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Abstract

The development of crystallographic preferred orientations (CPO) and grain misorientation distributions (MOD) in
fine-grained (0.5–30 µm) olivine rocks, experimentally deformed by diffusion creep and dislocation creep has been
investigated. The use of electron back-scattered diffraction (EBSD), in a scanning electron microscope (SEM), has enabled
the measurement of CPO in rocks which are too fine-grained to be measured by conventional U-stage methods. Our
objective is to study the influence of deformation and recrystallisation mechanisms on the CPO and MOD. The olivine
rocks studied were deformed in uni-axial compression, in a gas-medium apparatus, to 17–24% strain at temperatures of
1200–1300ºC and 300 MPa confining pressures. The samples show a trend of weaker CPO with lower flow stress which
may be related to an increasing component of grain boundary sliding and diffusion creep. In the diffusion creep regime
the CPO and MOD are weak to random, whereas in the dislocation creep regime the CPO and MOD are non-random
but the MOD is principally controlled by the CPO. These results confirm the idea, based on studies from metals, that the
CPO and MOD in olivine are characteristic of the deformation mechanism. Dynamic recrystallisation during dislocation
creep results in the occurrence of more intermediate-angle (10–40º) grain boundaries than expected from the CPO. In local
areas of complete recrystallisation the MOD is controlled by the CPO which implies that the statistical MOD retains no
signature of the initial recrystallisation process. In the dislocation creep regime small grains have a weaker CPO compared
to large grains. This result is consistent with predictions from deformation mechanism maps which indicate that the fine
recrystallised grains deform by a combination of dislocation creep and grain boundary sliding. The grain boundaries
found in the deformed olivine polycrystals are predominately high-angle boundaries with misorientations between 60 and
117º. No obvious evidence has been found for the occurrence of preferred misorientation, or special, grain boundaries.
 1999 Elsevier Science B.V. All rights reserved.

Keywords: olivine; grain boundaries; texture; misorientations; deformation; dynamic recrystallisation; electron back-scat-
tered diffraction

Ł Corresponding author: Tel.: C31 030 2531199; Fax: C31 030 2537725; E-mail: martynd@earth.ruu.nl
1 Present address: Philips Electron Optics, Building AAE, Achtseweg Noord 5, P.O. Box 218, 5600MD Eindhoven, The Netherlands.

0040-1951/99/$ – see front matter  1999 Elsevier Science B.V. All rights reserved.
PII: S 0 0 4 0 - 1 9 5 1 ( 9 8 ) 0 0 2 5 0 - 9



2 T.F. Fliervoet et al. / Tectonophysics 303 (1999) 1–27

1. Introduction

Measurement of textures or crystallographic pre-
ferred orientations (CPO) in rocks can provide infor-
mation on the kinematics and mechanisms of ductile
deformation and information on the anisotropy of
physical properties in the Earth. For instance, a weak
or random CPO is commonly taken as evidence
for deformation by grain-size-sensitive (diffusion)
creep (e.g. Padmanabhan and Davies, 1980; Karato,
1988; Rutter et al., 1994). Strong CPOs are regarded
as arising from dislocation creep (e.g. Nicolas and
Poirier, 1976; Knipe, 1989). Dynamic recrystallisa-
tion will also affect the microstructure and CPO in
a material (Kamb, 1959; Avé Lallemant and Carter,
1970; Duval, 1979; Burg et al., 1986; Karato, 1988;
Jessel and Lister, 1990; Wenk et al., 1997).

The bulk CPO can be measured by X-ray or
neutron diffraction (Wenk, 1985). Alternatively, the
orientation of, large numbers of, individual grains
can be measured using various microscopy tech-
niques which enable a direct correlation between
the microstructure and the lattice orientation. Such
‘discriminatory’ CPO analysis (Lloyd and Ferguson,
1986; Lloyd et al., 1987; Randle, 1992, 1993; Lloyd
et al., 1997) can also be used to characterise the crys-
tallographic parameters of grain boundaries. These
parameters include the orientation of the boundary
plane with respect to each grain and the misorien-
tation (rotation axis and angle) of the crystal lattice
across the boundary.

Currently there is very little data on grain mis-
orientation distributions (MOD) in rocks and rock
texture analysis has mainly concentrated on ‘bulk’
CPO. Grain boundary misorientation distributions
are interesting because they may provide information
on the processes involved in the formation of a mi-
crostructure. Furthermore, the physical properties of
individual grain boundaries are strongly influenced
by their crystallography (see Palumbo and Aust,
1992; Randle, 1992, 1993; Wolf and Merkle, 1992).
This means that the effect of the grain boundary net-
work on the physical properties of a rock will depend
on the grain boundary misorientation relations.

Recent advances in Scanning Electron Mi-
croscopy (SEM) have enabled discriminatory CPO
measurements to be made in very fine-grained ma-
terials using Orientation Contrast Imaging (OCI)

and Electron Back-Scatter Diffraction (EBSD) pat-
terns (Gottstein, 1992; Randle, 1992, 1993; Prior
et al., 1996). We report the results of a study of
the CPO and grain misorientation distributions in
some experimentally deformed fine-grained (0.5–30
µm) olivine rocks using the EBSD technique. We
compare these results with data obtained from some
coarse-grained naturally deformed olivine rocks us-
ing light microscopy. The main objective of the
study is to investigate the influence of deformation
and recrystallisation mechanisms on CPO and grain
misorientation distributions in upper mantle rocks.

1.1. Terminology

Many terms have been used in the geological and
materials science literature to describe the analysis
of lattice preferred orientations. Within the materials
science literature (e.g. Randle, 1992, 1993) the bulk
texture, also called the macrotexture, of a polycrystal
describes the volume fractions of particular orien-
tations, i.e. without reference to particular grains or
subgrains. A microtexture, on the other hand, is a tex-
ture of individual grains associated with one or more
features of the microstructure. While the macrotex-
ture and microtexture describe grain orientations, the
mesotexture describes the ‘texture between grains’
or more specifically the lattice misorientation across
grain boundaries.

We will use the following terms in this paper.
The bulk lattice preferred orientation (or macrotex-
ture) will be described by the term crystallographic
preferred orientation (CPO). Microtextures will be
described by reference to the type of grains mea-
sured, i.e. the CPO of large grains. The term grain
misorientation distribution (MOD) will be used to
describe the distribution of lattice misorientations
across grain boundaries (i.e. the mesotexture). We
will use these terms because the terms macro, meso
and micro are commonly used in geology to specify
the scale of observation.

2. Experimental techniques and methods

Electron back-scatter diffraction is a scanning
electron microscopy technique which permits mea-
surement of the full or complete orientation of
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grains as small as 0.5 µm (Venables and Harland,
1973; Schwarzer, 1990; Gottstein, 1992; Randle,
1992, 1993). In SEM, orientation contrast imaging
in Back-Scattered-Electron (BSE) mode is possible
by mounting a solid-state back-scattered electron
detector underneath the EBSD detector, i.e. in the
forward-scattered position (cf. Reimer, 1985; Prior
et al., 1996; Van der Wal and Dingley, 1996). In the
resulting image the contrast is related to the orien-
tation of the (sub)grain. By combining orientation
contrast images with EBSD patterns the misorienta-
tion across all the grain and subgrain boundaries can
be determined.

For EBSD analysis, the SEM sections were pol-
ished on a polyurethane lap for 3 h using a sus-
pension of 0.05-µm silicon in water. It has been
found that if the specimen is fine-grained (<50 µm)

Fig. 1. Indexed electron back-scattered diffraction (EBSD) pattern from olivine showing the [100] zone axis. The strong diffraction bands
that intersect the [100] axis produce pseudo-hexagonal symmetry which can cause problems with indexing if the weaker diffraction
bands are not visible.

and tilted to 70º specimen drift is minimal and no
coating was needed in the FEG SEM at 15–20 kV
using beam currents around 0.5 nA (spot size 4–6).
The lack of coating greatly improves pattern qual-
ity, since carbon coated specimens generally produce
weaker EBSD patterns. Observations were taken a
few millimetres away from the edge of the sample to
reduce specimen charging.

EBSD patterns were indexed using the ChannelC

package (Schmidt and Olesen, 1989). Since olivine
possesses pseudo-hexagonal symmetry along the
a-axis (Fig. 1) due to oxygen stacking (Poirier
and Vergobbi, 1978), each solution has been rotated
along the [a]-axes, to check the indexing. The error
in the orientation determination is estimated at less
than 1º (Schwarzer and Weiland, 1988; Schwarzer,
1990; Randle, 1992, 1993).
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Orientation measurements have been used to es-
tablish the misorientation relationship between two
adjacent grains and between subgrains. The misori-
entation between two grains can be described by an
axis of rotation and a rotation about that axis (Randle
and Ralph, 1986; Randle, 1992). The rotation axis
is a direction which is common to both grains or
subgrains about which the first must be rotated by
the angle of misorientation in order to achieve the
orientation of the second (Turner and Weiss, 1963;
Randle and Ralph, 1986). An Excel spreadsheet
has been written for the analysis of misorientation
angles and axes in olivine. There are four equiv-
alent ways of indexing each orthorhombic grain,
and sixteen ways of expressing the misorientation
(Grimmer, 1980). These misorientations occur in
groups of four, with members of each group having
the same angle of misorientation and rotation axes
which are symmetrically equivalent. Consequently,
a misorientation between two orthorhombic grains
can be described in four different — but equiva-
lent — ways, which in turn give four solutions of
the axis=angle pair (Grimmer, 1980; Forwood and
Clarebrough, 1991; Randle, 1993). Any of these four
misorientations may be chosen as they are phys-
ically indistinguishable. Commonly, the axis=angle
pair giving the smallest possible rotation is chosen as
the misorientation (Randle and Ralph, 1986; Main-
price et al., 1993) and this is the approach adopted
in this study. The rotation axes can be calculated
both in crystal co-ordinates as well as in speci-
men co-ordinates. The latter approach can highlight
specimen geometry effects, such as the relationships
between rotation axes and the compression direction
or sense of shear. As the accuracy in the CPO data
is at maximum 1º (Schwarzer and Weiland, 1988:
Schwarzer, 1990), it is assumed that the accuracy
in misorientation angle is as good. This is in con-
trast to light-microscope techniques and TEM, where
the accuracy in the CPO data is 2–5º, resulting in
larger errors (5–20º) in the measured axis=angle pair
of misorientation (see Avé Lallemant, 1985; Flier-
voet and White, 1995). It should be noted that for
small misorientations (generally <2º), this 1º error
in orientation can result in large errors (>10º) in the
orientation of the misorientation axis, whereas the
error in the rotation angle is around 1º (Fliervoet and
White, 1995).

Grain sizes have been measured from digitised
line drawings of the orientation contrast images in
SEM; using the public domain NIH Image pro-
gram version 1.59 (developed at the US National
Institutes of Health and available on the Internet at
http://rsb.info.gov/nih-image/). The grain diameters
were determined by taking the average of the long
and short axis of each grain and were subsequently
corrected for sectioning effects using a factor of 1.2
(cf. Underwood, 1970). As generally the grain sizes
reveal a log normal distribution (Exner, 1972), the
median (Md) of the distribution was taken as a mea-
sure of the grain size; half the inter-quartile range
is taken as a measure of variability, the skewness
(Sk) and kurtosis (Km) are given to characterise the
spread of data around the median (Davis, 1986).
Measurements of grain size using the linear inter-
cept method in the light microscope have also been
used to allow comparison with previous studies on
olivine microstructures. We find that the grain size
expressed as the median of the log-normal distribu-
tion obtained from processing of orientation contrast
images is smaller than the mean grain diameter ob-
tained from light microscopy.

The eigenvalues from the ‘orientation tensor’ have
been used to evaluate the strength of a CPO (Wood-
cock, 1977; Davis, 1986). The eigenvalues have been
calculated using the program Stereonet 4.9.6 (R.W.
Allmendinger; public domain). The strength of a
CPO is defined by:

C D ln.S1=S3/

where S1 and S3 are the normalised eigenvalues of
the CPO tensor. Uniform or random distributions will
have a C ³ 0, strong CPOs have a larger C. The
method assumes that the CPOs are unimodal clusters,
axially symmetric girdles, or some combination of the
two with (near) orthorhombic symmetry (Woodcock,
1977). Therefore, the eigenvalue method must be used
with reference to the contoured CPOs.

3. Crystallographic preferred orientations and
microstructures of experimentally deformed
samples

There has been a vast amount of work on the
deformation of olivine aggregates (Goetze, 1978;
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Fig. 2. Deformation mechanism maps for olivine. The shaded regions show the range of grain size and stress during the deformation
experiment. The grain sizes shown are from light-microscopy measurements because the deformation mechanism maps have been
calibrated using light-microscopy data on grain sizes. The dry olivine map is constructed for T D 1227ºC appropriate for sample 5072.
Sample 6223 was deformed at 1300º and 1250ºC so the strain rate contours shown do not apply to that sample. The positions of the
boundaries between the deformation regimes do apply approximately to sample 6223 because the positions of these boundaries are
relatively insensitive to temperature (Drury and Fitz Gerald, 1998). The maps show that samples 5072 and 6223 were deformed in the
grain-size-sensitive dislocation creep regime with the small recrystallised grains close to the transition to diffusion creep. Sample 4705
was deformed well into the diffusion creep regime.

Karato and Wu, 1993; Drury and Fitz Gerald, 1998).
Three different deformation regimes have been iden-
tified. Two regimes, dislocation creep and diffusion
creep have been known for some time (Karato et al.,

1986) (Fig. 2). In the literature on olivine deforma-
tion the term ‘diffusion creep’ is used to describe
grain-size-sensitive creep with the strain rate propor-
tional to ¦ n and d�m , where n D 1–2 and m D 2–3.
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Table 1
Deformation conditions of samples described in this study

Sample Reference Temp. Flow stress Strain rate Final strain Stress Grain size SEM Grain size
(ºC) (MPa) (s�1) (%) exponent (µm) light micr.

4705 Chopra (1986) 1200 150 1:5ð 10�4 5.0š1.9
1200 28 1:4ð 10�5 0.7 (1–12) 9.5 µm
1200 105 4:3ð 10�4 24.0 1.2

5072 Hitchings et al. (1989) 1227 190 1:3ð 10�5 mean 13 µm
1227 310 4:5ð 10�5 2.7 2.4š1.0
1227 405 1:3ð 10�4 3.8 (0.5–12)
1227 295 4:8ð 10�5 19.8 recryst. 5 µm

6223 Drury (1992, unpubl.) 1300 130 3:6ð 10�5 6.5 3.3 9.2š3.0 mean 19 µm
1250 181 3:1ð 10�5 8.6 (2–30) recryst. 7 µm

DR 89.3 Van der Wal (1993) ³30 ³170 µm

Dreiser Avé Lallemant (1985) ³1–10 1–5 mm

The relative roles of grain boundary sliding and
diffusion in this regime are not known in detail. Re-
cently, for dry olivine two different types of disloca-
tion creep have been identified (Hirth and Kohlstedt,
1995; Drury and Fitz Gerald, 1998), one in which
the strain rate is independent of grain size and the
strength is controlled by the strongest slip system,
and a second regime where deformation is accom-
modated by a combination of glide on the weakest
slip system and grain boundary sliding (Hirth and
Kohlstedt, 1995). A similar regime probably occurs
in wet olivine (Chopra, 1986). We have chosen three
different samples for our study on the variation of
CPO and grain boundary MOD with deformation
conditions. The experimental conditions are listed
in Table 1 and shown on a deformation mechanism
map in Fig. 2. The samples selected include two
specimens from the grain-size-sensitive dislocation
creep regime and one sample from the diffusion
creep regime. We have selected samples from the
grain-size-sensitive dislocation creep regime because
this regime will be important whenever dynamic re-
crystallisation controls the grain size of olivine rocks
(Drury and Fitz Gerald, 1998). All samples were
deformed in Paterson gas-medium apparatus at the
Research School of Earth Sciences of the Australian
National University. Deformation tests were run at
300 MPa confining pressure with the oxygen fugac-
ity limited by the iron jackets. All samples were
synthetic olivine rocks made from hot-pressed natu-

ral olivine (Fo91) powders (Chopra, 1986; Hitchings
et al., 1989; Drury, unpublished work, 1992). The
initial CPO in hot-pressed olivine samples is weak to
random (Karato, 1988).

3.1. Diffusion creep sample (4705)

Sample 4705 (Chopra, 1986) was deformed to
24% strain with added water at 1473 K and under-
went three deformation steps (150, 28 and 105 MPa).
The stress exponent n is close to unity (0.7–1.2). The
olivine grain size (Fig. 3a) is small at 5:0 š 1:9 µm
(Sk: 1.0; Km: 1.0) and fairly uniform (ranging from
1 to 12 µm). This average grain size is roughly equal
to, to slightly smaller than the size of the very few
(5%) subgrains encountered in the larger grains. Al-
though there is a slight elongation of the grains, the
direction of the elongation does not have a strong
preferred orientation (Fig. 5). The olivine grains are
equiaxed with straight to curved grain boundaries,
resulting in a polygonal microstructure (Fig. 3a). A
mean grain diameter of 9.5 µm was obtained by
light-microscopy measurements (Chopra, 1986).

The CPO (Fig. 6a) is fairly uniform for the [a]-,
[b]- and [c]-directions .C ³ 0:3–0:4/. There are
minor, weak maxima of [b]-axes parallel to the com-
pression direction, and of [c]-axes perpendicular to
the compression direction at the edge of the pole
figure. Low-pole density areas are essentially absent
to limited.
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Fig. 3. Orientation contrast, forward-scattered, SEM images of experimentally deformed olivine rocks with the compression axis
horizontal. (a) Polygonal, equant, grain microstructure in sample 4705 deformed by diffusion creep. Larger grains contain subgrains.
Voids occur along grain boundaries and at triple points. (b) Microstructure of sample 5072 deformed by dislocation creep. Large old
grains are surrounded by smaller subgrains and recrystallised grains. Note that many grain boundaries are indistinct in this image.

3.2. Dislocation creep sample 1 (5072)

Sample 5072 (Hitchings et al., 1989) was de-
formed at 1227 K with no added water. The stress
exponent is close to 3. The total strain is around 20%

and the stresses varied between 190 and 405 MPa.
The microstructure (Figs. 3b and 4a) consists of large
grains surrounded by numerous smaller grains. The
grain size is very small at 2:4 š 1:0 µm (Sk: 2.1;
Km: 5.0) but not uniform ranging from 0.5 to 12 µm.



8 T.F. Fliervoet et al. / Tectonophysics 303 (1999) 1–27

Fig. 4. Transmitted polarised light images of experimentally deformed olivine samples. (a) Sample 5072 deformed by dislocation
creep showing bimodal microstructure with large old grains surrounded by smaller recrystallised grains. (b) Sample 6223 deformed by
dislocation creep at lower stress than sample 5072, showing similar but coarser-grained microstructure than (a). Note that in (b) the grain
boundaries have a tendency to be aligned at angles of š45º to the compression axis.

This latter value is greatly influenced by the magni-
fication since many of the larger grains are truncated
at the edge of the micrograph. The mean grain size
calculated from linear intercept measurements in the
light microscope is 13 µm with a recrystallised grain

size around 5 µm. Grains up to 30 µm have been
observed in the light microscope (Fig. 4a). These
large grains show undulatory extinction and have
subgrains roughly 2–5 µm in size. The grains are
elongated with a preferred orientation of elongation
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Fig. 5. Rose diagrams showing the orientation distribution of the
long axis of olivine grains as measured within the experimental
samples (gs D grain size, L=W D ratio of long and short axis, N
D number of measurements; full circle D 10%).

directions into several maxima (Fig. 5). Two of the
maxima are symmetrically arranged at angles of 45º
to the compression direction, one perpendicular to
the compression axis, and one parallel to it. Grain
boundaries are generally curved and serrated sug-
gesting grain boundary migration had occurred. The
shapes of the large grains are very irregular, whereas
the smaller grains are more polygonal.

Although not strong, the CPO in this sample
(Fig. 6b) is stronger than that of sample 4705
.C ³ 0:5–0:7/. The strength of the CPO is most
clearly seen in the [b]-axis pole figure where a
strong maximum has developed sub parallel to the
compression direction .C D 0:7/. The [a]-axes de-
fine a girdle perpendicular to the compression axis.
The CPO of the small number of large grains mea-
sured is stronger .C D 0:7–1:4/ than the CPO of
small grains .C D 0:5–0:7/ (Fig. 7a,b).

3.3. Dislocation creep sample 2 (6223)

Sample 6223 (Drury, unpublished work, 1992)
underwent a complex history. It was first deformed
at 1573 K to 6.5% strain with a final stress of 130
MPa. After two annealing stages at 1573 K for 30
min and at 1523 K for 30 min, the sample was
deformed to another 8.6% strain with a final stress
of 181 MPa. The deformation history was ended
by a 1-h stress relaxation test at 1553 K in which

another 1.9% strain accumulated with a final stress
of 57 MPa. The stress exponent determined from the
relaxation test is between 3 to 4. The total strain was
17%.

The olivine grain size (Fig. 4b) is small at 9:2š3:0
µm (Sk: 1.6; Km: 2.3) but not uniform (ranging from
2 to 30 µm). The microstructure consists of several
large grains surrounded by numerous smaller grains.
These large grains have subgrains roughly 5 µm
in size. The grains are elongated with a preferred
orientation of elongation directions at š45º to the
compression direction (Fig. 5). The mean grain size
estimated from linear intercepts in the light micro-
scope is 19 µm with a recrystallised grain size of 7
µm. Grain boundaries are curved and serrated sug-
gesting grain boundary migration had occurred. The
larger grains have a diamond shape (Drury and Fitz
Gerald, 1998) (Fig. 4b) and commonly show un-
dulatory extinction. Grain boundaries between large
grains are irregular in shape.

The CPO (Fig. 6c) is weaker than in the dis-
location creep sample 5072 but stronger than the
diffusion creep sample 4705 .C ³ 0:4–0:5/. The
[a]-axes define a broad girdle perpendicular to com-
pression axis, whereas a low density area of [b]-axes
occurs in the centre of the pole figure. A higher
density area occurs in the [c]-axis pole figure parallel
to the compression axis. There is little difference in
the strength of the CPO between large and small
grains (Fig. 7c,d). Besides the weaker CPO and the
diamond shape of the larger grains, this sample 6223
has a very similar microstructure (Fig. 4b) to the
dislocation creep sample 5072 (Fig. 4a).

4. Grain misorientation distributions

Grain misorientation distributions can be de-
scribed either by the misorientation distribution func-
tion (MODF) in Euler space (e.g. Mainprice et al.,
1993) or by the distribution of axis–angle data. Mis-
orientation angle–axis data can be represented in
full using Rodrigues–Frank space (Randle, 1993)
or misorientation space (e.g. Lloyd et al., 1997).
All of these methods result in a three-dimensional
plot which can only be presented easily in terms
of projections or sections. The most straightforward
way to present the data is on sections of misori-
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Fig. 7. Pole figures showing the difference in crystallographic preferred orientation of large and small grains in (a, b) sample 5072 and
(c, d) sample 6223. Contour intervals are drawn at 2¦ (Kamb’s method), the compression direction is horizontal, N D 29 (a), 193 (b), 65
(c), 134 (d).

Fig. 6. Pole figures showing the crystallographic preferred orientations: (a–c) experimental samples, (d–e) natural samples. Contour
intervals drawn at 2¦ (Kamb’s method), in (a–c) the compression direction .z/ is horizontal, in (d–e) S is the pole to the foliation
and L the lineation. (a) Diffusion creep sample showing a very weak texture, N D 198. (b) Dislocation creep sample (5072) showing
a maximum of [b]-axes parallel to the compression axes. N D 225. (c) Dislocation creep sample showing a broad girdle of [a]-axes
perpendicular to the main compression direction N D 199. (d) Strong CPO of the garnet mylonite N D 116. (e) Strong CPO of Dreiser
Weiher nodule N D 53 (modified after Avé Lallemant, 1985).
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Fig. 8. Distribution of misorientation angles between adjacent olivine grains. Misorientations below 10º are designated as subgrains and
are shown in a brighter tone. In each histogram, the associated uncorrelated MOD is shown as a thin line (see text for discussion). In
assuming that the CPO of 4705 is random, the histogram in (a) shows the distribution of angles for a statistically random case (see text
for discussion).

entation space which display the misorientation axis
distribution associated with a particular range of mis-
orientation angles. The misorientation space sections

are presented both as inverse pole figures and stere-
onets showing the distribution of axes with respect
to the specimen reference frame. We have also pre-
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sented the data by misorientation angle distributions
(MAD) displayed as a histogram because these plots
are useful in the assessment of the frequency of dif-
ferent types of grain boundary (subgrain boundaries,
general boundaries, special boundaries).

The first step in the analysis of misorientation
distributions is to establish which misorientations
are possible and the probability of their occurrence.
The probability of individual misorientations is de-
termined by the nature and strength of the CPO.
Very strong CPOs produce more low to interme-
diate-angle misorientations, whereas weaker CPOs
produce misorientations closer to a random distribu-
tion. The misorientation probabilities imposed from
the CPO (most commonly termed the uncorrelated
misorientation distribution (Randle, 1992; Mainprice
et al., 1993) can be characterised in several ways
(Randle, 1993; Lloyd et al., 1997). We have obtained
the uncorrelated misorientation distributions by tak-
ing around 5000 randomly selected grain pairs and
calculating their associated misorientation. The grain
pairs include adjacent grains and grains not in physi-
cal contact. This approach is similar to the method of
factorial misorientation analysis described by (Lloyd
et al., 1997). As sample 4705 is essentially random
we have used the uncorrelated misorientation distri-
butions obtained from this sample to represent the
random distribution. The distribution of misorienta-
tion angles obtained (Fig. 8a) is a strongly skewed
distribution with a peak at 90º and a maximum an-
gle of 117º. A similar random distribution has been
calculated by Faul and Fitz Gerald (1999). The re-
stricted range of misorientation axis and angle arises
from the fact that rotations greater than 120º can al-
ways be described by a smaller angle rotation around
a different axis (Grimmer, 1980).

The observed misorientations (obtained from
nearest neighbour analysis, Lloyd et al., 1997)
should be compared with the uncorrelated misori-
entation distribution to determine if ‘significant mis-
orientations’ occur. Significant misorientations may
arise either because certain misorientations have a
low-energy boundary structure (McLaren, 1986) or
because particular deformation or recrystallisation
processes produce characteristic boundary types (e.g.
twinning, or subgrain rotation recrystallisation). In
the comparison between uncorrelated and correlated
MOD, boundaries below 10º are considered to be

Fig. 9. Inverse pole figures showing the forbidden misorientation
axes (shaded areas) at high misorientation-angles.

subgrain boundaries (cf. White, 1976; Buatier et al.,
1991) and are omitted in the comparison. The uncor-
related misorientation axis distributions have been
characterised and for all cases show a random dis-
tribution over all misorientation angles. Chi-squared
.�2/ tests have been performed when comparing the
MADs. At 10% significance, the critical value of
�2 is 12.0 at 7 degrees of freedom. The degrees of
freedom are taken as the number of categories in the
histogram minus 3 (Davis, 1986). As there are gener-
ally very few boundaries having angles >110º, these
are grouped with those of >100º. The comparison
between observed and uncorrelated misorientation
axis distributions has been made using inverse pole
figures or sections of misorientation space.

In the forthcoming sections, the data-sets have
been divided into four subsets: subgrain bound-
aries, 0–10º; intermediate-angle boundaries, 10–60º;
high-angle boundaries 60–90º; and very high-angle
boundaries from 90º to the maximum angle of 117º.
Up to a misorientation angle of 90º the axes of mis-
orientation can occupy the entire unit triangle (cf.
Grimmer, 1980). At high rotation angles, however,
certain misorientation axes are forbidden (Fig. 9).
Therefore, in the inverse pole figure displaying the
axes=angle pairs with very high angles (>90º), a
‘natural’ maximum of axes occurs in the centre of
the pole figure, i.e. near [121] (Fig. 9).

4.1. Diffusion creep sample (4705)

The distribution of misorientation angles between
adjacent grains (Fig. 8b) in sample 4705 (diffusion
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Fig. 10. Misorientation distribution analysis of sample 4705. Misorientation axes are plotted in inverse pole figures in the upper row and
with respect to the specimen reference frame in the lower row of stereonets, with z the compression axis, horizontal. The misorientation
axes show no obvious preferred orientations.

creep) resembles its uncorrelated MOD (Fig. 8a)
with a �2 D 9:3. As noted above this is the sta-
tistically random case (Fig. 8a). There is no strong
preferred orientation of the misorientation axes be-
tween adjacent grains, either in terms of crystal
co-ordinates or expressed in specimen co-ordinates
(Fig. 10). Only the axes of misorientation between
adjacent subgrains show a tendency to plot away
from the [a]-axis.

4.2. Dislocation creep sample 1 (5072)

The distribution of angles of misorientation in
sample 5072 (Fig. 8c) deviates from its uncorrelated
MOD (Fig. 8c), with �2 D 22:5. However, the shape
of the observed MOD still follows that of the un-
correlated MOD (Fig. 8c). All of the difference is
accounted for by the higher frequency of bound-
aries with misorientations between 10 and 20º, and
to a lesser extent to the lower frequency of bound-
aries with a mismatch between 60 and 70º. The
distribution of misorientation axes shows no obvious
preferred orientation either in terms of specimen or
crystal co-ordinates (Fig. 11). Misorientation axes

between adjacent subgrains show a tendency to plot
away from the [a]-axis.

This sample has a ‘bi-modal’ microstructure with
‘large’ (>5 µm) and ‘small’ (<5 µm) grains. Using
this subdivision, the distribution of misorientation an-
gles between large and small grains have been calcu-
lated (Fig. 12). The observed MOD clearly deviates
from its associated uncorrelated MOD .�2 D 40:8/.
There are many boundaries with misorientation an-
gles between 10 and 20º and between 40 and 50º, and
few with angles between 60 and 80º (Fig. 12). At high
angles the mode of the distribution is shifted towards
90–100º. The misorientation axes between these large
and small grains have been divided into two sets and
plotted in crystal co-ordinates (Fig. 12). Care should
be taken with such a procedure as relatively few
boundaries are encountered. The misorientation axes
corresponding to high-angle (>90º) boundaries plot
away from the [c]-axis, whereas those corresponding
to lower-angle boundaries tend to be at a high angle to
[b]. However, those with a mismatch <20º plot near
the [c]-axis. These distributions are clearly different
from the uncorrelated misorientation axis distribution
which has a random distribution.
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Fig. 11. Misorientation distribution analysis of sample 5072. Misorientation axes are plotted in inverse pole figures in the upper row and
with respect to the specimen reference frame in the lower row of stereonets, with z the compression axis, horizontal. The misorientation
axes show no obvious preferred orientation.

The misorientation angles between small grains
(Fig. 12) more closely follow the uncorrelated MOD
.�2 D 11:4/. Too few boundaries between adjacent
large grains were encountered in the sample. There
is no obvious preferred orientation of misorientation
axes between small grains, either in terms of crystal
co-ordinates or in specimen co-ordinates (Fig. 12).

4.3. Dislocation creep sample 2 (6223)

Besides the numerous subgrains encountered in
the sample, the distribution of misorientation angles
between adjacent grains of sample 6223 follows that
of its uncorrelated MOD (Fig. 8d), with �2 D 7:1.
Moreover, the axes of misorientation as described
in both specimen and crystal co-ordinates show no
obvious preferred orientation (Fig. 13). As in sample
5072, this sample consists of several large grains sur-
rounded by smaller grains. The distribution of angles
between ‘large’ grains (>10 µm) clearly differs from
the uncorrelated MOD in that low and intermediate
angles are absent, whereas boundaries with high

angles occur more frequently compared to the uncor-
related MOD (Fig. 14). The distribution of mismatch
angles between small grains (<10 µm) follows that
of the uncorrelated MOD .�2 D 8:1/ (Fig. 14). How-
ever, there is a shift of the mode of the distribution
to 70–90º. The distribution of misorientation angles
between small and large grains is similar to the un-
correlated MOD, but deviates in detail .�2 D 21:3/
(Fig. 14). There are somewhat more low- to inter-
mediate-angle boundaries (10–20º), the mode of the
distribution is displaced towards 90–100º and there
are fewer boundaries with a 50–60º mismatch. The
axes of misorientation show no preferred orientation
(Fig. 14), either in crystal co-ordinates, or in the
specimen reference frame.

5. CPO and grain MOD’s in some naturally
deformed olivine rocks

It is apparent that in the experimental samples
the observed MOD largely follows the uncorrelated
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Fig. 12. Misorientation distribution analysis of sample 5072 with a subdivision on grain size. Histograms show the misorientation angle
distributions. In each histogram, the associated uncorrelated MOD is shown as a thin line. The MOD between large and small grains
clearly differs from that between small grains (see text for discussion).

MOD and only small differences exist between the
two. In samples 5072 and 6223 the frequency of low-
to intermediate-angle boundaries (<20º) is slightly
higher than expected. For 5072 the frequency of
60–70º boundaries is somewhat elevated. In all sam-
ples, the axes of misorientation between adjacent
subgrains show a tendency to be at a high angle to
the [a]-axis. The largest differences occur within the
MOD’s of the separate microstructural domains (or
subsets) (Figs. 12 and 14).

It is important to note, however, that all of the

experimental samples were deformed only to low or
moderate strain of 17–24%. The CPO in the experi-
mental samples are not as strong .C ³ 0:3–1:0/ as
in many naturally deformed olivine rocks .C > 1/.
In this section we describe the CPO and MOD’s of
two naturally deformed olivine rocks: a garnet-spinel
mylonite (DR 89.3) from the Ronda peridotite (Van
der Wal, 1993) and a lherzolite xenolith from Dreiser
Weiher, Germany (Avé Lallemant, 1985).

Garnet mylonite. The microstructure is charac-
terised by elongate olivines and minor pyroxene
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Fig. 13. Misorientation distribution analysis of sample 6223. Misorientation axes are plotted in inverse pole figures in the upper row and
with respect to the specimen reference frame in the lower row of stereonets, with z the compression axis, horizontal. The misorientation
axes show no obvious preferred orientation.

grains aligned parallel to the foliation. The olivine
grain size is heterogeneous with a few relict grains
(0.5–1 mm) in a matrix of smaller recrystallised
grains (25–200 µm). The olivine texture (Fig. 6d)
is strong .C ³ 0:8–1:6/ (Van der Wal, 1993). The
olivine [a]-axes are concentrated in a dominant max-
imum sub-parallel to the lineation, with a partial
girdle sub-parallel to the foliation plane and a sec-
ond maximum in the centre of the pole figure. The
[b]-axes are mainly concentrated in a point max-
imum perpendicular to the foliation. The olivine
[c]-axes are concentrated in a point maximum in the
centre of the pole figure. The large grains have orien-
tations similar to the small grains. As argued by Van
der Wal (1993), these CPOs suggest that deformation
occurred dominantly by dislocation creep processes
involving slip on the [100] (010) slip system.

The distribution of misorientation angles between
adjacent grains is shown in Fig. 8e. In general the
observed distribution follows its associated uncor-
related MOD .�2 D 10:4/. It should be noted that
the shape of the uncorrelated MOD differs signifi-
cantly from a random MOD, in that boundaries with

low to intermediate misorientations have a higher
frequency. The misorientation axes show some pre-
ferred orientation (Fig. 15a). Those corresponding
with intermediate misoriented boundaries (10–60º)
tend to be concentrated perpendicular to [a], while
those associated with higher mismatch (60–90º) tend
to be more perpendicular to [c].

The distribution of angles between ‘large’ and
‘small’ grains differs from its associated uncorre-
lated MOD with a high frequency of 20–40º bound-
aries (Fig. 15b). The misorientation axes between
grains with intermediate mismatch angles (10–60º)
show a clear preference to be perpendicular to the
[a]-axis (Fig. 15c). Those associated with higher
mismatches tend to be perpendicular to [c]. The dis-
tribution of mismatch angles between small grains
follows that of the uncorrelated MOD .�2 D 10:9/
(Fig. 15b). There is no obvious preferred orienta-
tion of misorientation axes between small grains in
crystal co-ordinates (Fig. 15c).

Dreiser Weiher nodule. The data have been taken
from (Avé Lallemant, 1985). This nodule is com-
pletely recrystallised with a grain size of about 1
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Fig. 14. Misorientation distribution analysis of sample 6223 with a subdivision on grain size. Histograms show the misorientation angle
distributions. In each histogram, the associated uncorrelated MOD is shown as a thin line. The MOD between large grains clearly differs
from the MOD between small grains and the MOD between large and small grains. The MOD between large and small grains is similar
to the MOD between small grains (see text for discussion).

mm. The grains have a large aspect ratio and are
tabular parallel to (010). Most olivines show pla-
nar subgrains elongated subparallel to (010). The
olivine texture is strong .C ³ 1:0–2:9/ with the
olivine [b]-axes concentrated perpendicular to the
grain elongation. Olivine [a]-axes define a girdle
with a maximum parallel to the grain elongation.

Fig. 15. (a) Misorientation axis distribution analysis of naturally deformed olivine mylonite (DR89.3). Note that for intermediate-angle
(10–60º) boundaries, there is a tendency for many misorientation axes to be aligned away from the [a]-axis. (b) Misorientation angle
distributions of (DR89.3) with a subdivision on grain size. In each histogram, the associated uncorrelated MOD is shown as a thin line.
Although the two MOD’s clearly differ, they tend to follow the associated uncorrelated MOD. (c) Misorientation axes distributions for
sample DR98.3. The axes for intermediate-angle boundaries show a tendency to be perpendicular to [a].

Olivine [c]-axes are (weakly) concentrated in a point
maximum in the centre of the pole figure. The CPO
suggests that deformation occurred dominantly by
dislocation creep processes on the [a] (010) slip sys-
tem. The misorientation angle distribution is shown
in Fig. 8f. The misorientation axes are close to the
[b]-axes (Avé Lallemant, 1985).
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6. Discussion

6.1. Influence of deformation mechanism on CPO

Deformation mechanisms are thought to have a
strong influence on CPO development. Cold-work-
ing and dislocation creep generally results in the
development of a strong CPO. In contrast, deforma-
tion by dominant grain boundary sliding results in a
weak to random CPO in metals (Padmanabhan and
Davies, 1980). Data on the CPO formed by diffusion
creep and grain boundary sliding in rocks is rather
limited. Schmid et al. (1987) and Rutter et al. (1994)
report weak, but not random, CPO in calcite poly-
crystals deformed to large strain by diffusion and
grain boundary sliding. Karato (1988) found a weak
CPO in an olivine sample deformed to 8% strain
in the diffusion creep regime but the significance of
that result is limited because of the low strain. Our
data confirm that the olivine CPO remains weak to
random in the diffusion creep regime at strains up to
24% uni-axial shortening.

Our high-stress dislocation creep sample (5072)
has a significant CPO typical for olivine deformed
in uni-axial compression (Avé Lallemant and Carter,
1970; Nicolas et al., 1973; Daines and Kohlstedt,
1997). The larger grains have a stronger CPO than
the smaller equi-axial grains. The deformation mech-
anism map in Fig. 2 shows that the small grain size
fraction plots close to the transition between diffu-
sion creep and dislocation creep. The weaker CPO in
the small grains may be a signature of deformation
by a combination of dislocation creep and diffusion
creep in the fine-grained fraction.

The lower-stress dislocation creep sample (6223)
has been deformed to moderate strain yet the CPO is
weak compared to other olivine samples deformed to
lower total strains (Karato, 1988; Daines and Kohlst-
edt, 1997). There is also no difference in the strength
of the CPO for large and small grains. Interpretation
of this sample is made difficult by its complicated
history of deformation and annealing (Table 1). The
CPO could be weak for several reasons including
(1) low strain, (2) enhanced grain boundary sliding
(Zhang et al., 1994) as indicated by the diamond
grain structure (Drury and Humpreys, 1988), and (3)
weakening of CPO during annealing.

Our results indicate that a significant CPO devel-

ops in olivine during deformation involving disloca-
tion creep and dynamic recrystallisation after only
10–20% uni-axial strain (see also Avé Lallemant and
Carter, 1970; Karato, 1988; Daines and Kohlstedt,
1997). In contrast, the olivine CPO in the diffusion
creep regime remains weak at strains (24%) which
are large enough for a significant CPO to form in
the dislocation creep regime. These results confirm
the commonly used criteria, mainly based on studies
from metals, that CPOs in olivine can be used as an
indicator of the dominant deformation mechanism.
Note that at high strain in the grain boundary sliding
and diffusion creep regime a weak CPO may develop
(Schmid et al., 1987; Rutter et al., 1994). A possible
example of a weak CPO formed by high-strain, grain
boundary sliding in a peridotite mylonite is described
by Newman et al. (1999).

6.2. Influence of deformation mechanisms on MOD

At present, little is known about the effect of de-
formation mechanisms on grain MOD. The present
study has demonstrated that the strength of an
olivine CPO has a major influence on the MOD.
For large-strain deformation different deformation
mechanisms will produce different CPOs and hence
different MODs (Fig. 16). The experimental samples
we have studied were deformed to low strain by
different deformation mechanisms. In consequence,
the CPOs in all samples are relatively weak and
the differences in MOD between samples deformed
by different deformation mechanisms are not large.
Compared with the diffusion creep sample the dis-
location creep samples have a higher frequency of
intermediate boundaries, a shift in the mode of the
MAD to lower angles and a higher frequency of 10–
20º misorientation boundaries which may be related
to dynamic recrystallisation processes in the disloca-
tion creep samples. At high strains different MODs
will develop in samples deformed by different de-
formation mechanisms (Fig. 16). In the diffusion
creep regime the MOD should remain random, while
in the dislocation creep regime the MOD will be
non-random (Avé Lallemant, 1985) owing to the
development of a strong CPO. Some studies of natu-
rally deformed quartz show that the MODs for rocks
inferred to deform by diffusion and dislocation creep
are very different (Fliervoet et al., 1997, fig. 12).
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Fig. 16. Some examples of misorientation angle distributions
expected for high-strain diffusion creep (a) and dislocation creep
with dynamic recrystallisation (b). Misorientations below 10º are
designated as subgrains and are shown in a brighter tone. The
associated uncorrelated MOD is shown as a thin line; (a) is based
on sample 4705 and (b) is from Avé Lallemant (1985).

For quartz rocks deformed by dislocation processes
with dominant subgrain rotation recrystallisation the
MOD is characterised by low index rotation axes
and a tendency for low to intermediate misorienta-
tion angles (Lloyd and Freeman, 1994; Fliervoet and
White, 1995; Neumann, 1996). These studies sug-
gest that the recrystallisation mechanism also has an
important influence on the grain MOD.

6.3. Influence of dynamic recrystallisation on CPO

For recrystallisation by subgrain rotation the CPO
of recrystallised grains is expected to be similar
to that of the larger old grains (Karato, 1988).
A larger effect on CPO is expected if significant
grain growth occurs during dynamic recrystallisa-
tion (Karato, 1988; Jessel and Lister, 1990). Re-

crystallisation may influence the CPO in several
ways (Humphreys and Hatherly, 1996): (1) prefer-
ential growth or nucleation of grains with partic-
ular (hard or soft) orientations (Duval, 1979; To-
riumi and Karato, 1987; Karato, 1988; Ree, 1990;
Wenk et al., 1997); (2) the preferential elimination
of particular grain orientations (Burg et al., 1986);
and (3) the preferential growth of new grains sur-
rounded by high-mobility, special, grain boundaries,
e.g. CSL boundaries in metals (Gordon and Vander-
meer, 1966; McLaren, 1986).

The CPOs measured in our study are dominated
by small recrystallised grains. The small grain CPOs
are broadly similar to the large grain CPOs with
similar or slightly rotated maxima (Fig. 7). Similar
results have been obtained for rotation recrystalli-
sation in simple shear (Zhang and Karato, 1995)
and from naturally deformed rocks (Mercier, 1985;
Drury and Van Roermund, 1989). In contrast, Avé
Lallemant and Carter (1970) found two types of
CPO for recrystallised grains. The CPO of intra-
granular grains was similar to that of deformed old
grains, whereas, the new grains formed at old grain
boundaries and totally recrystallised samples had a
strong CPO with the [b]-axes subparallel to the com-
pression axis. Toriumi and Karato (1987) also found
two types of grain in recrystallised olivine single
crystals. New grains which had formed by subgrain
rotation had a similar orientation to the relict large
grain (Karato, 1988). Other dislocation-free grains
with a large misorientation from the host, with [b]
sub-parallel to the compression axis, formed along
the new grain boundaries which had previously been
produced by subgrain rotation. The growth of hard,
dislocation-free, grains with [b] sub-parallel to the
compression axis could be a case of stress-controlled
CPO (Karato, 1988). Note that the stress-controlled
CPO model of Karato (1987, 1988) is based on dif-
ferences in the stored plastic strain energy between
grains and is not the same process as stress-induced
recrystallisation proposed by Kamb (1959). The ar-
guments presented by Nicolas and Poirier (1976,
pp. 158–163) against stress-induced recrystallisation
do not apply to the stress-controlled CPO model
(Karato, 1987, 1988).

All of the experimentally deformed samples
which show some evidence of preferential growth
of recrystallised grains with hard orientations (Avé
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Lallemant and Carter, 1970; Kunze and Avé Lalle-
mant, 1981; Toriumi and Karato, 1987; Karato,
1988) were deformed at stresses less than about 100
MPa. In higher-stress samples (Zhang and Karato,
1995; this study) dynamic recrystallisation produces
a CPO broadly similar to the old grains. This type
of CPO may be explained by the combined effects
of crystal plasticity and the preferential growth of re-
crystallised grains with a soft orientation (e.g. Duval,
1979; Wenk et al., 1997). It is clear that further work
is needed to fully understand the effect of recrystalli-
sation and different recrystallisation mechanisms on
CPO in olivine rocks.

6.4. Influence of dynamic recrystallisation on MOD

In the olivine rocks investigated in this study,
there is evidence for the formation of high-angle
subgrains and possibly new grain boundaries by sub-
grain rotation in the dislocation creep regime. The
occurrence of irregular and bulged grain boundaries
and the diamond grain structure in sample 6223
indicate that grain boundary migration was also im-
portant. The subgrain misorientation axes in samples
5072 and 6223 have general orientations suggesting
that the subgrain boundaries form by recovery of [a]
and [c] dislocations. In sample 5072 (high-stress dis-
location creep) and the naturally deformed garnet–
mylonite, the MOD between large and small grains
are non-random. There are more low- to intermedi-
ate-angle boundaries than would be expected from
the uncorrelated MOD. The misorientation axes of
such low- to intermediate-angle boundaries tend to
be perpendicular to the [a]-axis (garnet mylonite)
and the [b]-axis for sample 5072. These preferred
orientations suggest that the geometrically necessary
dislocations which accommodate the misorientations
were produced by [a]-slip in the garnet mylonite and
a combination of [a]- and [c]-slip in sample 5072.
The misorientations for the Dreiser sample (Avé
Lallemant, 1985), with a dominance of low- to in-
termediate-angle boundaries and misorientation axes
close to the [b]-axes are consistent with dominant
subgrain rotation recrystallisation.

The misorientation relationships between large
and small grains are characteristic of a host control
orientation relationship between new and old grains.
Host control can be produced by several types of re-

crystallisation mechanism. For subgrain rotation the
new grains usually retain some orientation relation
with the parent grain with many low to intermediate
grain misorientations (Hobbs, 1968; White, 1973;
Poirier and Nicolas, 1975; White, 1977; Lloyd and
Freeman, 1994). The misorientation axis produced
by single slip should be parallel to a low index
crystal direction (Lambregts and van Roermund,
1990; Buatier et al., 1991; Lloyd and Freeman,
1991, 1994). The misorientation axes of subgrains
in regions of multiple slip can have more general
directions (Buatier et al., 1991; Lloyd and Freeman,
1994; Lloyd et al., 1997). In most cases subgrain
rotation is also associated with significant subgrain
boundary or grain boundary migration (Drury et al.,
1985; Drury and Urai, 1990; Lloyd and Freeman,
1994). High-angle subgrains can be formed by mi-
gration of a subgrain boundary through a region of
cumulative lattice curvature (Drury et al., 1985; Urai
et al., 1986) or by coalescence of subgrains or grains
(Means and Ree, 1988). In these cases the misorien-
tation axis of the new boundary may not be related
to the active slip systems, particularly if different
slip systems are active in different domains of an old
grain. To complicate matters further, once a subgrain
boundary has transformed into a grain boundary the
occurrence of grain boundary sliding can produce
extra rotations which will obscure any preferred mis-
orientations produced by slip (Fliervoet and White,
1995).

New grains nucleated by a combination of mi-
gration and rotation processes can also have an ori-
entation relationship with the host old grain (e.g.
Avé Lallemant and Carter, 1970; Drury and Van
Roermund, 1989, fig. 8). Avé Lallemant (1985) has
documented a clear orientation relationship between
new grains growing inside old grains with com-
mon misorientation angles of 30–60º and 70–90º
(his fig. 10). The misorientation axes show no clear
preferred orientation. If migration recrystallisation
occurs without subgrain or new grain development
(Means, 1983; Urai, 1987) new recrystallised grains
will grow into their neighbours and no particular ori-
entation relationships would be expected. The related
case of preferential growth of new grains surrounded
by high-mobility special boundaries (Gordon and
Vandermeer, 1966) should be reflected in a high
frequency of special misorientations in the MOD.
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There is no clear evidence for the occurrence of pre-
ferred or special misorientation grain boundaries in
any of the olivine samples we have investigated in
this study. Faul and Fitz Gerald (1999) have found
some evidence for the occurrence of some special
boundaries characterised by a 60º rotation around the
[a]-axis. This misorientation corresponds to a CSL
boundary for the oxygen sub-lattice.

The microstructures and the host control rela-
tionship between old and new grains found in this
study suggest that dynamic recrystallisation in the
dislocation creep samples occurred by a general re-
crystallisation mechanism (Drury and Urai, 1990)
with nucleation of new grains by a combination of
both rotation and migration processes. It is empha-
sised that, apart from the host control relationship
between adjacent large and small grains, the MOD is
mainly controlled by the CPO. There is no obvious
evidence for the occurrence of preferred misorien-
tation, or special, grain boundaries. The only clear
‘signal’ of dynamic recrystallisation is present in the
misorientation relations between old and new grains.
In the completely recrystallised areas the MOD is
the same as expected from the CPO and there is no
clear signal that can be related to the occurrence of
any particular recrystallisation processes.

Table 2
Preliminary classification of the relationship between CPO and MOD based on the definitions of recrystallisation mechanisms from
Drury and Urai (1990)

Mechanism CPO Rotation angle distribution Rotation axis distribution

Diffusion creep random to weak random random

Migration recrystallisation (no
subgrains)

strong with
orientation families

controlled by the CPO controlled by CPO

Migration recrystallisation with
high-mobility boundaries (no
subgrains)

strong with
orientation families

high frequency of special
boundaries

high frequency of special boundaries

Migration and rotation with new
grain development

strong (domainal?) more intermediate boundaries than
expected from CPO control when
old relict grains are present.

weak to some preferred orientation

Dislocation creep and rotation
recrystallisation (single slip
system)

strong domainal more low and intermediate
boundaries than expected from
CPO control

preferred orientations parallel to low
index directions

Dislocation creep and rotation
recrystallisation (multiple slip
systems)

strong domainal more low and intermediate
boundaries than expected from
CPO control

weak to some preferred orientation
depending on number and activity of
slip systems

6.5. The role of deformation mechanism versus
recrystallisation mechanisms

Comparison of our results with other studies on
CPO and MOD (Buatier et al., 1991; Lloyd and Free-
man, 1994; Neumann, 1996; Fliervoet et al., 1997;
Lloyd et al., 1997) suggests a preliminary classifi-
cation for rocks deformed to large strains (Table 2).
The CPO produced by migration recrystallisation
should be characterised by the occurrence of orien-
tation families (Urai et al., 1986), whereas the CPO
produced by rotation recrystallisation should be do-
mainal (Garcia Celma, 1982; Pauli et al., 1996).

The scheme in Table 2 is speculative and needs to
be tested and improved. This scheme mainly applies
to the initial stage of dynamic recrystallisation which
usually involves some grain size reduction. At high
strains once a steady-state microstructure (Means,
1989) has developed, recrystallisation is probably
dominated by migration processes such as grain dis-
section, coalescence and amalgamation (Urai, 1987;
Means, 1989). It is clear from Table 2 that there are
limitations in the use of statistical representations
of MOD data. More information on the deforma-
tion and recrystallisation processes may be obtained
from a combined analysis of microstructure, CPO
and MOD (Lloyd and Freeman, 1994; Heidelbach,
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1994; Kunze et al., 1994; Fliervoet and White, 1995;
Neumann, 1996; Trimby and Prior, 1999).

7. Conclusions

(1) In fine-grained olivine rocks experimentally
deformed to 17–24% strain at 1200–1300ºC differ-
ent CPOs and MODs are formed in samples de-
formed by dislocation creep and diffusion creep. The
samples show a trend of increasingly weaker CPO
with decreasing flow stress and grain size which
may be related to an increasing component of grain
boundary sliding.

(2) In the dislocation creep regime a significant
CPO is developed after strains of 17%. In contrast,
the CPO remains weak to random in the diffusion
creep at strains (24%) where a strong CPO would be
developed by dislocation creep and dynamic recrys-
tallisation.

(3) In the high-stress dislocation creep sample
the small grains formed by dynamic recrystallisation
have a weaker CPO than large grains. The weak CPO
of small grains is consistent with deformation by a
combination of dislocation creep, grain boundary
sliding and diffusion creep close to the mechanism
transition between dislocation creep and diffusion
creep.

(4) The CPO has a strong influence on grain
boundary misorientations (MOD). Thus, the defor-
mation mechanism which controls the CPO has an
influence on the grain boundary population. In the
diffusion creep regime the CPO and MOD are weak
to random. In the dislocation creep regime the CPO
and MOD are non-random but the MOD is princi-
pally controlled by the CPO.

(5) The occurrence of dynamic recrystallisation
results in the slight preferential occurrence of in-
termediate-angle grain boundaries. Further work is
needed to determine how the CPO and MOD vary
with deformation conditions and recrystallisation
mechanisms for large strain deformation.

(6) A preliminary classification of the relationship
between CPO, MOD and mechanisms is proposed.

(7) The grain boundaries found in the deformed
olivine polycrystals are predominately high-angle
boundaries with misorientations between 60 and
117º. No evidence has been found for the occur-

rence of preferred misorientation, or special, grain
boundaries.
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