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Abstract

Orthopyroxene porphyroclasts in peridotite mylonites are elongated to variable extents depending on the crystallographic orientation. This

paper presents a 3D numerical model of the development of lattice- and shape-preferred orientations of orthopyroxene porphyroclasts in a

fine-grained olivine matrix for matrix deformations of simple shear, pure shear and uniaxial shortening. In this model, orthopyroxene grains

are assumed to deform by dislocation glide on a unique slip system (100)[001] with additional rigid-body rotation. This rotation and

deformation is determined so as to minimize the difference in displacement between the matrix and grains for an imposed incremental matrix

deformation. The lattice- and shape-preferred orientations of orthopyroxene porphyroclasts in three mutually orthogonal sections of a

peridotite mylonite sample are consistent with the simulation results for simple shear. The proposed model can be regarded as an extension of

the rigid inclusion model to an anisotropically deformable model, and may represent a mechanism for the development of strong shape-

preferred orientation with antithetic inclination from the shear direction. The proposed 3D model accounts for both lattice- and shape-

preferred orientation, and may therefore be applicable to identifying finite strain geometry and the orientation of vorticity vectors

independently in natural shear zones.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Orthopyroxene porphyroclasts in peridotite mylonites are

elongated to variable extents depending on the crystal-

lographic orientation (Darot and Boudier, 1975; Reuber

et al., 1982; Suhr, 1993; Tubı́a, 1994; Sawaguchi and Takagi,

1997; Sawaguchi et al., 2001). Similar relationships are

recognized in orthopyroxene porphyroclasts in granulite-

facies basic mylonites (Dornbusch et al., 1994; Toyoshima,

1998; Hanmer, 2000). The present authors have recently

simulated the development of lattice- and shape-preferred

orientation (LPO and SPO) of orthopyroxene porphyroclasts

embedded in a fine-gained olivine matrix using a 2D

numerical model (Ishii and Sawaguchi, 2002). In the model,

orthopyroxene grains are deformed by dislocation glide on a

unique slip system (100)[001] (e.g. Mercier, 1985) and by

rigid-body rotation. The magnitudes of this deformation and

rotation are determined so as to minimize the difference in

displacement between the matrix and grains for an imposed

incremental matrix deformation. Therefore, favorably

oriented grains for dislocation glide are highly deformed,

whereas other grains undergo little deformation. In addition,

grains with different shapes behave differently, even given

identical crystallographic orientations.

Simulation results for initially circular grains show that

glide-plane orientations (u) of grains elongated to large

aspect ratios (R) become separated into two groups during

progressive matrix deformation ranging from simple shear

to pure shear. In addition, the degree of asymmetry in the

R–u distribution increases with the degree of non-coaxiality

of matrix deformation. In contrast, the grain long-axis

orientations (f) become concentrated around the maximum

elongation axis of matrix deformation. A natural example

from the Horoman peridotite complex, northern Japan, has

an R–u–f relation that is consistent with matrix defor-

mation by progressive simple shear. Thus, the R–u–f
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relations of orthopyroxene porphyroclasts may be useful for

the kinematical analysis of deformed peridotites.

In this paper, we extend our model to three dimensions

and apply it to the same natural example. The effects of

initial grain shape are also examined, and the results of the

present model are discussed with respect to the results of

various other models and natural examples. Such a 3D

analysis has broader applicability than a 2D approach,

which is only applicable to plane-strain deformations.

Various numerical models for the development of LPO

have been proposed (e.g. Etchecopar, 1977; Lister et al.,

1978; Lister and Paterson, 1979; Lister and Hobbs, 1980;

Etchecopar and Vasseur, 1987; Molinari et al., 1987;

Takeshita et al., 1990; Wenk et al., 1989, 1991; Zhang

et al., 1994). These models have simulated the development

of LPO of mono-mineralic (e.g. quartzite or dunite) or two-

phase (e.g. olivine–orthopyroxene mixture) mineral aggre-

gates. The present model simulates large grains embedded

in a fine-grained matrix (i.e. orthopyroxene porphyroclasts

in a fine-grained olivine matrix) and is able to trace the

change in both crystallographic orientation and grain shape

of orthopyroxene. In addition, this model considers the

rigid-body rotation due to grain shape.

In contrast to models using the viscoplastic self-

consistent theory (e.g. Molinari et al., 1987; Wenk et al.,

1989, 1991; Takeshita et al., 1990) and models using the

finite difference method (Zhang et al., 1994; Zhang and

Wilson, 1997), the purely geometric nature of the present

model does not account for rheology. The present model is

therefore only applicable to the case when the critical

resolved shear stress on a unique slip system is smaller than

the matrix flow strength (Ishii and Sawaguchi, 2002). A

model based on Eshelby’s (1957) equations for ellipsoidal

deformable inclusions may address this disadvantage.

However, there are only a few studies on deformable

inclusions (e.g. Eshelby, 1957; Bilby et al., 1975; Freeman,

1987) and no applications to natural examples. This area

will need to be examined in the future.

Most theoretical models for the development of SPO are

based on the rotational behavior of an isolated rigid particle

in a deforming matrix. Jeffery (1922) derived the general

equations for rotational behavior of a rigid ellipsoidal grain

embedded in a slowly flowing incompressible viscous fluid.

These equations have been solved both analytically and

numerically for several conditions of grain shape and flow

geometry (including 2D and 3D) and have been applied to

the development of SPO (e.g. Jeffery, 1922; Gay, 1968;

Reed and Tryggvason, 1974; Ghosh and Ramberg, 1976;

Hinch and Leal, 1979; Freeman, 1985; Jezek et al., 1994,

1996; Masuda et al., 1995). Assuming rigid grains (i.e. no

dislocation glide), the grain rotation indicated by our model

is the same as Jeffery’s (1922) equations within numerical

error. Using a smaller increment of deformation and a larger

number of points to define the grain shape will reduce this

numerical error. Therefore, we believe that the principle of

minimum difference in displacement between the grain and

its matrix is a sufficient approximation of Jeffery’s (1922)

equations for a component of rigid-body rotation. From this

point of view, the present model can be regarded as an

extension of a rigid inclusion model to a deformable

inclusion model.

2. A natural peridotite example

2.1. Analyzed sample and measurement

The sample used in analysis is the same as that used in

the previous report (Ishii and Sawaguchi, 2002). It is a

peridotite mylonite collected from the Horoman peridotite

complex (Niida, 1974, 1975, 1984; Obata and Nagahara,

1987; Takahashi, 1991, 1992; Takazawa et al., 1992, 1996,

1999, 2000; Ozawa and Takahashi, 1995) in the Hidaka

metamorphic belt (Komatsu et al., 1989; Osanai et al.,

1992), Hokkaido, Japan. This sample is a harzburgite with

the composition olivine þ orthopyroxene þ spinel ^

clinopyroxene. Olivine grains are completely recrystallized

into a polygonal fine-grained (<230 mm) matrix with

strong LPO, in which the olivine [100] point maximum is

slightly oblique to the lineation (Ishii and Sawaguchi, 2002).

Orthopyroxene porphyroclasts are variably elongated,

defining structural elements such as foliation and lineation

(Figs. 1 and 2).

Measurement of the LPO and SPO of orthopyroxene

porphyroclasts was carried out for thin sections cut parallel

to the lineation and normal to the foliation (X0Z0 plane), cut

normal to the lineation (Y0Z0 plane), and cut parallel to the

foliation (X0Y0 plane). Orientations of the crystallographic

axes of porphyroclasts were measured using a petrographic

microscope equipped with a U-stage. Aspect ratios (R) and

long-axis orientations (f) were also measured, and (100)-

trace orientations (u) of grains were reconstructed from the

crystallographic orientations. A total of 102 grains from 12

X0Z0 sections, 38 grains from 5 Y0Z0 sections and 35 grains

from 5 X0Y0 sections were examined.

Most orthopyroxene porphyroclasts are elliptical in all

sections, and extremely elongated orthopyroxene grains

become needle-like in the X0Z0 and Y0Z0 planes (Fig. 2a–c).

The long axes of these grains range from 3 to 30 mm in X0Z0

plane, 1 to 7 mm in the Y0Z0 plane and 2 to 20 mm in the X0Y0

plane. The crystals exhibit wavy extinction and weakly

Fig. 1. Definition of geometrical parameters of a grain in sections. u;

orientation of (100)-plane trace, f; long axis orientation, l1, l2; lengths of

long and short axes, R; aspect ratio. The section is indicated by suffix, such

as RXY, uXY and fXY. For a natural grain, X0 and Z0 indicate lineation and

foliation-normal of the peridotite. For a model grain, X and Z indicate long

and short axes of the finite strain ellipsoid for matrix deformation.
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curved (108) exsolution lamellae of clinopyroxene along

(100). Some grains contain sub-grain boundaries or kink

band boundaries normal to (100) exsolution lamellae. The

exsolution lamellae are slightly inclined with respect to the

long axis of orthopyroxene porphyroclasts in the X0Z0 plane,

and parallel to porphyroclasts in the Y0Z0 plane. The

microstructure lacks heterogeneous deformation features

such as shear bands, indicating that the present sample

deformed homogeneously on the scale of a hand specimen.

In the X0Z0 and X0Y0 planes, no recrystallization was

observed around the grain boundary of highly elongated

orthopyroxene grains. In contrast, several grains with low

aspect ratio exhibit evidence of recrystallization along grain

boundaries; fine-grained aggregates composed of orthopyr-

oxene and olivine extending parallel to the lineation from

the grains. Therefore, the aspect ratio of low-aspect grains

may be slightly affected by such grain boundary recrys-

tallization. Some elongated orthopyroxene porphyroclasts

contain elongated olivine inclusions with shape apparently

governed by shear along the (100) slip plane of the host

orthopyroxene porphyroclast (Fig. 2d).

Brittle fracture extends from a tip of olivine inclusion

almost parallel to the (100) plane of the orthopyroxene (Fig.

2d) or radiating from the tip without displacement. There

are also fractures at a high angle to the foliation in elongated

orthopyroxene porphyroclasts, some of which extend into

the olivine matrix (Fig. 2d). These fractures are thought to

be formed after the plastic deformation of the orthopyroxene

porphyroclast. Pairs of elongated orthopyroxene porphyr-

oclasts with nearly identical crystallographic orientations

are rarely arranged in a line parallel to the lineation on the

X0Z0 plane, implying separation of the orthopyroxene

porphyroclast into two pieces (i.e. microboudinage).

2.2. Results of measurements

Fig. 3 shows the LPO of 102 orthopyroxene porphyr-

oclasts measured on X0Z0 thin sections. The [100] and [001]

Fig. 2. Photomicrographs of orthopyroxene porphyroclasts (Opx) in fine-grained olivine matrix. Crossed polarizers. Scale bars are 1 mm. (a) X0Z0 plane.

Coupled arrows indicate estimated shear direction. (b) Y0Z0 plane. (c) X0Y0 plane. (d) An elongated olivine inclusion in an orthopyroxene porphyroclast, which

suggests shear along (100) slip plane of the host orthopyroxene porphyroclast. Brittle fracture extends from a tip of olivine inclusion almost parallel to (100)

plane of the orthopyroxene. Fractures at high angle to the foliation are also visible.
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orientations have small angles to the foliation-normal and

lineation, respectively, and the [010] orientation has a point

maximum parallel to the Y0 axis. The crystallographic

orientations of grains with larger RX0Z0 values are more

concentrated.

Fig. 4 shows the R–u–f relations in the X0Z0, Y0Z0 and

X0Y0 planes. In the X0Z0 plane (Fig. 4a), the maximum RX0Z0 is

23.9. The fX0Z0 values of most grains are within ^208,

whereas the uX0Z0 values are more widely distributed. In

addition, the uX0Z0 values of grains of 3 , RX0Z0 , 6 range

from 2348 to 458, while most grains of 6 , RX0Z0 have uX0Z0

values ranging from 2208 to 08. The RX0Z0 –uX0Z0 distribution

is therefore highly asymmetric. In the uX0Z0 –fX0Z0 plot,

grains with larger aspect ratios (RX0Z0 ^ 3) can be divided

into two groups of grains with uX0Z0 . fX0Z0 and grains with

uX0Z0 , fX0Z0. All grains with RX0Z0 ^ 8 have uX0Z0 , fX0Z0,

and the maximum RX0Z0 in the uX0Z0 . fX0Z0 group is 5.6. In

the Y0Z0 plane (Fig. 4b), the maximum RY0Z0 is 8.0. The uY0Z0

and fY0Z0 of grains with large RY0Z0 values are concentrated

around the foliation trace, while uY0Z0 and fY0Z0 of grains with

small RY0Z0 values are more variable. In addition, uY0Z0 and

fY0Z0 exhibit a positive correlation, reflecting the sub-

parallelism of these orientations. In the X0Y0 plane (Fig. 4c),

the maximum RX0Y0 is 4.2. Although the RX0Y0 –uX0Y0 –fX0Y0

distributions are dispersed, there is tendency that fX0Y0 of

grains with large RX0Y0 values are concentrated around the

lineation.

3. Numerical modeling

Extension of the previous 2D model (Ishii and Sawa-

guchi, 2002) to three dimensions is straightforward.

Ellipsoidal grain shape is defined by regularly distributed

points with positions xi ¼ {xi, yi, zi} on the grain surface.

Here, the displaced positions of these points after a

deformation increment are dealt with. New positions for

the matrix (xM
i ) and a grain (xG

i ) can be written by:

xM
i ¼ Fxi ð1Þ

and

xG
i ¼ W tQGQxi ð2Þ

where

F ¼

1 þ a 0 g

0 1 þ b 0

0 0 1 2 a 2 b

0
BB@

1
CCA;

W ¼

1 2v3 v2

v3 1 2v1

2v2 v1 1

0
BB@

1
CCA and

G ¼

1 0 0

0 1 0

b 0 1

0
BB@

1
CCA

ð3Þ

Here, F is a deformation gradient tensor for an incremental

matrix deformation, W and G describe rigid rotation and

dislocation glide on the (100)[001] slip system as com-

ponents of grain deformation, Q is the transformation

matrix, indicating the crystallographic orientation of the

grain such that column vectors of Q correspond to the

direction cosines of [100], [010] and [001] orientations. tQ
is the transpose of Q. Thus, for an imposed incremental

matrix deformation (a, b, g), the shear strain (b) and rotation

(v1, v2, v3) of grains are determined so as to minimize the

following expression:

X
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xG

i 2 xM
i

	 
2
þ yG

i 2 yM
i

	 
2
þ zG

i 2 zM
i

	 
2q
ð4Þ

New grain positions (Eq. (2)) and a new crystallographic

orientation (W·Q) are determined from these v1, v2, v3 and

b, and the next deformation increment is then computed.

The progressive deformation of 300 initially spherical

grains with nearly random initial crystallographic orien-

tations was computed for matrix deformations of simple

shear, pure shear, uniaxial shortening and combinations

thereof. The components of incremental matrix defor-

mations are assumed to be constant during the deformation.

Fig. 3. LPO of orthopyroxene porphyroclasts in the Horoman peridotite mylonite.
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Fig. 4. R–u–f relations of orthopyroxene porphyroclasts in the Horoman peridotite mylonite. (a) X0Z0 section. (b) Y0Z0 section. (c) X0Y0 section.
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4. Results of numerical simulation

Deformation of a model grain is affected by three factors;

geometry of matrix deformation, lattice orientation, and

grain shape. For example, Fig. 5 shows the deformation and

rotation of several grains with different lattice orientations

in a matrix deforming by simple shear. Grain A is deformed

only by simple shear without any additional rigid-body

rotation because its slip plane and slip direction are parallel

to the shear plane and the shear direction of matrix

deformation, respectively. Grain C is deformed with a

shear sense opposite to the matrix deformation (antithetic

shear) with an additional clockwise rigid-body rotation.

Grain B rotates clockwise with little deformation because its

orientation is unfavorable for dislocation glide. However,

during progressive matrix deformation, grain B rotates to an

orientation favorable for dislocation glide, after which it is

elongated. Grains D and E only rotate and cannot be

deformed permanently. The authors previously (Ishii and

Sawaguchi, 2002) described in detail the rotational and

deformational behavior of 2D grains. The results of that

study will also be helpful in understanding the behavior of

3D grains.

4.1. Simple shear

Fig. 6 shows the LPO and SPO of 300 grains in a matrix

deforming by progressive simple shear (a ¼ b ¼ 0,

g ¼ 0.02). Note that X, Y and Z in the simulation indicate

the principal axes of the finite strain ellipsoid for matrix

deformation (X ^ Y ^ Z). Grains with larger RXZ values

display stronger LPO, while nearly spherical grains exhibit

weak LPO. The [010] orientations of grains with large RXZ

value have a point maximum near the Y axis. In contrast, the

[001] orientations of grains with RXZ . 3 have two maxima

that are slightly oblique to the X axis. One of these maxima

is parallel to the shear direction of matrix deformation and is

more strongly concentrated than the other maximum.

Similarly, the [100] orientations of grains with RXZ . 3

have two maxima that are slightly oblique to the Z axis.

Therefore, the overall LPO has monoclinic symmetry.

The orientations of long, intermediate and short axes of

grains with large RXZ values have point maxima parallel to

the X, Y and Z axes, respectively. Therefore, the overall SPO

has nearly orthorhombic symmetry with respect to finite

strain coordinates.

Fig. 7 shows the R–f–u relations in the XZ, XY and YZ

sections for matrix deformation by simple shear. In the XZ

section (Fig. 7a), grains are separated into two groups of

uXZ , fXZ and uXZ . fXZ. These two groups correspond to

the two maxima in the LPOs of [100] and [001] (Fig. 6a).

Grains with large RXZ values in the uXZ , fXZ group have

uXZ orientations nearly parallel to the shear plane of matrix

deformation. The maximum RXZ value in the uXZ , fXZ

group is larger than that in the uXZ . fXZ group. Grains with

large RXZ values in both groups have fXZ orientations nearly

parallel to the X axis. These RXZ–fXZ–uXZ relations are

basically the same as the results of the 2D simulation (Ishii

and Sawaguchi, 2002).

In the YZ section (Fig. 7b), the grain with maximum RYZ

has fYZ and uYZ orientations parallel to the Y axis, whereas

grains with smaller RYZ values exhibit a wide range of fYZ

and uYZ values. The values of fYZ and uYZ exhibit a positive

correlation, indicating that the two orientations are sub-

parallel. In the XY section (Fig. 7c), grains with large RXY

values have fXY orientations concentrated around the X axis

and exhibit a wide range of uXY values. But there are no

grains with RXY . 2 and uXY < 0. The fXY–uXY graph

includes a diagonal blank space, indicating that the fXY and

uXY orientations are not parallel.

4.2. Pure shear

For matrix deformation by progressive pure shear

(a ¼ 0.01, b ¼ 0, g ¼ 0), LPO and SPO exhibit orthorhom-

bic symmetry (Fig. 8). The [100] and [001] orientations of

grains with large RXZ values have two maxima at some angle

away from the Z axis and X axis, respectively, while the

Fig. 5. Deformation (solid coupled arrows) and rotation (curved arrows) of spherical model grains with different lattice orientations in a matrix deforming by

simple shear (open coupled arrows). Grain shapes are shown as cubic for the sake of clear presentation of the orientation of active slip system (100)[001].
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[010] orientations of similar grains have a point maximum

parallel to the Y axis. The orientations of the long,

intermediate and short axes of grains with large RXZ values

have point maxima parallel to the X, Y and Z axes. Fig. 9

shows the R–f–u relations in three sections for the pure

shear matrix deformation. R–f–u relations are similar to

those for a matrix deformation by simple shear. However,

all R–f–u relations are symmetrical with respect to the X, Y

and Z axes.

4.3. Uniaxial shortening

The LPO and SPO for uniaxial shortening (a ¼ b ¼ 0.01,

g ¼ 0) exhibit uniaxial symmetry (Fig. 10). The [100] and

[001] orientations form ca. 158 and 758 small-circle

distributions about the Z axis, while the [010] orientations

have a diffuse girdle distribution parallel to the XY plane.

The orientations of long and intermediate axes of grains

show girdle distributions parallel to the XY plane and those

of the short axes have a point maximum parallel to the Z

axis. The LPO and SPO for grains with large RXZ values do

not have girdle or small-circle distributions, instead having

one or two point maxima. However, the overall fabric

symmetry is axial, not orthorhombic. For example, grains

with long-axis orientation parallel to the Y axis or X axis

have the same 3D grain shape, although the aspect ratios in

the XZ section (RXZ) are different.

Fig. 11 shows the R–f–u relation in the XZ and XY

sections for uniaxial shortening. The RXZ–uXZ distribution

has two maxima, indicating the sectioning effect through the

3D fabric with axial symmetry. In the XY section, the fXY

and uXY distributions are nearly uniform. However, the

angles between fXY and uXY are larger than 308, indicated by

the diagonal blank space in the fXY–uXY graph.

4.4. General shear

The results for the three cases of matrix deformation

described above can be considered as end members of LPO

and SPO development for general shear deformation. The

LPO and R–f–u relation for a combination of simple shear

and pure shear (a ¼ 0.01, b ¼ 0, g ¼ 0.04; Fig. 12) are

nearly the same as that of simple shear (Figs. 6 and 7).

However, the addition of a pure shear component reduces

the difference in maximum RXZ values between the uXZ ,

fXZ and uXZ . fXZ groups (compare Figs. 7a and 12b; see

also Ishii and Sawaguchi, 2002).

In the case shown in Fig. 13, the elongation axis of the

pure shear component is perpendicular to the shear direction

of the simple shear component (a ¼ 0, b ¼ 0.01, g ¼ 0.05).

The LPO exhibits monoclinic symmetry (Fig. 13a). The

[001] orientations of grains with RXZ ^ 3 form part of ca.

808 small-circle girdle about the shear-plane normal. The

[100] orientations have a point maximum slightly oblique to

the shear-plane normal, and the [010] orientation fall in a

diffuse girdle pattern normal to the [100] point maximum.

The R–f distributions in three sections indicate that grains

are elongated in all directions within the XY plane (Fig.

13b–d). This is a reflection of the nearly oblate geometry of

the finite strain ellipsoid for this matrix deformation

(X:Y:Z ¼ 3.79:3.65:0.07). In contrast, the RXZ–uXZ distri-

bution shows clear asymmetry.

Fig. 6. LPO (a) and SPO (b) of grains in a matrix deforming by progressive simple shear after deformation increments (n) of 220. The shear-plane orientation,

sense of shear (coupled arrows) and X and Z axes orientation for a matrix deformation are shown in an inset. Axial ratio of a finite strain ellipsoid for matrix

deformation is X:Y:Z ¼ 4.62:1:0.22.
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For a combination of simple shear and uniaxial short-

ening (a ¼ b ¼ 0.01, g ¼ 0.05), the [100] and [001]

orientations of grains with large RXZ values have two

maxima with different concentrations, reflecting a com-

ponent of simple shear (Fig. 14a). The [100] and [001]

orientations of grains with small RXZ values form small-

circle distributions, reflecting a component of uniaxial

shortening. The strong, moderate and weak development of

Fig. 7. R–u–f relations in XZ section (a), YZ section (b) and XY section (c) after 220 deformation increments by simple shear.
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SPO in the XZ, YZ and XY sections (R–f distributions in

Fig. 14b–d), respectively, reflect the geometry of the finite

strain ellipsoid for this matrix deformation

(X:Y:Z ¼ 4.03:2.22:0.11).

5. Discussion

5.1. Comparison with natural example

The simulation results show that the LPO and SPO of

orthopyroxene porphyroclasts have the same symmetry as

the matrix deformation: fabrics with axial (uniaxial short-

ening), orthorhombic (pure shear) or monoclinic symmetry

(simple shear). However, the SPO for simple shear matrix

deformation has nearly orthorhombic symmetry. It is very

difficult to measure the 3D SPO directly from a natural

example. However, it is possible to compare the simulation

results with a natural example by comparing the R–u–f

data distributions in sections with clear orientations.

As foliation (X0Y0 plane) and lineation (X0 axis) in the

present natural sample are defined by the SPO of

orthopyroxene porphyroclasts (Figs. 2 and 4) and all of

the simulation results indicate an SPO parallel to the finite

strain axes of matrix deformation (X, Y and Z axes), the

simulation results can be compared with a natural example

by regarding the X0, Y0 and Z0 axes as the finite strain axes of

matrix deformation. The LPO and R–u–f distributions of

orthopyroxene porphyroclasts in the present natural sample

(Figs. 3 and 4) are almost identical to the simulation result

for progressive simple shear after 220 deformation incre-

ments (Figs. 6 and 7). The shear plane and shear direction of

the natural example are estimated to be a plane normal to

[100] maximum and a direction of [001] maximum,

respectively.

However, there are several differences between the two

series of results. Most notably, the simulation yields a

smaller maximum RYZ and larger maximum RXY than the

natural example. Calculations for various matrix defor-

mations show that these differences cannot be reduced by

the addition of a small pure shear or uniaxial shortening

component (a and/or b in Eq. (3)) to the simple shear

(compare Figs. 12–14 with Fig. 7). The LPO and R–u–f

distributions for matrix deformation with a/g or b/g values

larger than 0.1 are also clearly different from those of the

natural example (compare [001] orientations in Figs. 13 and

14 with those in Fig. 3). The differences in maximum RYZ

and RXY will be discussed later.

There have been no previous reports on the data sets

including LPO and R–u–f distributions for orthopyroxene

porphyroclasts in mylonitic rocks. Therefore, observations

of the present natural example are the only data on which to

base a concrete discussion of the simulation results.

However, Dornbusch et al. (1994) analyzed granulite-facies

metabasic mylonites from the Ivrea Zone of the Southern

Alps in Italy. Those mylonites also include variably

elongated orthopyroxene porphyroclasts within recrystal-

lized fine-grained plagioclase. Although Dornbusch et al.

(1994) did not show the RX0Z0 –uX0Z0 or fX0Z0 –uX0Z0 distri-

butions, the reported LPO and RX0Z0 –fX0Z0 distributions of

Fig. 8. LPO (a) and SPO (b) of grains in a matrix deforming by progressive pure shear after deformation increments (n) of 180. Axial ratio of a finite strain

ellipsoid for matrix deformation is X:Y:Z ¼ 6.00:1:0.16.
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Fig. 9. R–u–f relations in XZ section (a), YZ section (b) and XY section (c) after 180 deformation increments by pure shear.
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orthopyroxene porphyroclasts is consistent with a present

simulation result for matrix deformation by simple shear.

5.2. Effect of initial grain shape

As there are differences in maximum RYZ and RXY

values between the natural example and the simulation

for initially spherical grains, the effect of non-spherical

initial grain shapes were examined by calculations for

initially ellipsoidal grains with axes parallel to the

crystallographic axes [100], [010] and [001]. The result

most consistent with the natural example was obtained

from the initial grain shape of d1:d2:d3 ¼ 1:2:1.4, where

d1, d2 and d3 indicate the grain diameters parallel to the

[100], [010] and [001] directions, respectively (Figs. 15

and 16). In general, a larger maximum RYZ and smaller

maximum RXY result from initial grain shapes with larger

d2/d1 ratio. In addition, larger d3/d1 tends to result in

greater asymmetry in the RXZ–uXZ distribution (i.e. a

larger difference in maximum RXZ values between the

uXZ . fXZ and uXZ , fXZ groups) for matrix deformation

by simple shear.

Although it is difficult to fully understand the combined

effects of various matrix deformation and initial grain

shapes, it can be confirmed that initial grain shapes of

0.5 , di/dj , 2 (i, j ¼ 1, 2, 3) do not significantly affect the

LPO.

5.3. Mica fish

Mica fish are porphyroclasts composed of muscovite or

biotite with parallelogram or lenticular shapes occurring

within quartz-rich mylonites (Lister and Snoke, 1984;

Passchier and Trouw, 1996). Lister and Snoke (1984)

described that the (001) cleavage of mica fish is either tilted

(30–408) back against the sense of shear or sub-parallel to

the shear plane (C-plane). Judging from the microphoto-

graphs (see also Passchier and Trouw, 1996), the long axis

orientation of mica fish range from 308 back against the

sense of shear to parallel to the shear plane such that the

long axis orientation with respect to the (001) cleavage

varies from 2208 to 208. In addition, Lister and Snoke

(1984) have shown that elongated mica fish (aspect ratio

larger than 20) with (001) plane parallel to the C-planes are

also common. The R–f distributions of mica fish from two

localities were reported by ten Grotenhuis et al. (2002), who

showed that the long axis orientation of mica fish ranged

from 308 back against the sense of shear to parallel to the

shear plane, with aspect ratios of 2–16. Microphotographs

indicated that the mica fish have similar (001) orientations

to those described by Lister and Snoke (1984). These

variations in mica fish geometry are similar to those of the

model grains within a simple-shearing matrix.

However, the microstructures of mica fish reveal

formation mechanisms of recrystallization and microfault-

ing of mica porphyroclasts as well as slip on the basal plane

and rigid body rotation (Lister and Snoke, 1984; Passchier

Fig. 10. LPO (a) and SPO (b) of grains in a matrix deforming by progressive uniaxial shortening after deformation increments (n) of 120. Axial ratio of a finite

strain ellipsoid for matrix deformation is X:Y:Z ¼ 3.30:3.30:0.09.
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and Trouw, 1996). Microfaults are parallel or oblique to the

(001) cleavage, and have antithetic or synthetic relation-

ships with bulk shear sense depending on the orientation

with respect to the bulk shear plane (fig. 5 of Lister and

Snoke, 1984). Most mica fish have trails of small fragments

or recrystallized grains extending from tips. Since the R–

f–u relations of mica fish can be affected by these

microfaulting and recrystallization processes, detailed

studies on the R–f–u relations for mica fish are required

before applying the present model.

5.4. SPO antithetically inclined from the shear direction

Based on the Jeffery’s (1922) equations, a rigid

ellipsoidal grain should continuously rotate in a linear-

viscous matrix undergoing simple shear, and will therefore

not develop a stable orientation (e.g. Freeman, 1985; Jezek

et al., 1994; Masuda et al., 1995). However, many natural

mylonitic rocks exhibit very strong SPO of porphyroclasts

with long axes inclined antithetically to the shear direction.

This is considered to be more consistent with a stable end

orientation than the transient fabrics predicted by the theory

(Pennacchioni et al., 2001; ten Grotenhuis et al., 2002;

Mancktelow et al., 2002).

Jeffery’s (1922) equations predict that an additional pure

shear component in matrix flow results in a stable end

orientation for grains above a critical aspect ratio (Ghosh

and Ramberg, 1976; Passchier, 1987; Masuda et al., 1995).

In this case, stable orientation with regard to the shear sense

is synthetic for thinning shear zones and antithetic for

thickening shear zones.

The non-Newtonian rheology of matrices (Ildefonse and

Mancktelow, 1993; ten Grotenhuis et al., 2002), particle

interaction in multiparticle systems (Ildefonse et al., 1992a,

b; Tikoff and Teyssier, 1994; Arbaret et al., 1996) and slip at

particle–matrix interfaces (Ildefonse and Mancktelow,

1993; Marques and Coelho, 2001; Mancktelow et al.,

2002) also affects the development of SPO. Particle

interaction will stabilize shape fabric toward an antithetic

orientation with respect to the shear plane, but the intensity

of such a fabric is very weak (Ildefonse et al., 1992a,b;

Arbaret et al., 1996).

Fig. 11. R–u–f relations in XZ section (a) and XY section (b) after 120 deformation increments by uniaxial shortening.
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From analog experiments of simple shear and combi-

nations of pure and simple shear using Mohr–Coulomb type

material, ten Grotenhuis et al. (2002) have shown that rigid

elongate parallelogram-shaped inclusions have stable end

orientations inclined antithetically from the shear plane.

Among the several conditions of non-coaxiality, the results

of simple shear experiments fit very well with the SPO of

natural mica and tourmaline fish. The results also suggest

Fig. 12. LPO (a) and R–u–f relations in three sections ((b)–(d)) for a matrix deformation by a combination of progressive simple shear and pure shear. The

elongation axis of a pure shear component is parallel to the shear direction of a simple shear component (coupled arrows in an inset). Axial ratio of a finite strain

ellipsoid for matrix deformation is X:Y:Z ¼ 4.78:1:0.21.
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that orientation of the object is determined by the orientation

of small-scale shear bands. Mancktelow et al. (2002)

performed analog experiments at very high simple shear

strain using linear-viscous material and investigated the

rotational behavior of rigid elongate inclusions with

elliptical and parallelogram shapes under conditions of

coherent and slipping inclusion–matrix interfaces. Interface

slip causes a dramatic reduction in the rotation rate of

Fig. 13. LPO (a) and R–u–f relations in three sections ((b)–(d)) for a matrix deformation by a combination of progressive simple shear and pure shear. The

elongation axis of a pure shear component is normal to the page and is perpendicular to the shear direction of a simple shear component (coupled arrows in an

inset). Axial ratio of a finite strain ellipsoid for matrix deformation is X:Y:Z ¼ 3.79:3.65:0.07.
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elliptical inclusions compared with that predicted by theory,

but not stabilization. In contrast, interslip results in

stabilization of parallelogram-shaped inclusions, with the

long diagonal oriented at a small antithetic angle to the shear

direction. Mancktelow et al. (2002) concluded that interface

slip is one mechanism of stabilization for elongate

parallelogram-shaped inclusions.

To summarize previous studies, rigid inclusions in a

simple-shearing matrix have stable orientations inclined

antithetically from the shear plane under several conditions

Fig. 14. LPO (a) and R–u–f relations in three sections ((b)–(d)) for a matrix deformation by a combination of progressive simple shear and uniaxial

shortening. The direction of uniaxial shortening is normal to the shear plane of simple shear component (coupled arrows in an inset). Axial ratio of a finite strain

ellipsoid for matrix deformation is X:Y:Z ¼ 4.03:2.22:0.11.
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of combinations of non-elliptical (i.e. elongate parallelo-

gram or rectangle) grain shape, non-Newtonian matrix

rheology, and interface slip.

Orthopyroxene porphyroclasts in the present peridotite

mylonite also exhibit strong SPO with long axes inclined

antithetically about 108 to the shear direction (Fig. 4). This

strong SPO can be simulated by the present model as the

product of deformation and rigid-body rotation of orthopyr-

oxene porphyroclasts. Therefore, deformable inclusions can

be considered to be a valuable additional model for strong

SPO antithetically inclined from the shear direction.

For matrix deformation by simple shear, SPO parallel to

the finite strain axes of matrix deformation results in SPO

antithetically inclined from the shear direction. The SPO of

passive elliptical inclusions (i.e. inclusions without rheolo-

gical contrast with the matrix) is also parallel to the finite

strain axes of matrix deformation (e.g. Ramsay, 1967;

Dunnet, 1969; Ramsay and Huber, 1983). However, there

are several differences between passive inclusions and the

present grain model. For a large 2D strain (i.e. Rs . Ri,

where Rs and Ri are the axial ratio of the strain ellipse and

the initial aspect ratio of inclusions), the maximum and

minimum aspect ratios (Rmax and Rmin) of passive inclusions

are Rmax ¼ RiRs and Rmin ¼ Rs/Ri. This then gives the

relations Ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Rmax=Rmin

p
and Rs ¼

ffiffiffiffiffiffiffiffiffiffiffi
RmaxRmin

p
. For the

case of unique initial aspect ratio of inclusions, therefore, a

wide range of aspect ratio of deformed inclusions implies a

large initial aspect ratio of inclusions (for example Ri ¼ 5

for Rmax ¼ 25 and Rmin ¼ 1). In contrast, for the present

model, Rs < Rmax and grains with a wide range of aspect

ratio are derived from initially circular grains with variable

crystallographic orientation (Ishii and Sawaguchi, 2002).

Although the relationship between grain shape and matrix

deformation for 3D deformation is not simple, it is clear

that the behavior of grains in the present model is different

from that of passive ellipsoidal inclusions. These differences

are ascribed to the highly anisotropic behavior of grains in

the model due to the unique slip system. This indicates that

the SPO of deformable inclusions is also controlled by the

degree of anisotropy as well as the rheological contrast

between inclusions and the matrix. As the deformational

behavior of a perfectly anisotropic grain changes from

passive to rigid according to its orientation, rigid, passive

and anisotropic ellipsoidal inclusions are considered to be

ternary end-members of the deformational conditions of

inclusions.

5.5. LPO

Several simulation models for the development of the

LPO of grains with unique slip system have been proposed

(Etchecopar, 1977; Wenk et al., 1991; Zhang et al., 1994).

Simulation results from a purely geometrical model

(Etchecopar, 1977) and a model based on the finite

difference method (Zhang et al., 1994) show that glide-

plane orientations become separated into two orientations

during progressive pure shear and simple shear and that

these two orientations are oblique to the long axis of the

strain ellipse. In addition, for simple shear deformation, one

of the orientations is sub-parallel to the shear plane. This is

consistent with the present simulation results. In contrast,

simulations of peridotites (two-phase aggregates of 70%

olivine–30% orthopyroxene) using viscoplastic self-con-

sistent theory show that the [001] orientation of orthopyr-

oxene becomes concentrated around the long axis of the

strain ellipsoid for pure and simple shear deformation

(Wenk et al., 1991). This difference may be ascribed to the

shape-dependent rotation of grains, which may not have

been taken into consideration in Wenk et al. (1991).

5.6. Implications of 3D numerical modeling

Kinematical analysis of rock deformation has advanced

markedly in the last two decades (e.g. Lister and Williams,

1979, 1983; Means et al., 1980; Passchier and Simpson,

1986; Ishii, 1992, 1995; Masuda et al., 1995; see also

Passchier and Trouw, 1996 for reviews). In most studies,

however, rock fabrics have been analyzed in two dimen-

sions and ductile shear zones have been assumed to develop

by progressive plane-strain deformation. In a plane-strain

Fig. 15. LPO of initially ellipsoidal grains in a matrix deforming by progressive simple shear after deformation increments (n) of 250. Initial grain shape is

d1:d2:d3 ¼ 1:2:1.4, where d1, d2 and d3 indicate grain diameter parallel to [100], [010] and [001] directions, respectively. Axial ratio of a finite strain ellipsoid

for matrix deformation is X:Y:Z ¼ 5.19:1:0.19.
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Fig. 16. R–u–f relations in XZ section (a), YZ section (b) and XY section (c) after 250 deformation increments by simple shear. Initial grain shape is

d1:d2:d3 ¼ 1:2:1.4.
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shear zone, the vorticity vector should be parallel to the

shear zone and perpendicular to both the finite elongation

axis (lineation) and the relative displacement direction of

the wall. However, several natural shear zones have been

reported in which the vorticity vector is not perpendicular to

the lineation or the orientation of lineation changes across

the zone (e.g. Hudleston et al., 1988; Robin and Cruden,

1994; Tikoff and Greene, 1997; see also Jiang and Williams

(1998) and Passchier (1998) for theoretical analysis of

general shear deformation). Such 3D ductile shear zones are

therefore not unusual, and independent information of finite

strain geometry and orientation of the vorticity vector are

indispensable for kinematical analysis of natural shear

zones. The present model is able to trace the change in both

crystallographic orientation and grain shape of porphyr-

oclasts. As shown in Fig. 13, the SPO of grains has nearly

axial symmetry, reflecting the geometry of the finite strain

ellipsoid. On the other hand, the LPO of grains has

monoclinic symmetry with clear asymmetry in the XZ

plane, indicating that the vorticity vector is parallel to the Y

axis. The present 3D numerical modeling approach is

considered, based on comparison with natural examples, to

be useful for the kinematic analysis of general shear zones.

6. Summary

A 3D numerical model for simulating the development of

lattice- and shape-preferred orientation of orthopyroxene

porphyroclasts in a fine-grained olivine matrix was

proposed. In the model, grains are deformed by dislocation

glide on a unique slip system and by rigid-body rotation.

The simulation results revealed several features. Grains

became separated into two groups with uXZ , fXZ and

uXZ . fXZ. The slip plane and slip direction of elongated

grains were parallel to the shear plane and shear direction of

simple-shearing matrix deformation. Strong SPO formed

parallel to the elongation axis of matrix deformation. A

natural peridotite mylonite sample also exhibited these

features.

Similar to many other porphyroclasts in natural mylonitic

rocks, orthopyroxene porphyroclasts in the present perido-

tite mylonite exhibited strong SPO with long axes inclined

antithetically to the shear direction. Anisotropically deform-

able inclusions may be one mechanism for the development

of this SPO.

The present 3D model has broader applicability than the

previous 2D model, which is only applicable to plane-strain

deformations. In addition, the present model is able to trace

the change in both the crystallographic orientation and grain

shape of porphyroclasts. Therefore, independent infor-

mation of the finite strain geometry and orientation of the

vorticity vector may be obtainable by application of the

present model to natural shear zones.
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