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Abstract

Lattice preferred orientation (LPO) and dislocation substructure of ®ne-grained plagioclase were investigated in ultramylonite

from a shear zone along the Hatagawa fault zone in northeast Japan. In the shear zone, the orthoclase mole fraction of the
recrystallized alkali-feldspar is not less than 0.94. This composition suggests that deformation occurred below 5008C. Selected
area di�raction by transmission electron microscopy (TEM) for an electron-transparent foil and an X-ray texture goniometer
(XTG) were used to determine the LPO of plagioclase. Burgers vectors of dislocations were determined by invisibility criteria.

The (100), (010), and (001) pole ®gures reveal strong preferred orientations. The XTG results are consistent with the LPO
determined by TEM. The TEM observations con®rmed the presence of at least six Burgers vectors. These Burgers vectors or the
net slip directions of multiple systems are almost parallel to the lineation. Thus the present study indicates ductility by

dislocation creep for ®ne-grained plagioclase in ultramylonite deformed at relatively low temperature. The LPO pattern and the
Burgers vectors determined in this study are di�erent from those of deformation at much higher temperature. Thus the present
study also suggests a switching of the slip systems for plagioclase depending on the temperature. # 1999 Elsevier Science Ltd.

All rights reserved.

1. Introduction

In deformed rocks under middle to upper crustal
conditions, the plastic deformation of feldspar has
received little attention, even though this mineral is the
dominant phase in the crust. Wet quartzite has been
considered to control the plastic strength of the middle
to upper crust (e.g. Carter and Tsenn, 1987; Ord and
Hobbs, 1989; Handy, 1994). There are some reasons
for this. (1) At greenschist facies conditions, feldspar
behaves in a brittle manner, and the plastic strength of
feldspar has been inferred to be greater than that of
quartz (e.g. Simpson, 1985; Vernon and Flood, 1988;
Passchier and Trouw, 1996). Thus if quartz is continu-
ous and feldspar is dispersed, quartz will control the
rock strength. (2) The strength of feldspar extrapolated

from the ¯ow law of Shelton and Tullis (1981) is less
than that of wet quartzite (Jaoul et al., 1984;
Kronenberg and Tullis, 1984). However this ¯ow law
does not represent steady state ¯ow and thus the extra-
polation is not valid (Dell'Angelo and Tullis, 1996).

Feldspar commonly develops a clast-matrix structure
at low-grade conditions (Passchier and Simpson, 1986;
Passchier and Trouw, 1996). The ®ne feldspathic
matrix often extends on both side of a porphyroclast
parallel to the mylonite foliation (Allison et al., 1979;
Passchier and Simpson, 1986; Passchier and Trouw,
1996), whereas porphyroclasts themselves show abun-
dant evidence of brittle fracturing. This suggests weak-
ness of the ®ne-grained feldspar.

As a deformation mechanism in ®ne-grained feld-
spar, grain boundary sliding has been proposed
(Boullier and Gueguen, 1975; Allison et al., 1979;
Kerrich et al., 1980; Behrman and Mainprice, 1987;
Tullis and Yund, 1991; Fitz Gerald and StuÈ nitz, 1993;
StuÈ nitz and Fitz Gerald, 1993; Fliervoet et al., 1997;
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StuÈ nitz, 1998). Recrystallization accommodated dislo-
cation creep has also been reported as an important
deformation mechanism (Tullis and Yund, 1985, 1987,
1991, 1992; Tullis et. al., 1990; Yund and Tullis, 1991;
Dell'Angelo and Tullis, 1996). The size of the ®ne-
grained feldspar, however, is too ®ne to assess the de-
formation mechanism by optical means, although the
presence of LPO has been ascertained by microscopic
observations using a gypsum plate (Tullis and Yund,
1985, 1987). Observation by transmission electron mi-
croscopy (TEM) is essential to reveal the deformation
mechanism of these grains.

In a shear zone along the Hatagawa fault zone in
northeast Japan, TEM observations con®rm the grain-
size reduction of plagioclase with progressive defor-
mation due to dynamic recrystallization by grain
boundary migration (Shigematsu, 1999). In this study,
the lattice preferred orientation (LPO) and the dislo-
cation substructure of very ®ne-grained plagioclase in
the shear zone have been investigated, using TEM. To
check the result of the LPO by TEM, the preferred
orientation of plagioclase has also been measured by
an X-ray texture goniometer (XTG).

2. Description of shear zone

Two NNW±SSE trending major faults are exposed

at the eastern margin of the Abukuma mountains in
northeast Japan. The western and eastern faults are
called the Hatagawa and Futaba fault zones, respect-
ively (Watanabe et al., 1953; Sendo, 1958) (Fig. 1).
The Hatagawa fault zone has been considered to sep-
arate the Southern Kitakami belt from the Abukuma
belt (Kubo and Yamamoto, 1990; Otsuki and Ehiro,
1992).

In the study area, the Hatagawa fault zone forms a
cataclasite zone about 50 m in width. Granitoids on
the eastern side of the Hatagawa fault zone consist of
the Kunimiyama granodiorite, the Hachijoishiyama
granite, and the Kawabusa granodiorite (Kubo and
Yamamoto, 1990). They exhibit mylonite microstruc-
tures in which asymmetric microstructures indicate a
sinistral sense of shear (Koshiya, 1988).

Small ductile shear zones are locally and sporadi-
cally developed in the granitoids on the western side of
the Hatagawa fault zone. The widths of these shear
zones range from a few millimeters to a few meters.
Except for these shear zones the granitoids do not
show any features of ductile deformation. These small
shear zones together form a NNW±SSE trending zone
of about 1 km width, 1 km west of the Hatagawa fault
zone. The ductile shear zones form a conjugate set.
One of the sets has a NNE±SSW to NE±SW orien-
tation with a dextral sense of shear, and the other has
an EW to ESE±WNW orientation with a sinistral
sense of shear, indicating that the maximum principal
stress direction was oriented almost E±W.
Pseudotachylyte has been reported from one of the
shear zones (Kubo and Takagi, 1997).

The sample analyzed in this study was collected
from one of the outcrops of small-scale shear zones on
the western side of the Hatagawa fault zone (Fig. 1),
which is the same as in Shigematsu (1999). Sigmoidal
foliations are developed along a narrow (70 cm) shear
zone (Fig. 2a), indicating a dextral sense of shear. The
central part of the shear zone is composed of ultramy-
lonite of 10-cm width, and the deformation becomes
stronger toward this ultramylonite zone (Fig. 2b). In
the ultramylonite zone, the foliation strikes N68E and
dips 768W, and the lineation plunges by 88 toward
N58E. Analyses were carried out for the very ®ne-
grained plagioclase in the ultramylonite zone.

3. Analytical procedures

For the analysis of ®ne-grained plagioclase in ultra-
mylonite, microstructural studies were ®rst undertaken.
Following these studies, the LPO and the slip vectors
of ®ne-grained plagioclase were determined by TEM.
The LPO were also examined by XTG to check
whether the LPO determined by TEM is representative
or not. TEM analyses were carried out on a JEOL

Fig. 1. (a) Location map. H.F.Z=Hatagawa fracture zone.

F.F.Z=Futaba fracture zone. T.T.L=Tanakura tectonic line. (b)

Sketch map of the outcrop where the sample analyzed in this study

was collected. PM, M, UM denote protomylonite, mylonite and

ultramylonite parts of the shear zone. The position of Fig. 2(a) is

indicated.
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JEM2000FX at Geological Institute, University of
Tokyo, operating at 200 kV. A double-tilting goni-
ometer stage was used in all cases. XTG analyses were
carried out on a RIGAKU Rint 2000 at Department
of Earth Sciences, Ehime University, using Cu Ka1
(1.54005 AÊ ) operating at 40 kV and 40 mA.

One electron-transparent foil of selected areas from
the thin section from the ultramylonite was prepared
by ion-beam thinning. The foil plane was parallel to
the lineation and perpendicular to the foliation.
After thinning, the specimens were coated with a thin
carbon layer to eliminate sample charging during ob-
servation.

3.1. LPO determined by TEM

The LPO of feldspar in deformed rocks has been
determined previously by U-stage methods (Jensen and
Starkey, 1985; Olsen and Kohlstedt, 1985; Kruhl,
1987; Ji and Mainprice, 1988, 1990; Ji et al., 1988,
1994), neutron di�raction techniques (Wenk et al.,
1986; Wenk and Pannetier, 1990), and selected area
di�raction (SAD) by TEM (Fitz Gerald et al., 1983).
Attempts to use conventional X-ray di�raction tech-
niques have failed due to the large number of overlap-
ping di�raction peaks (Wenk et al., 1986; Ji et al.,
1994). For the ultramylonite, the grain size of plagio-

Fig. 2. (a) Sample of the shear zone. The positions of (b), (c), (d) and (e) are indicated. (b) Plagioclase porphyroclast in the moderately deformed

part of the shear zone. (c) Quartz in the moderately deformed part of the shear zone. (d) Back-scattered electron image (BEI) of the central part

of the shear zone. Contrasts in BEI allow one to visualize K-feldspar (whitish gray), plagioclase (medium gray), and quartz (dark gray). The

base of the photograph is subperpendicular to the shear zone orientation. (e) The microstructures of ®ne-grained plagioclase matrix in the ultra-

mylonite. Di�raction patterns of these grains indicate that almost all of the grains are plagioclase. The grain with asterisk (Grain I-4 in Fig. 4a)

has low dislocation density and seems to be growing into the surrounding plagioclase with high dislocation density.
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clase ranges from a few hundred nanometers to a few
micrometers, which is too ®ne to be measured by U-
stage, but can be measured by the SAD technique by
TEM. Furthermore TEM can provide unique infor-
mation on the crystallographic orientation and the cor-
relation between the defect structure induced by
deformation and the LPO.

The grain orientation measurements involved tilting
the specimen so that a low index zone axis was parallel
to the electron beam; the di�raction pattern and tilt
angles were recorded (Wenk, 1985; McLaren, 1991).
Because of the low symmetry of the plagioclase, two
zone axes must be measured to uniquely determine the
orientation of an individual grain. The orientation of
the zone axis can be determined by indexing the
selected area di�raction pattern. For indexing, 20
theoretical patterns for C�1 plagioclase were simulated
by the software Mac Tempus.

Each of the two di�raction patterns contains two
independent reciprocal lattice vectors, g1 and g2 for
one di�raction pattern, and g3 and g4 for the other dif-
fraction pattern. The reciprocal lattice vectors can also
be given in the following form as

g1 � h1a
� � k1b

� � l1c
� �1a�

g2 � h2a
� � k2b

� � l2c
� �1b�

g3 � h3a
� � k3b

� � l3c
� �1c�

g4 � h4a
� � k4b

� � l4c
� �1d �

where a�, b�, c� are the reciprocal lattice vectors de®n-
ing the unit cell in the reciprocal space and hnknln are
the Miller indices of the re¯ecting planes correspond-
ing to the reciprocal lattice points speci®ed by gn.
Because the specimen was tilted in a crystallographic
plane, two of four equations in Eq. (1) are the same.
Thus the grain orientation with respect to the sample

reference frame (Fig. 3) can be obtained by solving
Eq. (1). The orthogonal sample coordinate system is
de®ned with the Z axis perpendicular to the shear
zone, the Y axis lying within the shear zone and per-
pendicular to the lineation, and the X axis perpendicu-
lar to both Y and Z (Fig. 3).

To check the accuracy of this method, the reprodu-
cibility was examined when ®ve choices of two zone
axes were made for one grain. The di�erence between
the choices is in the range of 258. Thus the error due
to the tilting of the holder and the choice of the two
zone axes is not signi®cantly large. To avoid measure-
ment errors, the specimen was not removed from the
double-tilt holder during the grain orientation
measurements. This is the reason why only one elec-
tron-transparent foil from the ultramylonite was used
for the grain orientation measurements.

3.2. Determination of the slip systems

For some grains, the Burgers vector b was also
determined by the invisibility criterion (McLaren,
1991), which strictly applies only to elastically isotropic
materials. If the Burgers vector b satis®es the following
condition, the dislocation will be invisible.

g � b � 0 �2a�
for screw dislocation and

g � b � 0 �2b�
and

g � �b� u� � 0 �2c�
for edge dislocation, where g is the di�raction vector
and u is a unit vector parallel to the dislocation line,
respectively. However, plagioclase is elastically aniso-
tropic, and a weak contrast is expected in cases where
invisibility criteria are satis®ed. The determination of
slip systems strictly requires the use of the computer
image simulation technique (Olsen and Kohlstedt,
1984; Montardi and Mainprice, 1987). In this study,
the much simpler approach of `e�ective invisibility'
was used, and the only characterizations of Burgers
vectors were carried out by this method.

3.3. X-ray texture goniometry

The grain orientation measurements by TEM were
carried out for one foil from the ultramylonite. There
is a di�culty in ascertaining that LPOs determined
using this technique are representative for a large
volume, thus pole ®gures were also measured by XTG.
In the present investigation, a sample of ultramylonite
was ®rst investigated by X-ray powder di�raction to
ascertain that patterns could be indexed and phases

Fig. 3. Sample coordinate system. The coordinate system is de®ned

as Z being perpendicular to the shear zone orientation, Y lying

within the shear zone orientation and being perpendicular to the

lineation, and X being parallel to lineation and perpendicular to

both Y and Z.
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were identi®ed. The analysis was performed under the
conditions with X-ray sampling with 0.0028, scanning
speed 1.08 minÿ1, divergence slit 1.08, scattering slit
1.08, and receiving slit 0.30 mm. Subsequently a pole
®gure of a uniquely determined plagioclase peak was
measured.

For the measurement of the pole ®gure, two disks
with 4.4-cm diameter and 0.0105-cm thickness were
prepared, parallel to the shear zone (XY plane). Thus
this method allows the measurement for larger
volumes. The linear absorption coe�cients of the
sample are 106 and 116 cmÿ1 for Cu Ka X-rays, re-
spectively. The pole ®gures were measured by the
transmission method from the pole distance 0.0 to
30.08, and by the re¯ection method from the pole dis-
tance 25 to 908. Divergence slit 0.1 mm, scattering slit

4 mm, and receiving slit 3 mm were used for measure-
ment by the transmission method. Divergence slit 1/28,
scattering slit 4 mm, and receiving slit 3 mm were used
for measurement by the re¯ection method.

4. Microstructures and microtextures

4.1. Microstructures

The sample in this study is mainly composed of
quartz, plagioclase, K-feldspar, hornblende, and bio-
tite. Rare allanite occurs as accessory phase. Mineral
composition does not signi®cantly change during pro-
gressive deformation in the shear zone. The anorthite
mole fraction of ®ne-grained plagioclase ranges from

Fig. 4. Microstructural features of the aggregates of ®ne-grained plagioclase. (a) Line drawings and maps of the dislocation densities in domain

I. (b) Line drawings and maps of the dislocation densities in domain II. The grains denoted by (Q) are quartz, hatched areas indicate pores in a

foil and the other grains are plagioclase. The numbers in the plagioclase grains indicate the dislocation densities, with units of 109 cmÿ2. The
area of Fig. 2(e) corresponds to the domain I.
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0.17 to 0.26; the orthoclase mole fraction of the ®ne-
grained alkali-feldspar ranges from 0.94 to 0.99. The
anorthite mole fraction of the core region of plagio-
clase porphyroclasts ranges from 0.21 to 0.45, whereas
that of the rim of plagioclase porphyroclasts is almost
the same as that of ®ne-grained plagioclase
(Shigematsu, 1999).

In the moderately deformed part of the shear zone,
feldspar develops a clast and matrix structure (Fig.
2b). Porphyroclasts show evidence of brittle fracturing
and undulatory extinction, whereas ®ne-grained
matrices extend parallel to the shape fabric in the
mylonite. Quartz grains show a core and mantle struc-
ture (White, 1976) in which coarse ribbon grains
(diameters > 50 mm) are surrounded by ®ne equant
grains (diameters < 50 mm). The coarse ribbon grains
have aspect ratios up to 15:1, and their long axes are
approximately parallel to the foliation. They exhibit a
sweeping undulatory extinction, and commonly con-
tain subgrains (Fig. 2c) (Shigematsu, 1999).

In the central part of the shear zone, feldspar por-

phyroclasts are rare, and all are smaller than a few
tens of micrometers. The ®ne-grained feldspar matrix
shows development of ¯uxion structures de®ned by the
aligned or elongated clusters of plagioclase and K-feld-
spar (Fig. 2d). Quartz occurs as elongated clusters of
equant grains with diameters less than 50 mm.

In this study, two domains of the ®ne-grained plagi-
oclase in the ultramylonite from the same TEM foils
were analyzed: domain I and domain II. These two
domains are separated by a quartz domain. Line draw-
ings and dislocation density maps for both domains
are shown in Fig. 4(a) and (b). Domain I consists only
of the ®ne-grained plagioclase, whereas domain II con-
sists both of the ®ne-grained plagioclase and quartz. In
domain II plagioclase occurs as thin layers of ®ne
grains among quartz grains (Fig. 4b). Individual plagi-
oclase grains are equiaxial and range in size from 0.3
to 6.3 mm with an average of 1.54 mm, which is smaller
than that of quartz (18.3 mm).

Fine-grained plagioclase in both domains has a vari-
able dislocation density (Figs. 2e and 4). Some grains

Fig. 4 (continued)
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have a very low dislocation density (<108 cmÿ2) while
others have an intermediate to very high density
(>1010 cmÿ2). The detailed dislocation substructures
will be described later. In aggregates of the ®ne-
grained plagioclase, some grains with low dislocation
density seem to be growing into adjacent grains with
high dislocation density (Fig. 2e).

4.2. LPO determined by TEM

The results of the TEM analyses of LPO of the ®ne-
grained plagioclase are shown in Fig. 5. Fifty-seven
grains were measured in domain I, and 73 grains were
measured in domain II.

The pole ®gures of (100), (010), and (001) reveal a
preferred orientation (Fig. 5). The (100) pole ®gure
consists of a single girdle, which is oriented at approxi-
mately 208 to the specimen XZ plane and contains the
X direction (Fig. 5a). The (010) pole ®gure consists of
two point maxima within a single girdle (Fig. 5b). This
single girdle is almost parallel to the foliation, oriented

at approximately 208 to the specimen XY plane and
contains the Y direction. The (001) pole ®gure consists
of two point maxima within a single girdle, which is
almost parallel to the specimen XZ plane (Fig. 5c).
One of the point maxima is almost parallel to the spe-
cimen Z, and the other is oriented at approximately
208 to the X direction.

The orientation of half of the grains in Fig. 5 can be
classi®ed into three orientation groups, A, B, and C,
by considering the (010) and (001) orientations. For
orientation A (open circle in Fig. 5), the pole of the
(010) plane is oriented at approximately 208 to the X
direction of the sample coordinate system and the
(001) plane is almost parallel to the XY plane. For
orientation B (open square in Fig. 5), the pole of the
(010) plane is approximately parallel to the Y direction
and the pole of the (001) plane is oriented at approxi-
mately 208 to the X direction. For orientation C (solid
square in Fig. 5), the pole of the (010) plane is ap-
proximately parallel to the Y direction and the (001)
plane is almost parallel to the XY plane. The grains

Fig. 5. Pole ®gures of the ®ne-grained plagioclase in ultramylonite for (a) (100) plane, (b) (010) plane, (c) (001) plane. (d) The (010) pole ®gure of

low dislocation density grains (dislocation density less than 109 cmÿ2). The YZ plane is parallel to the page for (a). The XZ plane is parallel to

the page for (b), (c), and (d). Equal-area projection, lower-hemisphere, 130 measurements for (a), (b), and (c). Equal-area projection, lower-hemi-

sphere, 38 measurements for (c). Contour intervals for all pole ®gures: 1:0, 1:5, 2:0, . . . , 5:5 times uniform distribution.
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which belong to none of the orientation groups A, B,
or C (small dots in Fig. 5) have rather weak LPO com-
pared with the grains which do belong.

Figure 5(d) shows the (010) pole ®gure of low dislo-
cation density grains (dislocation density less than
109 cmÿ2). This LPO pattern is almost the same as
that of all grains (Fig. 5b), although it is weaker. The
ratio of orientation groups A, B, and C, and
ungrouped grains is also similar to that for all grains.

The probability of ®nding a particular crystal direc-
tion aligned with a given specimen direction is
expressed in the form of inverse pole ®gures in Fig. 6.
The foliation pole is aligned in directions which are
almost perpendicular to [010], such as the poles to
�10�1�, �11�1�, (001), �1�11�, and �01�1� (Fig. 6a). The foli-
ation pole of orientation B is aligned in directions
close to the poles to �10�1�, �11�1�, and (100), whereas
the foliation poles of orientations A and C are aligned

in directions close to the poles to (001), (101), (111),
and �1�11� (Fig. 6a).

The lineation is seen to be aligned in directions
either close to [010] or on (010) plane, such as [110],
�11�1�, �01�1�, �1�12� and �1�11�, or [101], [001] and [100]
(Fig. 6b). The inverse pole ®gures of the lineation
clearly separate the alignments of the orientation
groups A, B, and C. The lineation of orientation A is
aligned in directions close to [010]. The lineation of
orientation B is aligned in directions close to [001] and
[101]. The lineation of orientation C is aligned in direc-
tions close to [100] and [101].

4.3. X-ray texture goniometry

The X-ray 2y pro®le of powder is shown in Fig.
7(a). Most of the peaks of plagioclase are overlapped
with other peaks of plagioclase or peaks of other min-

Fig. 6. Inverse pole ®gures of (a) the foliation pole and (b) the lineation. Equal-area projection lower hemisphere, 130 measurements. Contour

intervals for all pole ®gures: 1:0, 1:5, 2:0, . . . , 3:5 times uniform distribution. Note the separation of the orientation groups in the inverse pole

®gure of the lineation.
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erals. A peak at 2y � 22:018 was used for the measure-
ment of the pole ®gures. This peak corresponds to the
overlapped peak of plagioclase �20�1� and biotite (111).
Because the intensity of the biotite peak at 2y � 8:758
[biotite (001)] is weak in the powder di�raction, it is
interpreted that the peak at 2y � 22:018 mainly comes
from the re¯ection by plagioclase �20�1�.

The �20�1� pole ®gure by XTG from one sample dis-
plays an LPO and consists of a single girdle that con-
tains the specimen XZ plane with a maximum in the
specimen X direction (Fig. 7b). Almost the same pat-
tern was obtained from the other sample. The concen-
tration around the specimen X direction has a broad
angle. The �20�1� pole ®gure by TEM is also shown in
Fig. 7(c) for comparison. Both of the pole ®gures (Fig.
7b and c) contain a single girdle parallel to the speci-
men XZ plane, although they are not quite the same.
Therefore, it was interpreted that the XTG results are
consistent with the LPO determined by TEM, and the
LPO by TEM is representative of a large volume.

4.4. Determination of Burgers vector

For the determination of Burgers vector b, three
grains were selected, grain I-61 from domain I (Fig.
4a), grains II-7 and II-51 from domain II (Fig. 4b).
Half of the grains can be classi®ed into three orien-
tation groups, A, B, and C. The selected grains I-61,
II-7, and II-51 have orientation A, intermediate orien-
tation of B and C, and orientation B, respectively.

The substructures in grain I-61 are illustrated in Fig.
8. Dislocations parallel to the short side of the micro-
graphs are in strong contrast for g � �040� (Fig. 8a),
whereas these are out of contrast for g � �001� (Fig.
8b). These dislocations are also out of contrast for g �
��112� (Fig. 8c). Therefore these dislocations are screw
dislocations with b � 1=2�110�, possibly with slip sys-
tem �001�1=2�110� by considering the previously deter-
mined slip systems (Gandais and Williaime, 1984).

The substructures in grain II-7 are illustrated in Fig.
9. In the micrograph under the re¯ection g � �002�

Fig. 7. Comparison between the pole ®gures measured by TEM and X-ray texture goniometory. (a) The X-ray 2y pro®le of powder. Bt: biotite;

Qz: quartz; Hb: Hornblende; Pl: Plagioclase; Or: Orthoclase. (b) The �20�1� pole ®gure measured by XTG. Equal-angle projection, lower-hemi-

sphere. Contour intervals for the ®gure: 0.72, 0.90, 1.08, and 1.26 times normalized intensity. Shaded area indicates the intensity is weaker than

0.9 times normalized intensity. (c) The �20�1� pole ®gure measured by TEM. Equal-angle projection, lower-hemisphere, 130 measurements.

Contour intervals for the ®gure: 0:5, 1:0, 1:5, . . . , 3:5 times uniform distribution. Open circle is group A, open square is group B, solid square is

group C, and small solid circle is the other orientations.

N. Shigematsu, H. Tanaka / Journal of Structural Geology 22 (2000) 65±79 73



(Fig. 9a), an array of dislocations forming a low-angle
sub-grain boundary can be seen. This microstructure
suggests glide and the climb of the dislocations. This
sub-grain boundary is out of contrast for g � �200�
(Fig. 9b) g � �022� and g � ��111�. Therefore the
Burgers vector of these dislocations is b � 1=2�01�1�.
Most of the dislocations are in strong contrast for g �
�20�2� which satis®es Eq. (2a) for b � �101�, although
the [101] of grain II-7 is almost parallel to the lineation
of the sample (Fig. 9c). This indicates that the b �
�101� is uncommon in this grain. TEM observations
also con®rm the presence of b � �001� and [100] in the
grain II-7 (Fig. 9d). Some unidenti®ed dislocations are
out of contrast only for g � ��111� (Fig. 9d). The poss-
ible Burgers vectors for these dislocations are
b � 1=2�211�, or 1=2�11�2�, which satis®es g � b � 0 for
g � ��111�. These dislocations are in strong contrast for
g � �20�1�, suggesting b � 1=2�211� which is found in
grain II-51.

The substructures in grain II-51 are illustrated in
Fig. 10. A line drawing of the dislocations in grain II-
51 and the determined Burgers vectors is given in Fig.
10(c). The contrast analyses con®rm the presence of
the b � 1=2�211�, 1=2�1�12�, and 1=2�11�2� in grain II-51
(Fig. 10c). Although [101] of grain II-51 is almost par-
allel to the lineation (Fig. 10b), contrast analysis
reveals a lack of dislocations with b � �101�.

TEM observations con®rmed the presence of b �

1=2�110� from grain I-61, and 1=2�01�1�, [001], and [100]
from grain II-7, 1=2�1�12� and 1=2�11�2� from grain II-
51. These Burgers vectors were also con®rmed in other
grains. Some other dislocations are out of contrast
only for one di�raction condition, indicating Burger's
vectors not in the list above. Therefore at least six
Burger's vectors exist in ®ne-grained plagioclase in
ultramylonite. The dislocation segments tend to be
very straight and parallel to crystallographic orien-
tations, and some dislocation tangles were observed.
These observations suggest that dislocation climb is
not a common process in deformation, although a few
subgrain boundaries were observed.

5. Discussion

5.1. Deformation mechanisms of ®ne-grained plagioclase

The present study provides some constraints on the
deformation mechanism of ®ne-grained plagioclase in
the ultramylonite. LPO analyses of the ®ne-grained
plagioclase reveal a strong preferred orientation (Figs.
5 and 6), suggesting dislocation creep. Half of the
grains can be classi®ed into three orientation groups,
A, B, and C. The inverse pole ®gures of the lineation
(Fig. 6b) clearly separate the alignments of the orien-
tation groups, suggesting each orientation group is

Fig. 8. Substructures in the grain I-61. Bright ®eld images under the re¯ections (a) g � �040�, (b) g � �001�. Dark ®eld image under the re¯ection

(c) g � ��112�. (d) Crystallographic orientation of grain I-61 which corresponds to orientation A. Scale bars=0.5 mm.
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controlled by the dislocations with di�erent slip vec-
tors. Therefore consistency between the orientation
groups and the determined Burgers vectors is expected.

In grain I-61 which has orientation A, the deter-
mined Burgers vector b � 1=2�110� is aligned with the
orientation close to the lineation (Fig. 8), suggesting
that the orientation A is mainly controlled by the slip
with b � 1=2�110�. Grain II-7 has an intermediate
orientation between B and C. The contrast analysis
reveals dislocations with b � 1=2�01�1� and 1=2�211� as
dominant slip vectors (Fig. 9). The simultaneous ac-
tivity of these slip vectors can yield a net slip direction
parallel to [101] which is close to the lineation, i.e.
1=2�211� ÿ 1=2�01�1� � �101�. In grain II-51 which has
orientation B, the simultaneous activity of determined
slip vectors, b � 1=2�211�, 1=2�1�12�, and 1=2�11�2� (Fig.
10d) can yield a net slip direction parallel to the [101]
axis which is close to the lineation, i.e.
�211� � �1�12� � 3�101�. It is inferred that the net slip
directions of the multiple systems mainly control the
orientations B and C. Therefore, consistency of the
orientation groups with the determined Burgers vectors
was found. However, the signi®cance of this con-
clusion depends upon the Burgers vector determination
for the visible dislocations, and image simulation will
be necessary for more detailed discussion.

The ®ne plagioclase grains in the ultramylonite have
a variable dislocation density (Fig. 4) and some grains
with low dislocation density seem to be growing into
adjacent grains with high dislocation density (Fig. 2d).
This microstructure is the same as that of recrystalliza-
tion-accommodated dislocation creep as reported in
experimentally deformed plagioclase (Tullis and Yund,
1985; 1987; 1991; 1992; Tullis et al., 1990; Yund and
Tullis, 1991) and low stacking fault energy metals (e.g.
Sakai and Jonas, 1984; Sakai et al., 1986). Therefore
the observations in this study strongly suggest recrys-
tallization-accommodated dislocation creep of the ®ne-
grained plagioclase.

The e�ect of grain boundary migration on LPO
development could indeed be important under particu-
lar conditions (e.g. Gleason et al., 1993). However, the
LPO of the low dislocation density grains is similar to
that of all grains (Fig. 5b and d). This suggests that
the e�ect of grain boundary migration on LPO is not
so large (host grain control), or the grain boundary
migration favors the survival of grains with slip system
orientation for easy glide (Herwegh and Handy, 1996).
In either case, grain boundary migration produces soft
oriented grains. Moreover, the accumulated dislo-
cations are continuously destroyed by grain boundary
migration. Thus this process operated as an important

Fig. 9. Substructures in grain II-7. TEM micrographs are taken under the re¯ections (a) g � �002� and (b) g � �200�. (c) Crystallographic orien-

tation of grain II-7 which corresponds to orientation of intermediate between groups B and C. (d) Line drawing of the dislocations in grain II-7.

Di�raction conditions are shown for which the arrowed dislocations are out of contrast indicated by two or more re¯ective planes, e.g. (022).

Burgers vectors consistent with this invisibility are also shown. Dislocations without any constraints are not shown.
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softening process during the formation of the shear
zone, as pointed out by Tullis and Yund (1985) and
Tullis et al. (1990).

5.2. Implication of the slip system transition

The plagioclase LPO in this study (Fig. 5) is di�er-
ent from most previous reports (Jensen and Starkey,
1985; Olsen and Kohlstedt, 1985; Kruhl, 1987; Olsen,
1987; Ji and Mainprice, 1988, 1990; Ji et al., 1988,
1994). Only Wenk et al. (1986) and Kruhl (1987) have
reported the same LPO patterns as this study. In most
of the previously reported LPOs, the (010) pole ®gure
has one point maximum almost parallel to the speci-
men Z, and the (001) pole ®gure consists of a single
girdle almost parallel to the foliation. In these studies,
plagioclase displays abundant optical evidence of plas-
tic deformation such as elongated ribbon-shaped
grains, tapered deformation twins, undulatory extinc-
tion, and subgrains. These plagioclase samples were
deformed under granulite or upper amphibolite facies
conditions, and the deformation is mainly controlled
by the slip system �010��001�, (Gandais and Williaime,
1984; Olsen and Kohlstedt, 1984, 1985; Montardi and
Mainprice, 1987; Ji and Mainprice, 1988). In this
study, the TEM observations indicate that the LPO

was a�ected by dislocation glide. However, the slip
systems of these dislocations are not �010��001�, but
the simultaneous activity of multiple systems, such as
dislocations with b � 1=2�110�, 1=2�01�1�, 1/2[211],
1=2�1�12�, and 1=2�11�2�. The microstructures of feldspar
are also di�erent from previous studies. The feldspar
porphyroclasts display little plastic deformation and
exhibit evidence of brittle fracturing (Fig. 2b).

Feldspar deformation is strongly dependent on the
deformation conditions (e.g. Simpson, 1985; Tullis and
Yund, 1987, 1992; Fitz Gerald and StuÈ nitz, 1993). In
experiments (at _e � 10ÿ6 sÿ1), the deformation mech-
anism changes from brittle fracturing or cataclastic
¯ow (T < 6008C) to recrystallization-accommodated
dislocation creep (Tr9008C) with increasing tempera-
ture (Tullis and Yund, 1987, 1992). At higher tempera-
ture (Tr12008C) TEM shows some evidence of
dislocation climb. Therefore the di�erence in the
microstructures from previous studies represents the
di�erence in the deformation conditions. This suggests
a transition of dominant slip systems from �010��001�
to other slip systems depending on the deformation
conditions, as has been proposed for quartz (e.g.
Lister and Paterson, 1979; Lister and Hobbs, 1980;
Hobbs, 1985; Price, 1985) or olivine (Carter and AveÂ
Lallement, 1970; Mainprice and Nicolas, 1989).

Fig. 10. Substructures in grain II-51. (a) TEM micrographs are taken under the re¯ections, g � �002�. (b) Crystallographic orientation of grain

II-51. (c) Line drawing of dislocations in grain II-51. Di�raction conditions are also shown for which the arrowed dislocations are out of contrast

indicated by two or more re¯ective planes. Burgers vector consistent with this invisibility are also shown. Dislocations with no constraints are

not shown.
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The chemical composition of ®ne-grained feldspars
yielded temperatures of between 330 and 3508C by two
feldspar thermometers (Stormer, 1975), although the
mineral composition does not signi®cantly change
during progressive deformation. However, this tem-
perature is too low to apply the thermometer. On the
other hand, the orthoclase mole fraction of the ®ne-
grained alkali-feldspar is restricted to above 0.94. A
miscibility gap exists in the NaAlSi3O8±KAlSi3O8 sys-
tem, which depends on the temperature (e.g. Yund and
Tullis, 1983). An orthoclase mole fraction above 0.94
is expected at temperatures below 5008C, although the
position of the alkali feldspar solvus is controlled by
many factors other than temperature, such as coher-
ency and pressure. Therefore, it is concluded that the
studied shear zone deformed under much lower tem-
perature (below 5008C) compared with those of pre-
viously studied plagioclase deformation. From this, it
is inferred that temperature mainly controls the tran-
sition of the dominant slip systems from �010��001�.

6. Conclusions

1. The present study provides evidence for defor-
mation by recrystallization-accommodated dislo-
cation creep for ®ne-grained plagioclase in the
ultramylonite. The evidence for dislocation creep is
as follows.
1.1. LPO analyses of the ®ne-grained plagioclase

reveal a strong preferred orientation.
1.2. Half of the grains can be classi®ed into three

orientation groups, A, B, and C. A consistency
of the orientation groups with the determined
Burgers vectors was found. This indicates the
LPO pattern in this study is controlled by dislo-
cation glide.

1.3. The ®ne plagioclase grains in the ultramylonite
have a variable dislocation density and they
have an LPO. These features suggest defor-
mation by recrystallization-accommodated dis-
location creep.

2. The LPO pattern presented here is di�erent from
those previously reported. From the TEM obser-
vations, the dominant slip systems of dislocations
are also di�erent from that previously reported
�010��001�. Therefore transition of the dominant slip
systems from �010��001� depending on the defor-
mation conditions is expected, as has been proposed
for quartz or olivine.

3. The orthoclase mole fraction of the ®ne-grained
alkali-feldspar suggests that the studied shear zone
deformed under the temperature below 5008C, prob-

ably under greenschist facies. On the other hand,
the plagioclase from most of the previous studies
was deformed under amphibolite or granulite facies
conditions. Therefore, it is inferred that the tem-
perature controls the transition of the dominant slip
systems from �010��001�. The microstructure of feld-
spar porphyroclasts also supports this.
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