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ABSTRACT Microstructures in minerals from ultrahigh-pressure metamorphic (UHPM) terranes are keys to
understanding the rheological properties and the exhumation mechanisms of rocks from subduction
zones. Kyanite-bearing whiteschist, associated with eclogite lenses, is part of UHPM unit II located
south-west of Lake Zheltau in the Kulet region of the Kokchetav Massif. The equilibrium assemblage is
kyanite + garnet + talc + phengite + coesite/quartz. Previously reported peak pressure–temperature
(P–T) conditions are �3.5 GPa at 750 �C. A strong foliation is defined by the talc and phengite, with a
corresponding weak shape preferred alignment of kyanite. Crystallographic orientation maps and
analysis of kyanite blades were performed using electron backscatter diffraction methods. The data are
consistent with a (100)[001] slip system for the formation of undulose extinction and kink bands in
kyanite. Rotations measured across individual kink bands are 10–50� about <010>, and rotations along
kyanite with undulose extinction are up to 50� about <010> with variations between adjacent points
typically <2�. The undulose extinction is interpreted to have developed through crystal plastic
deformation by dislocation creep. Kink bands mark the development of high-angle grain boundaries by
dislocation climb. The deformation of kyanite occurred in the fault-bounded terrane during the
exhumation of the Kokchetav Massif.

Key words: electron backscatter diffraction; Kokchetav; kyanite; microstructures; ultrahigh-pressure
metamorphism.

INTRODUCTION

Kyanite is a common mineral formed in regionally
metamorphosed pelitic sediments and in ultrahigh-
pressure (UHP) metamorphosed whiteschists. In this
paper, orientation maps of kyanite collected by elec-
tron backscatter diffraction (EBSD) methods are pre-
sented for the first time to characterize the internal
microstructures of this important Al2SiO5 polymorph.
The analysed kyanite, displaying undulatory extinction
and kink bands, is from the UHP metamorphosed
whiteschists of the Kokchetav Massif, Kazakhstan
(Fig. 1a).

Ultrahigh-pressure metamorphism refers to the
metamorphism of crustal rocks in subduction zones at
pressures high enough to crystallize the index mineral
coesite (a high-pressure polymorph of quartz requiring
a minimum pressure of >2.7 GPa at >600 �C) or
diamond. Prior to the initial discoveries of coesite in
upper crustal rocks (Chopin, 1984; Smith, 1984), coe-
site and diamond were thought to occur only in
meteorite-impact craters and mantle xenoliths. The
discovery of upper-crustal rocks metamorphosed to
UHP has changed our understanding of crustal-scale
processes in continental collision zones (cf. Liou et al.,
1994; Hacker & Liou, 1998; Ernst & Liou, 2000), by

challenging existing views about subduction and
exhumation.

Recently, microstructural analyses of minerals in
UHP metamorphic terranes by electron microscopy
have begun to lend new insights into the deformation
mechanisms of the minerals, and into the strain rates
and stress limits in subduction zones. For example,
Hwang et al. (2001) used analytical electron micro-
scopy to document defect microstructures produced by
semi-brittle deformation in minerals from the Sulu
UHP terrane; they interpret these to indicate a high
strain rate >10)11 s)1 corresponding to rapid and
episodic exhumation. Zhao et al. (2005) further noted
that strain in the Sulu UHP terrane is localized into
narrow shear zones in which omphacite, phengite and
kyanite accommodate strain through plastic deforma-
tion, concluding that the requisite stress in the sub-
duction zone is much higher than previously thought,
on the order of tens of MPa. Similarly, Terry &
Heidelbach (2005) used EBSD methods to analyse
microstructures of plagioclase, omphacite, garnet and
ilmenite from the UHP Western Gneiss Region of
Norway to derive upper stress limits of 100–150 MPa
and lower strain rate limits of 10)12 s)1 within shear
zones of the UHP terrane. Turning to the UHP Dora
Maira Massif in the Western Alps, Lenze et al. (2005)
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used EBSD methods to document mechanical twins in
jadeite and kink bands in kyanite concluding that
deformation took place in an inhomogeneous stress

field with local differential stress >0.3 GPa. These
examples show that microstructures in minerals from
UHP metamorphic terranes are keys to understanding
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Fig. 1. (a) Location map of the Kokchetav Massif (*) in northern Kazakhstan. (b) Geological map (simplified from R. Zhang,
personal communication) of the Kokchetav Massif. The whiteschist sample described in this study is from the Zerenda series, unit IIb,
as indicated, south of Kulet lake.
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Fig. 2. Photomicrographs of kyanite taken in cross-polarized light. (a) Undulatory extinction in kyanite; photomicrograph corres-
ponds to Fig. 4. (b) Undulatory extinction and kink band in kyanite; photomicrograph corresponds to Fig. 8.
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Fig. 3. Kyanite pole figures (equal-area) show no strong crystallographic-preferred orientation. Pole figures were constructed using
one point per grain for the 47 kyanite grains observed in a single thin section of whiteschist.
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the rheological properties and the exhumation mech-
anisms of rocks from subduction zones in so far as the
microstructures reflect the deformation processes.

REGIONAL GEOLOGY AND SAMPLE
DESCRIPTION

The whiteschist sample under study was collected
south of Lake Zheltau in the Kulet region from
ultrahigh-pressure metamorphic (UHPM) unit II of
the Kokchetav Massif (Fig. 1b). The UHPM unit II
includes the well-studied diamond bearing rocks of the
Kumdy-Kol area and coesite-bearing whiteschist and
eclogite of the Kulet area. Diamond-bearing dolomitic
marble from Kumdy-Kol underwent peak metamor-
phism of 4–6 GPa, �1000 �C (Zhang et al., 1997) at
530 ± 7 Ma (Claoue-Long et al., 1991). Peak condi-
tions for whiteschist of the Kulet area are 3.5 GPa,
720–760 �C (Parkinson, 2000) with monazite inclu-
sions in garnet of associated eclogite dated at
500 ± 3 Ma. Detailed mapping of Parkinson (2000)
revealed that the composite lenses of whiteschist and
eclogite are restricted along a fault bounded terrane
south of Lake Zheltau.

Equilibrium assemblage for the whiteschist is
kyanite+garnet+talc+phengite + coesite/quartz. Kya-
nite grains, up to 10 mm in length, display a weak shape
preferred alignment that corresponds to a strong foli-
ation defined by talc and phengite. Most kyanite grains
in the matrix are euhedral and exhibit undulose extinc-
tion (Fig. 2a). A few kyanite blades contain one or more
kink bands (Fig. 2b). Kyanite inclusions in garnet are
rounded, subhedral with no undulose extinction or kink
bands. Garnet, �2 mm in diameter, is equant and sub-
to euhedral.

ANALYTICAL METHODS

An EBSD system uses backscattered electrons emitted
from a specimen in a scanning electron microscope
(SEM) to form a diffraction pattern that is imaged on a
phosphor screen. Analysis of the diffraction pattern al-
lowsmeasurement of the crystallographicorientationof a
mineral, and the calculation of misorientation angles
between any two measurements (Prior et al., 1999). The
EBSD studies were conducted at Bowdoin College on a
LEO 1450VP SEM outfitted with an HKL Nordlys II
detector and CHANNEL 5CHANNEL 5 software (software details in
Schmidt & Olesen, 1989). The sample was prepared by
taking a standard polished thin section weighted with a
halved brass rod and polished an additional 6 h in a non-
crystallizing colloidal silica suspension on a Buehler
Vibromet2 vibratory polisher (SYTON method of Fynn
& Powell, 1979). The thin section was not carbon coated;
charging was minimized by using a chamber pressure of
10 Pa, combined with the 70� tilt. Operating parameters
for collectingEBSDpatternswere anaccelerating voltage
of 20 kV, a working distance of 25 mm, and a beam
current of 2.2 nA. CHANNEL 5CHANNEL 5 acquisition and indexing

settings were 4 · 4 binning, high gain, Hough resolu-
tion ¼ 75, 7 bands, and 80 reflectors. Lattice parameters
for the kyanite match unit (reflector file) were from
Comodi et al., 1997. Mean angular deviations (MAD)
between the detected Kikuchi bands and the match unit
simulations were <1�. Data were post-processed by
removing observed systematic misindexing (180 ± 5�
about <411> and <003>) and by removing wild
spikes. A wild spike is an isolated measurement point
with a wrong indexing solution that is recognized
because it differs significantly from adjacent measure-
ments; it can occur when poor patterns are generated,
such as when there is sample damage, a crack, or dis-
location cluster (Day & Trimby, 2004). Pole figures
show upper and lower hemisphere direction projections
that contain data, because all crystal directions may be
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Fig. 4. Orientation map of undulatory kyanite (same grain as
Fig. 2a) is grey scaled with a texture component from 0–50� (light
grey to black) relative to the Euler angles of the * point at the top
centre of the grain. The black spots in the top right are misindex-
ing. The 3D crystals, with labelled crystallographic axes, show
orientations as viewed looking down on the thin section.
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distinguished in triclinic crystals; most figures also show
projection of poles to planes, because in triclinic crys-
tals the low-index directions are not parallel to the
poles of these planes (cf. Prior & Wheeler, 1999 and
Wenk et al., 1986).

CRYSTAL PREFERRED ORIENTATION

No crystallographic preferred orientation (CPO) for
the matrix kyanite in the sample was discernible.
Kyanite shows a weak shape preferred alignment that
corresponds to a strong foliation defined by talc and
phengite. To evaluate whether the weak shape pre-
ferred alignment corresponded with a CPO, pole fig-
ures were constructed using one point per grain for the
47 kyanite matrix grains observed in a single thin
section of the whiteschist (Fig. 3). The distribution on
the pole figures does not appear to be completely
random, but with 47 data points, the statistics are not
sufficient to determine whether or not the CPO is in-
deed random.

ORIENTATIONS FOR KYANITE SHOWING
UNDULOSE EXTINCTION

Most kyanite blades in the sample matrix exhibit
undulose extinction when observed under crossed po-
lars in a petrographic microscope. Orientation maps
for portions of five such kyanite were obtained by
EBSD methods. One kyanite showing undulose
extinction (Fig. 2a) is fully analysed and presented here
(Figs 4–7); data for other grains are comparable.

This example of an undulose kyanite (�5000 ·
1500 lm) shows a 50� change of orientations along its
length (Figs 4 & 7c). The grain is fractured; the ori-
entation of the lower and upper portions of the grain
have been shifted relative to each other (crystal models

on Fig. 4). Points from the upper portion of the grain
plot in distinct clusters on the <010> and [010] equal
angle pole plots. There is �38� dispersion of orienta-
tions for the <100>, <001>, [100] and [001] contoured
pole plots (Fig. 5a,b).
The clusters of data on the <010> and [010] plots

suggest that rotation is about one of those. The
misorientation (rotation) axis was determined by bi-
secting the [001] and [100] data dispersions (Fig. 6a).
The intersection of these two bisections marks the
misorientation axis. The uncertainty of the misorien-
tation axis is influenced by the misorientation angle
and by the accuracy of the orientation measurement;
error estimate for the misorientation axis can be cal-
culated as sin dmax ¼ sin r/sin(h/2) where is dmax is the
maximum deviation, r is the measurement accuracy,
and h is the rotation angle (methods of Kruse et al.,
2001). For this kyanite, the rotation angle is taken as
the dispersion of the contoured data (38�) and the
measurement accuracy as 1� (maximum MAD for this
sample, and also the estimate for absolute orienta-
tions by Trimby et al., 1998) calculating dmax of 3.1�.
A circle of error around the graphically determined
misorientation axis intersects <010> and does not
intersect [010]. Rotation about <010> is consistent
with the (100)[001] glide (Fig. 6b) suggested by pre-
vious researchers (cf. Mügge, 1898; Raleigh, 1965;
Lenze et al., 2005).
To further evaluate the rotation about <010> with

(100)[001] glide necessitates graphically determining
the (100) postulated slip plane and the pole to that
plane (Fig. 6c), and evaluating whether the observed
dispersion of data are consistent with a twist or tilt
boundary plane. Small circle dispersion about <010>
as well as a twist boundary plane drawn through the
pole to (100) do not completely model the dispersion of
[001] and [100] (Fig. 6d,e). A boundary containing
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Fig. 5. Pole figures (equal angle) for the
upper portion (above fracture) of the undu-
latory kyanite in Fig. 4. Contoured data for
(a) crystallographic directions and (b) plane
normals are plotted from 53 653 analysis
points on equal angle stereonets. Note that
the poles to planes are not the same as the
crystal directions for monoclinic crystals;
specifically, the [010] plot is noticeably dif-
ferent than the <010> plot. All upper and
lower hemisphere crystal directions were
plotted, only plots with data are shown.
Grey scale contours show densities for the
mean unit deviation (mud) which is the ratio
of the frequency of a specific orientation to
the frequency of equally partitioned
orientations. Points cluster on the <010>
and [010] plots and show 38� dispersion on
the <100>, <001>, [100], and [001] plots.
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both twist and tilt components (Fig. 6e) seems to more
fully describe the dispersion of orientations observed in
this undulatory kyanite.

Orientations along a linear transect through both
portions of the fractured undulatory kyanite show a
progressive change accommodating over 50� rotation
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Fig. 6. Combined data from Fig. 5 on lower hemisphere equal angle pole figure for analysis. (a) Misorientation axis graphically
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crystallographic direction is interpreted to be the rotation axis, because it overlaps with the misorientation axis. (b) Simplified sketch
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(Fig. 7a,b). Point-to-point variations (8 lm step size)
along the transect are all <4�, with most <2�
(Fig. 7c). These small point-to-point variations yield
no mappable low-angle boundary traces (>2�).

ORIENTATIONS FOR KINK BANDED KYANITE

While nearly all kyanite grains in the sample matrix
show undulose extinction, few have kink bands as
observed with light microscopy. One kyanite blade
(�1500 · 400 lm; Fig. 2b) exhibits undulose extinc-
tion, has one kink band that completely crosses its
width, and has two partial kink bands that extend only
�150 lm from each side. These observed characteris-
tics suggest it is an appropriate grain to evaluate for
the development of kink bands in kyanite.

The kyanite shows up to 45� change of orientations
along its length (Fig. 8). Crystal direction models
show apparent rotation of axes about <010>
(Fig. 8). Points from the top, kink, and bottom por-
tions of the grain plot in distinct clusters on the
<010> and [010] equal angle pole plots (Fig. 9).
There is 32–34� dispersion of orientations for the
<100>, <001>, [100] and [001] contoured pole plots
for the above and below kink portions of the grain
(Fig. 9).

Similar to the undulose kyanite example, the data
cluster on the <010> and [010] plots for the kink-
banded kyanite. The misorientation (rotation) axis was
graphically determined as the intersection of great
circles bisecting the [001] and [100] data dispersions
(Fig. 10a) with a calculated error estimate of 3.4�
(method as outlined for the undulose kyanite). A circle
of error around the misorientation axis intersects
<010> and does not intersect [010] (Fig. 10a).
Rotation about <010> for the kink-banded kyanite

is consistent with the (100)[001] glide discussed for the
kyanite with undulose extinction. However, for this
example, a twist boundary appears to model the dis-
persion of orientations fairly well without necessitating
a substantial tilt component (Fig. 10b,c). The orien-
tation data for the kink band fits the same modelled
twist boundary as that for the non-kink portions of the
kyanite (Fig. 10d).
Orientations along a linear transect across the kink-

banded kyanite show a generally progressive change
corresponding to dispersion with a discrete jump in
orientation across the kink band (Fig. 11a,b). With the
exception of the kink band, point-to-point variations
(3 lm step size) along the full length transect typically
are <2�, with a few just under 6� (Fig. 11c). At the
kink band boundaries, the point-to-point variations
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are much higher, 29� and 18�; between the boundaries
the point-to-point variations in the kink band are <2�
(Fig. 8b). A short (170 lm) transect across a partial
(possibly incipient?) kink band on the edge of the
kyanite blade shows several spikes of orientation
changes >15� relative to the first point (Fig. 11d); no
such spikes are observed on the corresponding posi-
tions on the full-length transect along the midline of
the grain. A short (180 lm) transect across the kink
band at the edge of the grain shows an orientation
change of 50� relative to the first point (Fig. 11d) and
corresponds to the spikes of orientation changes
observed along the midline transect.

The crystal lattice misorientations between two
points analysed by EBSD are expressed by a rotation
angle and a rotation axis (Wheeler et al., 2001). The
map of high-angle (misorientation angles >10�) grain
boundaries (Fig. 12a) mirrors the map of misorienta-
tions about the <010> axis (Fig. 12b). The lines on
both maps mark the prominent kink band across the
full width of the kyanite blade and the partial kink
bands near one end of the kyanite. There are multiple

subparallel high-angle grain boundaries near the edge
of the kyanite for the full-width kink band and for the
partial kink bands. The high-angle boundary traces for
the partial kink band are approximately perpendicular
to the maximum orientation gradient along the length
of the kyanite. However, the boundary traces for the
full-width kink band are at an angle to the maximum
orientation gradient and thus initially seem inconsis-
tent with the previously suggested twist boundary
(Fig. 10d). For this full-width kink band, multiple
subparallel high-angle grain boundaries on the edges of
the grain reduce to one boundary on either side of the
kink band. It may be possible that during the devel-
opment of the full-width kink band, partial kink bands
near both edges propagated towards each other to
form the observed full-width kink band.

These high angle misorientations that mark the
kink bands (Fig. 12) are about the <010> axis, the
axis closest to the graphically determined mis-
orientation axis (Fig. 10a). A few of the high-angle
grain boundaries correspond to fractures observed in
the kyanite. Other observed fractures do not corres-
pond with high-angle grain boundaries. Pre-existing
grain boundaries may facilitate the development of
fractures, perhaps related to decompression during
exhumation.

KYANITE INCLUSIONS IN GARNET

Kyanite inclusions in garnet are 100–500 lm in
diameter, anhedral, and not kink banded. Orienta-
tion maps of inclusions do not show the large vari-
ations in crystal lattice orientations that the matrix
kyanite grains exhibit. Minor misorientations (2–3�)
between lattices seem limited to the edges of the
inclusions. Although the garnet surrounding the
kyanite is extensively fractured, orientation maps by
EBSD show no variations of lattice orientation
within individual garnet.

DISCUSSION

Rotation axis and slip system

For kyanite exhibiting undulose extinction and/or kink
bands the data, presented in this paper and in previous
papers, are consistent with a (100)[001] slip system.
Mügge (1898) first suggested the (100)[001] slip system
based on optical observations. Then, Raleigh (1965)
used experimentally produced slip lines to evaluate
glide plane and direction for slip in kyanite strained 5–
10% at 5–7 kbar confining pressure. (Slip lines are
linear markings formed from the offset by glide on slip
planes intersecting the polished mineral surface.) Using
incident light to observe slip lines, Raleigh (1965) no-
ticed traces of (100) slip planes and kink bands
trending approximately normal to slip lines with
rotation about [010] defining a slip direction of [001]
and confirming the observation of Mügge (1898).
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Raleigh (1965) suggested that the slip occurred in
�closest packing directions� such that the strong Si-O
bonds of kyanite remained unbroken. More recently,

Lenze et al. (2005) used EBSD point analyses to sug-
gest a (100)[001] slip system for the formation of kink
bands in kyanite of the UHP Dora Maira massif.
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This study presents the first published orientation
maps by EBSD for kyanite. Data are consistent with a
(100)[100] slip system for the formation of kink bands
and identify the same system for the formation of
undulose extinction. The undulose extinction in the
kyanite does not appear to be caused by microfrac-
turing as has been described in feldspar by Tullis &
Yund (1987); however, it should be noted that if
microfracturing rather than plastic deformation was
involved in forming undulatory extinction in kyanite,
then analysis of the misorientation in terms of a slip
system would not be valid.

The large data sets collected in the orientation maps
of the kyanite allow determination of the misorienta-
tion axis, and an evaluation of whether this axis is
more likely to be <010> or [010] (not the same in
triclinic crystals). For both the undulose, and the kink-
banded kyanite, the circle of error about the mis-
orientation axis intersected with the collected data in
the <010> crystallographic direction, but did not
match the data plotted for [010] leading us to interpret
the misorientation axis as <010>.

Dislocation creep

Undulose extinction in minerals, such as described for
kyanite in this paper, suggests plastic deformation by
dislocation creep (White, 1986; Zhao et al., 2005). The
dispersion of EBSD data about rotation axes also
points to plastic deformation by dislocation creep
(Lloyd et al., 1997; Prior et al., 2002; Bestmann &
Prior, 2003). The data presented for kyanite with
undulose extinction show >50� dispersion about
<010> (Figs 6 & 7), consistent with this process.

Angular rotations across kink bands are >10�
about <010> (Fig. 11) signifying the development of
high-angle grain boundaries. Zhao et al. (2005) sur-
mised that high-angle grain boundaries observed in
kyanite from the UHP Dora Maira massif formed
through �climb-accommodated dislocation creep�
resulted in the rotation of subgrains. This model builds
on work of Poirier & Guillope (1979) who described
deformation-induced recrystallization involving the
rotation of subgrains to develop high-angle grain
boundaries and kink bands. The orientation map data
presented in this paper from the UHP Kokchetav
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<010>[100]

Data shown for upper portion 
of kink-banded kyanite.

Data shown for upper portion 
and kink of  kyanite.

Labels correspond to data for kink.

Labels correspond to data for upper 
portion of kyanite.

Fig. 10. Combined data from Fig. 8 (top portion of grain) on
one upper hemisphere equal angle pole figure for analysis. (a)
Misorientation axis graphically determined as the intersection of
great circles bisecting [001] and [100], and indicated with a 3�
small circle of error. The <010> crystallographic direction is
interpreted to be the most probable rotation axis, because it
overlaps with the misorientation axis. (b) Interpretation of lower
hemisphere projections of [010] and [001] with reconstructed
(100) pole and great circles. (c) Probable rotation axis <010>
with lower hemisphere projections of [001] and [100]. The dis-
persion of [001] and [100] lie on the twist boundary plane per-
pendicular to <010>. (d) The data for the kink-banded portion
of the grain lie on the same twist boundary plane.

K Y A N I T E D E F O R M A T I O N I N K O K C H E T A V W H I TE S C H I S T 12 5

� 2007 Blackwell Publishing Ltd



(b)

(d)

0

10

20

30

X X'

(a)

X
X'

Z Z'

Y Y'

(c)

Y Y'
0

10

20

30

170 µm Z Z'
0

10

20

30

40

50

180 µm

1400 µm

M
is

or
ie

nt
at

io
n 

(°
)

M
is

or
ie

nt
at

io
n 

(°
)

M
is

or
ie

nt
at

io
n 

(°
)

1400 µm

0

10

20

30

40

X X'

Fig. 11. (a) Band contrast map of kink-
banded kyanite showing location of three
transects used for misorientation profiles. (b)
Misorientation profile from X to X¢ along
kink-banded kyanite (same as Figs 2b & 6)
relative to first point. Data are not plotted
for points which could not be indexed or for
which there was systematic misindexing of
�180�. Note that the error for EBSD
measurements is approximately ±1�. (c)
Misorientation profile from X to X¢ showing
point-to-point variations. (d) Misorientation
profiles from Y to Y¢ and Z to Z¢ relative to
first point with 3· horizontal exaggeration.
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complex substantiate the development of high-angle
grain boundaries and kink bands in kyanite by dis-
location climb. Within the kink bands there is no ob-
served undulatory extinction and little variation in
crystallographic orientation. The formation of the
kink band created a relatively strain-free region be-
tween the grain boundaries, a potentially significant
process in accommodating large strain observed in
geological processes (cf. White, 1977).

Multiple high-angle boundaries are observed along
the edge of kyanite grains (Fig. 11). High interfacial
strain at the kyanite grain boundaries may have led to
higher dislocation densities and resulted in the initi-
ation of the multiple high-grain boundaries observed.
Multiple parallel profiles (collected during data ana-
lysis) across the high-grain boundaries show angular
variations >40� at the edge of the kyanite (see for
example, Z–Z¢, Fig. 11d) that decrease towards the
centre of the grain. Within 150 lm from the edge
towards the centre, most of these boundaries have
angular misorientations <2�. Only the boundaries
immediately adjacent to the kink band are observed
to persist as high-angle grain boundaries (>10�)
across the width of the kyanite. This suggests the

presence of fewer dislocations away from the edge of
the grain.

Deformation conditions

The crystal plastic deformation of kyanite blades is
interpreted to have occurred in the fault-bounded
terrane of UHPM unit II during the exhumation of
the Kokchetav Massif. Kyanite inclusions in garnet
lack evidence for extensive deformation, signifying
that deformation was not prograde and that the
rheologically competent garnet may have shielded the
kyanite from later deformation. Based on a detailed
study of the whiteschists of the Kokchetav Massif,
Parkinson (2000) interpreted matrix quartz to be
unstrained. The coexistence of unstrained quartz and
strained kyanite leads us to tentatively suggest that
deformation of kyanite occurred under UHP condi-
tions prior to the coesite-quartz transformation dur-
ing exhumation. If so, then this study seems to
support the Zhao et al. (2005) assertion, based on
their study of mylonites from a shear zone in the Sulu
UHP belt, that stress levels deep in subduction zones
are sufficiently high (�on the order of tens of MPa�)

(a) (b)

Fig. 12. (a) Map of high-angle grain
boundaries (misorientation angles >10�;
indicated as black lines) developed within
kink-banded kyanite (band contrast map
kyanite; same crystal as Figs 2b & 8–11).
(b) Map of misorientations about <010>
as indicated with black lines.
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for minerals to deform by dislocation creep. The
precise quantification of the required stress to create
undulose extinction and kink banding of kyanite calls
for future laboratory deformation experiments on
kyanite that will allow for a rheological comparison
with naturally deformed samples.
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