002, 2003a; Rohrer et al. 2004b).
These five angles are parameterized by ¢1,cos @, ¢,cos6
and ¢, so that the domain can be partitioned into equal vol-
ume units. Each range of /2 is divided into nine discrete
cells, and thus the continuous function A(Ag, n) is approxi-
mated by a discrete set of grain boundary types. A visuali-
zation of the disorientation domain as a three-dimensional
rectangular parallelepiped with indicated parameter ranges
is shown in Fig. 1d to illustrate the concept. Each particu-
lar disorientation is represented by one individual point in
this space, for each disorientation we can plot the distribu-
tion of grain boundary plane normals, n, on a stereographic
projection in the range of 0 < @ < 2w and 0 < cos 6 < 1,
as illustrated in Fig. le (Saylor et al. 2004a; Rohrer et al.
2004b). For each of the 9° misorientation there are 4 x 92
directions for n, and this yields a total of 4 x 9’ (236,196)
cells in the five-dimensional domain. Of these, 59,049
are crystallographically distinguishable in orthorhom-
bic crystal systems. The distribution of internal grain sur-
faces, A(n), has the same symmetry as the crystal. Thus the
GBPD could in principle be displayed in a quarter of the
chosen space. However, displaying the GBPD in a full ste-
reographic projection has become common practice as evi-
dent from previous work. The full projection is consistent
with the GBPD for specific grain boundary disorientations
which have reduced symmetries. Projects of the 1(Ag,n)
depend on five independent parameters and the symmetry
is more complex, therefore the full stereographic net is nec-
essary to display the GBCD and GBPD.

Note that for each grain boundary the plane orientation
is given twice, one time for each of the two adjacent crys-
tals. This results in the additional factor of two to the num-
ber of symmetrically equivalent grain boundaries in the full
domain, thus 2 x 2 x 8> = 256 equivalent grain boundaries
that could be generated from each observation. However,
as we assume a center of symmetry this number is divided
by 2 and is partitioned onto the 4 symmetry equivalent sub-
domains each containing 2 x 4? = 32 symmetry equivalent
grain boundaries.

Geometric concepts to differentiate different grain
boundaries have been developed since the middle of the
twentieth century. The concept to define a grain boundary
included in a bicrystal using these five parameters was first
defined by Morawiec (1998), and is well described in his
book (Morawiec 2010). The concept is based on the five
parameter description of McLean (1957). The grain bound-
ary population is controlled by the grain boundary energy
and lower grain boundary energies result in larger grain
boundary areas represented by the GBCD. The GBCD is
usually displayed linearly in units of multiples of random

distribution (MRD, more details are given in the section
“determination of the GBCD”) (Saylor et al. 2004c). The
GBCD is thus a quantitative description of the amount and
type of grain boundaries that are present in a polycrystal-
line material and, as such, crucial to predict the materials’
physical and chemical bulk properties.

The disorientation between adjacent crystals and its rela-
tion to dislocation spacings is used to distinguish low angle
from high angle grain boundaries. The relation between the
spacing of perfect dislocations, d, the disorientation, 6, and
the Burgers vector length, b, was first proposed by Frank
(Frank 1951) as: d = b/6. The transition from low- to high
angle grain boundaries in most metallic materials occurs
between 10° and 15° disorientation, corresponding to the
angle at which individual dislocation cores at the interface
cannot any longer be distinguished (Bollmann 1962, 1970;
Pond and Bollmann 1979). However, it has been shown
that low angle grain boundaries can occur at disorientations
as large as 21° in olivine (Heinemann et al. 2005) and must
be in the range between 22° and 32° in olivine (Adjaoud
et al. 2012). Furthermore, the geometry of the low-angle
grain boundary at instances allows the deduction of the
active slip system (Friedel 1964; Wenk et al. 1991; Lloyd
et al. 1997): the disorientation axis between the sub-grains
is perpendicular to the net Burgers vector of the dislocation
accommodation the disorientation (Friedel 1964).

High angle grain boundaries are usually divided into
general and special grain boundaries, where special grain
boundaries are distinguished from general grain bounda-
ries by their special geometric orientations between adja-
cent crystals (Brandon 1966; Weins et al. 1969). The geo-
metric relation is often described by the coincidence site
model (Gleiter and Chalmers 1972; Chadwick and Smith
1976; Sutton and Balluffi 1995). To obtain the coinciding
sites, two 3D lattices are super-imposed and rotated/trans-
lated until they coincide at lattice sites [see for example
Fig. 1 of (Hartmann et al. 2010)] and thereby generate a
super periodicity or ‘coincidence super lattice’, CSL. The
>~ value gives the fraction of coinciding lattice points of
the two superimposed lattices, n, >, = 1/n as a character-
istic of the CSL. The CSL relations have been generalized
for non-cubic materials (King and Singh 1994). The exist-
ence of CSL boundaries is a function of the axial ratios.
For a 60° rotation about the [100] axis in forsterite with a
b/c ratio of 1.7 (or ¢/b = 0.586) the corresponding > _-value
is 2. However, if the nearly hexagonal close packed (hcp)
oxygen sub-lattice (Poirier 1975) of the (100) planes in for-
sterite is used to calculate the coincidence site lattice for
the axis/angle pair of [100]/60° the >_-value is 3 (Bollmann
1970; Faul and Fitz Gerald 1999). Even if different geo-
metric constraints are used, it appears that the 60° disori-
entation about the [100] axis combines special character-
istics. The pseudo-hexagonal closed packed oxygen lattice
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in the a-direction in olivine was used to justify the uses of
the hexagonal lattice for CSL calculations (Faul and Fitz
Gerald 1999). This becomes more valuable when incorpo-
ration of Ca in the crystal structure of forsterite results in
a change of the unit cell length, especially in the ratio b/c
(Grimmer 1989; King and Singh 1994). This results in the
formation of pseudo-hexagonal twins of the (011) law, thus
60° disorientation about [100] on (011) planes are formed
(Conrad 1935).

We emphasize that the CSL relation does not specify
the plane of contact between the two lattices, and the two
grains can be joined by different grain boundary planes
with different energies. For each specific CSL, high inter-
face coincidences and thus energetic minima only exist for
certain grain boundary plane orientations which are likely
to occur at the closest packed planes of the correspond-
ing CSL (Rohrer et al. 2004a). Even though well suited
to describe special grain boundaries in specific materials,
these geometrical descriptions are not sufficient to predict
the frequency of general grain boundaries or their physi-
cal or chemical properties (Randle 2002). The term general
grain boundaries refer to all grain boundaries that cannot
easily be described geometrically or by their outstanding
properties.

The importance of the grain boundary plane is evident
seeing that the area formed by different grain surfaces, or
the grain boundary plane distribution (GBPD), is inversely
related to their surface energy (Gleiter and Chalmers 1972;
Sutton and Balluffi 1995; Kim and Rohrer 2004; Pang and
Wynblatt 2006; Dillon and Rohrer 2009; Rohrer 2011a).
This inverse relation of energy and population is well stud-
ied for MgO, TiO,, Al,05 and SrTiO; (Saylor et al. 2003a,
2004a, b; Pang and Wynblatt 2006). Many other phenom-
ena, such as grain growth and abnormal grain growth are
documented and influenced through the GBCD. Unfortu-
nately, studies of the GBPD and GBCD of geological mate-
rials are not present in the geological community, with the
sole exception of a study on rock salt (Pennock et al. 2009).

Determination of the GBCD using EBSD data

The GBCD of a polycrystalline sample can be obtained
from electron backscatter diffraction (EBSD) studies using
automated detection of large numbers of grain orientations
and grain boundary segments (traces). This concept was
fully developed in the field of materials research, mainly
for ceramics and metals (Randle 2002; Rohrer 2007,
2011b; Randle et al. 2008), and determination of the GBCD
has become a valuable tool in the field of ‘grain boundary
engineering’ (Kim et al. 2005; Watanabe 2011). The GBCD
can be measured from 3D EBSD data (e.g. Khorashadiza-
deh et al. 2011), where EBSD maps are recorded on closely
spaced parallel layers, or from 2D EBSD maps analyzed

@ Springer

using stereology (Randle and Davies 2001; Saylor et al.
2004c¢).

3D EBSD data are obtained from direct 3D geometri-
cal data sets (Saylor et al. 2003a) derived from serial sec-
tions of magnesia (MgO, periclase) produced by manual
polishing. The automated EBSD acquisition on each pla-
nar section taking the section distance into account (A#h)
allows for the reconstruction of the three-dimensional
grain boundary network and for specifying the disorienta-
tion (Ag) and the boundary normal direction (n). Li et al.
(2009) have investigated the 3D interfacial network of grain
boundaries in polycrystalline nickel using a combination of
EBSD mapping and focused ion beam for serial sectioning.
The details for aligning the sections and skeletonizing the
internal grain boundary network is given in (Saylor et al.
2003a). While 3D orientation data are favorable, techniques
to obtain 3D data can be challenging and time-consum-
ing. Stereology from 2D EBSD scans provides a feasible
alternative.

Stereology on 2D EBSD to obtain the GBCD is based on
probability distributions of a grain boundary trace observed
in the sample plane; the probability of the surface cutting
a perpendicular grain boundary plane is greater than the
probability of the surface cutting a parallel grain boundary.
This concept is illustrated in Fig. 1a, b, ¢, which is based
on figures from Rohrer et al. (2004b), Saylor and Rohrer
(2002). For this analysis, samples with no or minor crystal-
lographic preferred orientation (CPO) are needed to ensure
sufficient random distribution (Randle and Davies 2001)
and allow for a full characterization of the GBCD (Saylor
et al. 2004c; Rohrer 2007, 2011a; Brandon 2010).

The analysis is based on the fact that the frequency with
which true habit planes (true surface planes of each crys-
tal) are observed greatly exceeds the frequency with which
nonhabit planes are observed (Saylor et al. 2002). If we
consider an arbitrary grain boundary plane, in other words
one segment of a sphere, intersecting with the observed
section (Fig. la) its exact plane orientation is not known.
However, the true habit plane must belong to the set of
planes that include the surface trace, ?,-j, (Fig. 1b), and
planes perpendicular to the section surface are more fre-
quently intersected, thus resulting in a greater line length,
I/;1, than planes inclined to the plane of observation. Math-
ematically the first condition is given by /;j - njjx = 0. The
second condition is expressed by using the angle between Z
and nj, 0, to determine the probability of intercepting the
plane of observation, which is given by sin 6, (Fig. 1c).

The probability that a given length of line on the perim-
eter of a random section plane falls on a plane with the ori-
entation n, defined in the crystal reference frame, g;, is:

p(n') =

Zi,/,k gi”ijk|lij | sin O
sz,k ’l,/| sin Qk
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To determine the crystal shape, knowledge on the relative
habit plane areas is needed. The total length of a set of ran-
domly distributed lines intersecting an area is proportional
to that area, the ratios of the line lengths associated with
each habit plane yields the relative surface area. The areas
of all grain boundary segments are summed into the appro-
priate cells and normalized so that the average value is one.
Because the cells have equal volume, the value of A(Ag, n)
in each cell is a multiple of a random distribution (MRD).
For any specific grain boundary (e.g. 60° [100](011)), the
MRD value is determined by averaging the MRD values of
the corresponding 32 symmetry equivalent cells within the
domain.

MRD and area percent are related by the discretization
of the measurements in the stereographic projection.

Thus, our data are discretized in 10° intervals giving a
total of 81 bins. The multiples of random distribution meas-
ured per bin yields the area fraction.

MRD

————————— = area fraction
No. boxes(bins)

Fraction area x 100 = %

We extracted 3 x 10° grain boundary line segments, these
segments are often a result of summing smaller segments
and provide valuable statistics for evaluating the data using
the stereological method of Saylor and Rohrer (2002).
Grain boundary line segments were evaluated with soft-
ware developed at Carnegie Mellon University. The scripts
were adapted to specifically allow for the evaluation of
orthorhombic crystal symmetry, where the domain needed
for an adequate description of this lower symmetry com-
pared to all previous GBCD studies had to be enlarged,
as described above in the section on the GBCD. Instead
of 1/64th of the full range of parameters in the cubic sys-
tem; for orthorhombic this increases to 1/8th. Consequently
instead 2304 general symmetrically equivalent grain
boundaries in the full domain of the cubic system, only 256
general symmetrically equivalent grain boundaries are pre-
sent in the orthorhombic system, always remembering that
the amount of distinguishable grain boundaries depends on
the angular resolution employed, here 10°.

Furthermore, we wrote a new script to compute the
grain surface most likely complementing the grain surface
in the adjacent crystal grain forming the mutual interface.
In a polycrystalline aggregate the grain boundary plane of
one crystal (or the surface of one crystal) defined in its own
crystal reference frame is joined by a surface plane in the
adjacent crystal, complementing the first crystals surface.
We call this the complementing grain boundary plane. It
is described in its respective crystal reference frame (see
section “grain boundary plane” for more detail). We calcu-
late its statistical likely hood from the grain boundary line

segments observed. To find the grain boundary planes most
likely complementing a specific grain surface [for example
the (100)] we simplify the statistical evaluation previously
described and directly assume that any grain boundary that
has a trace consistent with a (100) plane actually is a (100)
plane. The orientation of the complementary plane in the
second crystal is then computed from the knowledge of the
grain disorientation. This procedure overestimates the real
complementing grain boundary plane distribution, because
not all of the traces consistent with (100) actually have that
orientation. However, because the GBCD previously cal-
culated indicates that this is the most common plane, the
distribution of complements should give a maximum at the
true complement. This hypothesis was confirmed by com-
puting the complement distribution in materials with a high
population of symmetric twins, where the complement is
known with certainty. In all cases, the complement distribu-
tion showed a maximum at the expected orientation.

The here-presented GBCDs of natural and synthetic
olivine aggregates show an anisotropic area distribution.
This is the first study of the GBCD in olivine and the first
GBCD for orthorhombic materials in general. From our
data we will address the following questions of (1) what
are the most common grain boundaries, (2) how relevant
are the specific grain boundaries that have been previously
investigated (Heinemann et al. 2005; Adjaoud et al. 2012;
Ghosh and Karki 2014; Cordier et al. 2014), and (3) how to
represent the distribution of grain boundaries in a polycrys-
talline aggregate?

Samples and methods
Samples

In this paper we investigated two different samples. To
characterize the GBCD we characterized a hot isostati-
cally pressed (HIP) forsterite sample with minor CPO
(Fig. 2f). This sample was constituted from oxide powder
(SiO, and MgO) grown forsterite that was crushed and
used for the final synthesis in an iron jacket at a tempera-
ture of 1200 °C, pressure of 300 MPa for 7 h in a Pater-
son gas medium triaxial apparatus operating at the German
Research Centre for Geosciences (GFZ Potsdam). After the
HIP procedure, the sample had a broad unimodal average
grain size of 60 um. As a natural example, we investigated
a lherzolite mantle xenolith collected from a volcanic plug
in the Auckland island collected by J. Scott [University of
Otago—sample AMED-3 in Scott et al. (2014)]. The sam-
ple has a mean grain size of 3 mm for the olivine grains,
which we accommodate by choosing a larger spacing
between individual EBSD measurement spots. The Mg# of
these olivines is between 89.7 and 90.3.
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Electron backscatter diffraction (EBSD)

For the EBSD measurements, the studied samples were
chemi-mechanically polished for 2 h using an alkaline
solution of colloidal silica in a soft substrate. The crys-
tallographic orientation measurements were carried out
on either coated samples via the automated indexation of
EBSD patterns in a scanning electron microscope in low-
vacuum mode or on uncoated samples at high vacuum
mode. Most of the EBSD analyses were conducted using
a FEI Quanta 3D FEG dual beam machine equipped with
an EDAX-TSL Digiview IV EBSD detector and the TSL
software OIM 5.31 operated at the GFZ Potsdam. For the
EBSD crystallographic mapping we have used the follow-
ing parameters: accelerating voltage of 20 kV, beam current
of 8 nA and working distance of 15 mm. For the HIP sam-
ple we have used a step size of 5 um, whereas for the man-
tle xenolith the step size was 30 um as the grain sizes were
larger. All olivine crystals were mapped using an improved
indexation file employing space group Pbnm, and lattice
constants a = 4.762 A, b = 10.225 A and ¢ = 5.994 A.

For the analyses of the EBSD maps we used the EDAX®
(TSL) OIM software. Grains were defined with a minimum
disorientation of 3°, and this fixes the lower limit for the
smallest grain boundary disorientation. EBSD data meas-
ured on a cubic grid were converted to hexagonal grid. The
quality of the indexing of the Kikuchi-patterns is expressed
as confidence index (CI) ranging from O to 1, where values
above 0.2 are sufficient for correct indexing. Our CI val-
ues were generally higher than 0.2. We used the following
clean-up procedures to remove unindexed and misindexed
pixels: As a first step we corrected for pseudo-symmetry.
Wrong indexing may occur due to the hexagonal pseudo-
symmetry of olivine, where Kikuchi patterns of neighbor-
ing measurements are indexed differently resulting in pix-
els disorientated by 60° about [100], as two solutions fit
similarly well to the Kikuchi-pattern and this ambiguity
will result in low CI values. This can directly be seen in
the EBSD maps where grains of such an orientation look
speckled, with two colors corresponding to the two distinct
orientations (examples are circled in the raw data displayed
in Fig. 2b). This pseudo symmetric misindexing can eas-
ily be recognized when highlighting the respective grain
boundary traces superimposed on a IQ image, if the grain
boundary traces occur on actual grain boundaries, identi-
fied by lower IQ values, than they are real grain bounda-
ries. If the traces are in the interior of grains they can be
discarded as they result from the poor indexing algorithm
(cleaned data are shown in Fig. 2c and superimposed on an
IQ image in Fig. 2d).

Furthermore, we dilated grains to absorb points not
belonging to any grain (defined as a minimum of 2 neigh-
boring points with the same orientation within 3°) which
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are frequent observations along grain boundaries where
two Kikuchipattern overlap. For those at boundaries, the
isolated point becomes part of the grain that surrounds the
majority of the point; if two grains surround the individual
points equally, the point becomes part of the grain with the
highest average CI. The absorbed point takes orientation
and CI of the neighboring grain with highest CI. Dilatation
was set to result in a minimum of 3 rows of a minimum of
3 pixels each, which did not affect the average grain size
determined before and after this procedure. Note, that the
grains considered for further analyses were chosen to have
a minimum size of 25 pixels over at least 3 rows.

The grain boundary traces are reconstructed into seg-
ments. Triple junctions are identified and a straight line
is drawn between them. The segments are dissected into
shorter segments until the tolerance between the recon-
structed line the actual grain boundary is less than twice
the step size used for mapping, a schematic explanation is
given in Fig. 2 in Pennock et al. (2009). In Fig. 2d only seg-
ments tracing grain boundaries formed by disorientations
of the grains higher than 25° are plotted.

Subsequently the exported grain boundary line segments
were evaluated following the description in the introduction
using the scripts developed at the CMU, Pittsburgh.

Transmission electron microscopy (TEM)

Electron transparent foils were prepared at the GFZ Pots-
dam using a FEI FIB200. Foil dimensions are 12 x 10 um?
with a thickness of about 150 nm. The foil was recovered
using the ex situ-liftout technique (Wirth 2004).

Transmission electron microscopic (TEM) investiga-
tions were performed with a FEI Titan 80-200 microscope
at BGI Bayreuth, using conventional TEM, high resolu-
tion (HR)-TEM as well as scanning (S)-TEM modes. The
microscope was operated at an acceleration voltage of
200 kV with an electron beam generated by an extreme
brightness field emission gun (X-FEG) Schottky electron
source. The TEM is equipped with a post-column Gatan
imaging filter (GIF Quantum®SE). In STEM mode, the
high angle annular dark field (HAADF) detector and/or the
bright or dark field (BF/DF) detectors were used to acquire
the signal. For energy dispersive X-ray (EDX) measure-
ments we used the windowless Super X-EDS detector with
4 SDDs.

Results

Sample I The hot isostatically pressed forsterite (Fig. 2a)
shows a microstructure with widely varying grain sizes
(mean 60 pm) and triple junctions are dominated by 120°
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Fig. 3 Sample 1 (HIP)
observation on the nm-scale. a
Scanning transmission electron
micrograph of two forsterite
grains in contact. The left grain
is close to zone axis orientation
and includes two low-angle
grain boundaries that are in
contact to a large-angle grain
boundary. At the triple junc-
tion and along the boundary
precipitates are observed, see
enlargement (c). b At the triple
junction EDS data indicate an
elevated amount of Al (blue
spectra) with respect to the
crystal interior (green spectra)

angles (circles in Fig. 2c) as representative for microstruc-
ture near equilibrium (Fig. 2a-d). Nevertheless, small
angle grain boundaries are present, as also evident from
the disorientation distribution function shown in Fig. 2e.
Some grain boundaries are sutured (Fig. 2c pink grain,
lower middle). Please note that a similar microstructure
with similarly wide grain size distribution has been inves-
tigated to obtain the GBCD and GBPD in SrTiO3 (Saylor
et al. 2004a) and was used to further establish the stere-
ology approach. The calculated random distribution for
orthorhombic materials is plotted for comparison. The
crystallographic preferred orientation of this sample is
weak (Fig. 2f), and might be related to the HIP procedure
and initial compaction. The CPO shows a preferred align-
ment of the c-axis. Figure 1g shows the GBPD, the dis-
tribution of grain-boundary areas averaged over all diso-
rientations. In otherwords, each crystal’s surface area is
displayed as if their crystal lattices were oriented the same.
{100} surfaces occur more frequently than {010} and the
frequency of {001} is close to a random distribution. The
orthorhombic structure is well reflected by three perpen-
dicular diads. The proposed average crystal habit is shown
in Fig. 2h using the area ratios of the three principal habit
planes (using the concept of Kim and Rohrer 2004). TEM
allowed studying the grain boundary structure at the nm-
scale, showing that the grain boundaries are straight or
slightly curved, but at places include precipitates (Fig. 3a,
c). Using energy dispersive X-ray spectroscopy at triple
junctions, we detected elevated Al contents compared to
the crystal interior as shown in Fig. 3b.

Sample 2 The lherzolite xenolith is composed of forst-
eritic olivine (Mg,Fe),Si0,, with an Mg# between 89.7 and
90.3. Enstatitic pyroxene (Mg,Fe),Si,0O4, diopsidic clino-
pyroxene Ca(Fe,Mg)Si,O4 and spinel MgAl,O,. The sam-
ple has a porphyroclastic microstructure characterized by
mm-scale clasts of olivine and pyroxenes, surrounded by
a relatively fine-grained matrix of recrystallized grains of
these three phases (Fig. 4a, b). The presence of subgrain
walls in the olivine porphyroclasts is ubiquitous, and many
have dimensions similar to the recrystallized grains. Due
to the presence of subgrains, the total grain boundary area
is shifted towards lower disorientation angles in the diso-
rientation distribution (Fig. 4c). The recrystallized olivine
grains are predominantly strain free and display triple junc-
tions at 120° angles, suggesting the approaching textural
equilibrium. The CPO of this sample is similar to the one
of the synthetic forsterite sample. It is characterized by
[001] alignment towards the center of the inverse pole fig-
ure (Fig. 4d). According to Scott et al. (2014) the equilibra-
tion temperature in the studied xenolith is around 950 °C.
The GBPD of the natural sample (Fig. 4e) is qualitatively
very similar to that of the HIP sample, with both samples
displaying maxima at the poles of [100], [010] and [001]
planes.

Based on the similarity between the GBPDs derived for
sample 1 and 2, we will further evaluate the statistically
more significant data set from sample 1 where the CPO is
close to random to deduce what are the most frequent grain
boundaries by using two different criteria:
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Fig. 4 Natural Xenolith from
New Zealand. a EBSD map for
all 4 phases. The crystal orienta-
tion is color coded as shown in
the inset. b EBSD map of the
same region as in (a) and same
color code, but here shown are
only the forsterite orientations
after a pseudo-symmetry cor-
rection and a grain dilatation as
described in methods. The grain
size is variable with an average
size of 60 um and low-angle
grain boundaries are frequent.

¢ Length fraction of the grain
boundary segments versus diso-
rientation angle of the adjacent
crystals; the blue curve shows
the normal distribution for
orthorhombic crystal lattices. d
Orientation distribution function
plotted for each crystals [001]
direction. Weak CPO is indi-
cated. e Grain boundary plane
distribution. {100} surfaces
occur more frequently than
{010} and {001} displays a
normal distribution. The general
features are similar to those of
the HIP sample, but with fewer

(7]

length fraction %

statistics 10 0 10 20 30 40 50 60 70 80 90 100 110 120
disorientation angle®

1. We investigated the distribution of grain boundaries in
axis-angle space to find the rotation axis connecting two
grains with a given disorientation. Figure 5 shows the
rotation axis distribution for grain boundaries were the
neighboring grains display a defined disorientation, in
disorientation intervals of 10°. This is called the axis-
angle distribution. The most central observations are:
(1) Low angle grain boundaries, defined as 0°-25° grain
boundaries in accordance with Heinemann et al. 2005 and
Adjaoud et al. (2012), are generally disoriented about the
[010] and [001] axis. (2) At 60° disorientation the pre-
ferred axis of rotation is the [100] axis. (3) At 90° disori-
entation the preferred axis of rotation is the [001] axis.
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The full five parameter grain boundary analysis is
depicted in Fig. 6. Figure 6a shows the disorientation dis-
tribution where low-angle disorientations occur with large
length fractions. In Fig. 6b the axis distribution for 10° dis-
orientations is repeated from Fig. 5 to illustrate its relation.
In Fig. 6¢ the grain boundary plane distribution for 10° dis-
orientations about [010] is displayed. The plot is dominated
by tilt grain boundaries as indicated by their normals being
perpendicular to the disorientation axis. Asymmetric low
angle tilt grain boundaries are frequent as indicated by the
asymmetry of this specific plane distribution.

In Fig. 6d the axis distribution for 60° disorientations is
shown, with maximum at the [100]-axis. Figure 6d shows the
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Fig. 5 Axis distribution at the MRD  area%
indicated disorientation angles. 12y 14.81
The stereographic projection is ié izzi
done along the [001] direction o f11.11
in all stereograms, indicated 8y 9.88
only in the axis distribution of ; giii
10°. Preferred axis of disorien- s 6.17
tation show higher MRD values, 4 fjg
the color scale is variable and B
indicated in the same box as the 108123

respective axis distribution. The
low-angle grain boundaries at
about 10° and 20° disorienta-
tion show a marked preference
for misorientations about either
{010} or {100} axes. High
angle grain boundaries show no
preference of being disoriented
about specific axes, except at
disorientations of 60° and 90°.
This gives 60°/[100] and 90°/
[001] as the most abundant
axes angle pairs that are further
evaluated in Fig. 5

5 40.0
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GBPD for grain boundary planes disoriented by 60° about
the [100] axis, showing maxima in the [100] zone. This sug-
gests a preference for tilt grain boundaries, eventually that
(051);(031);(053);(15 15 16);(212);(0-11) planes seem to be
most frequently involved in these grain boundaries.

In Fig. 6f the GBPD for 90°/[001] grain boundaries
is displayed. The dominant planes are {100}, {010} and
{001} grain boundary plane. The {100}, {010} planes
show that there are asymmetric tilt boundaries with a
(100) plane on one side of the bicrystal and a (010) plane
on the complement, whereas the {001} planes represent
90° twist boundaries about [001] (Fig. 6g). A quantita-
tive evaluation of the distribution shows that about 12 area
% of the total grain boundary area is made of 90°/[001]
tilt boundaries. This analysis at this particular disorienta-
tion, with the 90° disorientation constraint, allows to say
that the vast majority (24 area %) of the grain bounda-
ries are (100)II(010) and (001)II(001). This following

considerations show that also (100)II(100) is a favorable
contact plane.

2. Which are the grain boundary planes that have the
highest likelihood of being in direct contact? We
evaluated the most frequent planes observed in the
GBPD (Fig. 2d), which are the (100) planes. Then we
approximated that grain boundary traces in a zone of
(100) planes are exactly (100) planes, then the orien-
tation of the complementary grain boundary is com-
pletely determined. This procedure yields a very high
probability of (100) grain boundaries being in contact
with (100) grain boundaries (Fig. 7). Considering the
approximation mentioned, the quantitative results in
the distribution for the percentage area can only serve
as rough guide. However, (100)II(100) twist grain
boundaries have a tendency to be present at all disori-
entations.
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Fig. 6 Illustration of displaying the full GBCD. The disorientation
distribution (a) is used to gain a first idea of the disorientations rele-
vant to the system investigated. Besides the peak at 90°, typical for all
orthorhombic crystal systems, the peak at low-angle grain boundaries
is pronounced. Plotting the axis angle distribution (e.g. in this Figure,
and Fig. 6b, d, e) for specific disorientations allows identification of
frequent disorientation axis. b The most important axes of disorienta-
tions at 10° disorientation, ¢ the GBPD at 10°/[010] is dominated by
{100} planes, indicative of tilt grain boundaries. Note that the loca-
tion of high symmetry grain boundary plane normals for pure twist
grain boundaries are parallel to the disorientation axis, whereas tilt
grain boundaries have plane normal that are perpendicular to the
disorientation axis. For any grain boundary plane normals of the two
planes that form the grain boundary are separated by disorientation
angle (an explanatory scheme is given in Pennock et al. 2009). d That
high values of MRD are observed for [100] axis at 60° disorientation.
The corresponding GBPD (e) is dominated by low index planes: from
top to bottom: (051);(031);(053);(15 15 16);(212);(0-11). Tilt bound-
aries are located along the vertical of the GBPD plot and twist bound-
aries would appear as a higher MRD region around the [001] axis,

Discussion

The disorientation distribution of the natural and synthetic
olivine aggregate is similar to the random disorientation

@ Springer

which is not the case. The (0-11) plane belongs to a symmetric tilt
grain boundary of 60°/[100] with (011) planes in contact. The (051),
(031) and (053) planes are asymmetric tilt grain boundaries. The two
remaining planes with higher MRD values are associated with grain
boundaries of mixed tilt and twist character. f For grains that have 90°
disorientations, the [001] axis is the dominant axis of rotation (g). A
plot of the grain boundary plane distribution for the identified axis
and angle reveals that the planes most frequently involved in these
grain boundaries are {010} and {100} planes. Quantitative evaluation
of 90° disorientations: Integration of the population from 85° to 95°
disorientation yields that 17 % by length of the grain boundaries have
this disorientation (a). The analysis in (f) has a discretization of 9
bins per 90° therefore the fraction of grain boundaries evaluated actu-
ally ranges from 80° to 100°, with each bin populated by more than
2.23 area %, yielding 29.4 % of the total area. These grain bounda-
ries are almost exclusively disorientated around the c-axis. g Due to
the mutual 90°/[001] tilt relation between [010] and [100] relation,
nearly 12 area % of the total grain boundary area is made of 90°/
[001] tilt boundaries. Furthermore, 24 area % are made (100)II(010)
and (001)II(001) grain boundaries with 90° misorientation

distribution calculated for orthorhombic crystal systems
as shown by Morawiec (2010), with the exception of the
low-angle grain boundaries. Initial compaction during
experimental synthesis frequently shows the development
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Fig. 7 Analysis of the grain a
boundary contact plane distribu- MRD
tion for (001) planes. In a the
grain boundary plane distribu-
tion from Fig. 1d is plotted. In
b only those grain boundary
planes that are in contact with
(001) planes are displayed.
The interpretation is that (001)
planes are preferentially in
contact with (001) planes

area%

2.23

1.98

of tilt walls parallel to (100), probably resulting from the
dominance of (010)[100] slip system (Nicolas et al. 1973;
Wenk et al. 1991; Tommasi et al. 2008; Farla et al. 2011).
However, the here observed low angle tilt grain boundaries
are aligned parallel (100). The orientation of tilt walls and
analyses of the CPO might allow to give more information
on the mechanism influencing the microstructure (Friedel
1964; Wenk et al. 1991; Lloyd et al. 1997; Wheeler et al.
2001). Here the low-angle grain boundaries are not further
evaluated, as the main focus of the work lies on high-angle
grain boundaries.

Both materials show a weak [001] CPO (Figs. 2f, 3d).
The CPO may imply former processes including dynamic
recrystallization, e.g. subgrain rotation and/or grain bound-
ary migration. The first normally has a minor effect on the
microstructure; the latter can even result in a weakening of
CPOs. Furthermore, static recrystallization may also result
in weak CPOs (Heilbronner and Tullis 2006).

The grain boundary plane distribution reveals that high-
angle grain boundaries are terminated by low-index planes.
{100} surfaces occur more frequently than {010} and
{001} displays the population expected for a random dis-
tribution. This anisotropic area distribution is in agreement
with similar findings on other materials (e.g. MgO, TiO,,
Al,O;) that show a similar preference for low index inter-
nal surface planes that produces an anisotropy in the GBPD
(Saylor et al. 2004b; Pang and Wynblatt 2006; Dillon and
Rohrer 2009; Papillon et al. 2009). The area distribution of
the surfaces in polycrystalline forsterite differs significantly
from the surface area distribution of an olivine single crys-
tal as calculated for single crystals in contact with a fluid or
melt (Watson et al. 1997; de Leeuw et al. 2000; Gurmani
et al. 2011) or the habits of single crystals grown in a fluid
displayed in standard mineralogy books (e.g. Troger 1967;
Deer et al. 1992). These studies agree that the {010} sur-
faces have the lowest energy, followed by the {100} and
the {001} surfaces, respectively. We interpret this differ-
ence with respect to our data to be related to the surface (or
interface) energy, determined by the relative orientation of

GBPD

b GBPD for planes in contact
with (100)

MRD area%
7.41
-5.56
5.93
5.19
4.44
-3.75
2.96
2.23
1.48

-0.74

the two crystals, which is different from the surface energy
of a crystal in contact with a different phase. This is in
agreement with previous conclusions that the grain bound-
ary energy significantly depends on the type of material in
contact with the grain boundary (Pang and Wynblatt 2006;
Papillon et al. 2009), for example segregated impurities,
precipitates or the presence of a melt or fluid.

No preference for special (low ¥ CSL) grain boundaries
of any type is observed in our samples. This may indicate
that grain boundary energy minimization is controlled by
surface energy reduction of the individual grains in con-
tact and not by grain boundary energy reduction through
adapting the grain boundary plane orientation of special
atomic configuration across the interface. Thus it is fur-
ther evidence that the sigma number of a grain boundary is
not correlated with its frequency. The ideal shape or mini-
mum surface energy depends on the material the individual
crystal is in contact with, e.g. another crystal, melt, fluid,
or segregated elements. However, the observation that our
grain boundary segments between triple junctions are not
perfectly straight, but slightly curved lines, indicates that
jags and facets on the nanometer scale allow energy mini-
mization by breaking the grain boundary planes in a man-
ner to obtain as much area as possible of low-index sur-
faces that are also the low energy surfaces for each of the
individual crystals. This observation is in agreement with
the rare observation of twin systems for forsterite domi-
nated olivine. Generally, twinning frequency is related to
calcium content (Larsen et al. 1941) and thus twins are
reported in basic calcium rich alkali-rocks such as olivine
nephelinits (Ankaratite), Melilithbasalts, Polzenite, Venan-
zite etc., which has been observed as early as 1935 (Conrad
1935). In such Ca-rich olivines twins are observed along
{011}, {012} or {031}. These twin laws are generalized
for olivines of all compositions (e.g. Troger 1967; Deer
et al. 1992), but the authors of the present contribution are
not aware of any reported twin example in Ca-free olivines.
Other orthorhombic crystals such as for example aragonite
develop well-known (110)-twin (Wooster 1982; McTigue
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and Wenk 1985; Massaro et al. 2014). We use our data for
the GBPD to construct an average crystal shape (Fig. 1h)
by following the procedure outlined in (Kim and Rohrer
2004) and ignoring planes that have <1.5 % of the full grain
boundary area. We note that maybe not one crystal in our
sample actually has such an ideal shape, because at con-
tacts with neighboring grains the shape is truncated. This
analyses yields area ratios between {100}:{010}:{001}
planes of 9:6:5. Note that the idealized grain shape is not
only relevant in solid-liquid systems, but also in solid—
solid systems as the production of gaps is circumvented by
faceting and thus a model rock formed of the ideal shape
would still show the same surface areas.

Our study indicates no higher probability of grains
being disoriented by 60° than predicted from random
distributions. However, 60° disorientations tend to rotate
about the [100] axis, which is consistent with the pseudo-
symmetry relation in olivine due to its hexagonal closed
packed oxygen sublattice. As surface energy and GBPD
are inversely related, it seems that this specific grain
boundary has a significantly lower energy. This hypotheses
can be confirmed for the symmetric 60°/[100] (011) grain
boundary, where previous numerical simulations find that
this specific grain boundary has indeed a lower free energy
(Adjaoud et al. 2012). This can also result in specific strain
field distributions and thereby affect deformation by grain
boundary migration (Cordier et al. 2014). Our observation
strengthen the observation of Faul and Fitz Gerald (1999),
who found that melt is reluctant to cover 60°[100] grain
boundaries, implying that the grain boundary energy is a
significant factor for grain boundary wetting, melt segre-
gation and extraction. Wetting changes with grain bound-
ary energy changes are in agreement with a recent mod-
eling study (Ghanbarzadeh et al. 2014). However, if Faul
and Fitz Gerald’s (1999) finding is true, grain boundaries
with a 90° rotation about [001] should resist wetting even
more.

Generally, even though our discussion focuses on wet-
ting, the principle of grain boundary energy variation will
also effect grain boundary diffusion or deformation at grain
boundaries, where grain boundaries of higher frequency,
thus lower energy will be harder to deform and have lower
diffusivities.

Summary and conclusion

The grain boundary area distribution of olivine shows that
low index grain boundary planes occur more frequently
compared to random grain boundary planes. The disori-
entation between the adjacent crystals is consistent with a
random distribution, showing that energy minimization is
mainly achieved by surface energy minimization of each
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individual crystal to form grain boundaries with low energy
surfaces. Furthermore, energy minimization seems to occur
by faceting of the grain boundary planes in a manner to
obtain as much area as possible of low-index surfaces that
are also the low energy surfaces for individual crystals in
contact to a neighboring crystal.

The grain boundary area distribution of polycrystalline
olivine therefore resembles the stereographic projection of
an idiomorphic single crystal. We conclude, that the most
frequent grain boundaries in olivine rocks are 90° tilt grain
boundaries about the [001] axis with (100), (010) and (001)
planes in contact. The best approximation for a 3D grain
boundary network is by building a space filling structure
out of our proposed average crystal shape (Fig. 2h).

Finally, we highlight that the GBPD and GBCD are
intrinsic material properties (Rohrer 2007, 2011a), and
that observed GBPD and GBCD differences in differently
produced synthetic and natural rocks will affect the overall
grain boundary network properties. Therefore, the GBCD
should be carefully evaluated for materials subject to defor-
mation experiments, especially in deformation regimes
where grain boundary sliding and grain boundary diffusion
are expected. Furthermore the GBCD will affect diffusion
rates at low temperatures and thus alteration rates.
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