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central Japan

AKIRA MIYAKE
Department of Earth Sciences, Aichi University of Education, Kariya 448, Japan
(Received 6 May 1992; accepted in revised form 2 November 1992)

Abstract—The detailed microstructures of biotite porphyroblasts in pelitic schist from the Nukata area, central
Japan, indicate that the porphyroblasts rotated in an external reference frame during non-coaxial deformation.
The amount of rotation and rotation axis are controlled by the (001) orientation of the biotite porphyroblast with
respect to the schistosity and the lineation. Concurrently with rotation, the biotite porphyroblasts suffered shape
change by solution and deposition in the shortening and dilating fields around the porphyroblast, respectively.
The close co-occurrence of inclusion-free domains (newly deposited biotite domains) and pressure shadows
along the (001) faces suggests that continuously opening fractures along the (001) faces caused biotite deposition
as well as pressure shadow aggregates. The role of pressure shadow formation for porphyroblast rotation is
discussed in terms of stresses applied on the porphyroblast surface. It is concluded that although the formation of
‘deformation-partitioning-induced pressure shadows’ tends to suppress porphyroblast rotation, that of ‘fracture-
induced pressure shadows’ (‘pressure fringes’) promotes porphyroblast rotation. The present biotite porphyro-
blasts would have rotated at rates depending not only on their shape and shape orientation, but also on the (001)

orientation.

INTRODUCTION

INcLUSION trials in porphyroblasts are important since
they give information about matrix fabrics present dur-
ing porphyroblast growth. They have been used in
estimating the time relation of deformation and crystal-
lization during metamorphism (e.g. Zwart 1962, Spry
1963, Rast 1965).

Inclusion trials (Si) in pre- or syn-kinematic blasts,
which may be straight, sigmoidal or spiralling, are com-
monly discordant to surrounding foliations (Se). The
discordance has generally been interpreted as being due
to rotation of porphyroblasts during deformation (e.g.
Cox 1969, Powell & Treagus 1970, Williams & Schone-
veld 1981, Olesen 1982, Lister & Williams 1983, Lister et
al. 1986, Passchier et al. 1992). However, Ramsay (1962)
showed that coaxial flattening oblique to the foliation
can produce a similar discordant relationship between Si
and Se without porphyroblast rotation. Accordingly,
Bell (1985) discussed the proposal that porphyroblasts
generally do not rotate with respect to external geo-
graphic co-ordinates, even during non-coaxial bulk
deformation, because porphyroblasts are usually posi-
tioned in progressive shortening zones of the strain-field
diagram of Bell (1981) as a result of deformation parti-
tioning. Fyson (1975, 1980), Steinhardt (1989), Bell &
Johnson (1989), Johnson (1990) and Hayward (1990,
1992) demonstrated that Si orientation is almost con-
stant throughout wide areas where intense deformation
continued after porphyroblast growth and concluded
that the discordant relationship between Si and Se is due
primarily to rotation of Se.

On the other hand, if the assumption that rocks
deform like stlowly flowing fluids is valid, it is expected
that rigid porphyroblasts in deforming rocks should
generally rotate by significant amounts. When the defor-

mation is Newtonian, rotational behavior of isolated
ellipsoidal porphyroblasts can be modeled using Jef-
fery’s (1922) theory (e.g. Gay 1968, Ghosh & Ramberg
1976, Passchier 1987). It is possible that real rock defor-
mation is not Newtonian but follows a power law (e.g.
Carter 1976). However the implications for rotational
behavior of the two deformation laws is probably similar
(Ferguson 1979).

When porphyroblasts rotate during ductile defor-
mation, the rotation rate and rotational axis depend on
their shape and orientation with respect to the strain
field (e.g. Passchier 1987) and so it is expected that non-
equidimensional porphyroblasts in different initial
orientation may rotate about different axes by different
amounts. For example, Zwart & Calon (1977) reported
that the lath-shaped chloritoid porphyroblasts from Cur-
aglia, in the Swiss Alps, had rotated in different direc-
tions during flattening deformation orthogonal to the
foliation, according to whether their initial long axes lie
in clockwise or anticlockwise direction from the folia-
tion.

Seo & Hara (1980) reported that discordant angles
between Se and Si in biotite porphyroblasts vary system-
atically according to the angle between Se and the (001)
plane of biotite porphyroblasts in the Ryoke metamor-
phic schists from the Nukata area, central Japan. They
did not regard this evidence as a result of rigid body
rotation of biotite porphyroblasts.

This paper describes biotite porphyroblasts in pelitic
schist from the same area as treated by Seo & Hara
(1980). Detailed observations indicate that the biotite
porphyroblasts in the schist did rotate in an external
reference frame. Vernon (1988) reported that clear
evidence of rotation of biotite porphyroblasts is uncom-
mon in the literature. This investigation gives new evi-
dence of such rotation.
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Fig. 1. Geological sketch map with the locality of the Nukata area.

GEOLOGICAL SETTING

The Ryoke metamorphic rocks of the Nukata area
consist mainly of pelitic and psammitic schists, and
metachert. Kano (1978) related these meta-sedimentary
rocks to the Triassic system in the non- or weakly
metamorphosed area. The metamorphic age of the
Ryoke belt is inferred by K-Ar and Rb—Sr methods to be
in the range of 60-90 Ma (e.g. Nozawa 1977). The
metamorphic rocks of the area were intruded by granitic
rocks in the northern and eastern parts during late- or
post-regional metamorphism.

Figure 1 shows the metamorphic zoning in the area.
The metamorphic grade ranges from andalusite grade in
the northern part to sillimanite grade in the southern
part (Asami & Hoshino 1980, Asami ef al. 1982, Seo
1985) although a contact metamorphic zone is devel-
oped around the granitic bodies (Asami & Hoshino
1980, Seo 1985). A1,SiO5 mineral-bearing rocks usually
contain K-feldspar in the sillimanite and contact meta-
morphic zone, but not in the andalusite zone. The
contact metamorphic zone is characterized by the wide-
spread mineral assemblage cordierite + K-feldspar in
pelitic and psammitic rocks.

The schistosity of metamorphic rocks in the area is
generally parallel to the original bedding and has a
consistent ENE-WSW trend with monotonous dips of
20-80°N. The orientation of mineral lineations is also
consistent throughout the area and has a gentle pitch
toward ENE or WSW. Mesoscopic folds are scarce.

The deformation history in the area was discussed
by Seo & Hara (1980). They divided the deformation
history after porphyroblastic growth of biotite into
two stages: a first stage of intracrystalline slip of biotite
and a subsequent stage of pressure solution deforma-
tion. T will challenge this interpretation in the present

paper.

SAMPLE DESCRIPTION

The studied pelitic schist was collected in the andalu-
site zone about 200 m west of Miyazaki (Fig. 1). The
sample shows homogeneously developed unfolded
schistosity, which is parallel to the bedding plane, and a
weak mineral lineation which can be recognized on the
schistosity planes.

The schist is composed predominantly of quartz, mus-
covite and biotite. Biotite crystals usually occur as
elongate porphyroblasts ranging from 0.1 to 1 mm in
their longest dimension. The matrix consists of equal
amounts of lath-shaped muscovite and elongate quartz
grains. Minor amounts of fine-grained graphite also
occur ubiquitously in the porphyroblast and matrix
minerals, and also along grain boundaries of matrix
minerals. The schist is homogeneous on the scale of the
thin section, except for the presence of a weak com-
positional layering and for quartz veins that are usually
parallel to the schistosity. Muscovite grains with an
average size of 0.005 x 0.05 X 0.1 mm have strong
preferred lattice and dimensional orientations. The
schistosity and the mineral lineation are defined by this
arrangement of muscovite flakes. Biotite and elongate
quartz crystals also show preferred dimensional orien-
tation, which is consistent with the schistosity.

MICROSTRUCTURE OF BIOTITE
PORPHYROBLASTS

Detailed observations were made using three thin
sections (Fig. 2): one perpendicular to the lineation (a-
section), one perpendicular to the schistosity and paral-
lel to the lineation (b-section), and one parallel to the
schistosity (c-section).

Although muscovite flakes show strong preferred
lattice orientation, the lattice fabric for biotite is weak
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Fig. 2. Schematic block diagram defining the a-, b- and c-sections.

(Fig. 3). Because of this weak lattice fabric, biotite
porphyroblasts with various orientations with respect to
the schistosity and the lineation can be observed in the
sample.

Several characteristics of biotite porphyroblasts vary
according to their (001) orientation. The variations were
mainly observed in the a- and b-sections. In these thin
sections, the characteristics vary remarkably in the
porphyroblasts with (001) at high angles (more than
60°) to the thin section planes (referred to below as
‘upright biotite’). Thus, variation patterns in the angle
between the (001) trace and the schistosity trace
(referred below as ‘inclination angle’) will be described
for ‘upright biotite’. For these ‘upright biotites’, the
observed ‘inclination angle’ in two-dimensional section
will be close to the true three-dimensional angle be-
tween (001) and the schistosity. The convention used
here is that the ‘inclination angle’ is taken as positive
when the orientation is inclined from the schistosity in
the anticlockwise direction looking down for the b-

Fig. 3. Scatter diagram for (001) poles of biotite grains. Plotted

orientations are measured in the b-section. A dashed line and the

symbol ‘L’ represent schistosity and lineation, respectively. The dia-
gram shows a weak lattice fabric with monoclinic symmetry.
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section and to the north for the a-section. In order to
construct the full three-dimensional image, biotite
porphyroblasts with (001) at low angles (less then 30°) to
the thin section (referred to below as ‘recumbent bio-
tite’) will be also described.

Shape, elongation orientation and axial ratio

‘Upright’ and ‘recumbent biotites’ in the a- and b-
sections usually have a lenticular shape (Figs. 4a—f and
5), although their elongation orientation and axial ratio
vary according to the (001) orientation as described
below. On the other hand, ‘upright biotites’ in the ¢-
section have a rectangular shape elongated along the
(001) trace, regardless of the orientation of the (001)
trace (Figs. 4g & h).

Elongation orientations were measured as the orien-
tations of the longest axis and axial ratios were obtained
by calculating I;/l,, where [, is the longest intercept
length and /, is the intercept length in the direction 90°
away from the longest axis.

Figures 6(a) & (b) show the relationship between the
elongation orientation and the axial ratio in the a- and b-
sections, respectively. The elongation orientation tends
to be parallel to the schistosity for biotites with high axial
ratios in both a- and b-sections. However, this tendency
is weaker for lower axial ratios. The departure of the
elongation orientation from the schistosity trace for
lower axial ratios is larger in the a-section than in the b-
section. Such a dimensional fabric of biotite is consistent
with the orientations of the schistosity and the lineation.

Figures 7 and 8 are plots of elongation orientations
and the axial ratios against the ‘inclination angle’ for
‘upright biotites’ in a- and b-sections. Both elongation
orientations and axial ratios are controlled mainly by the
(001) orientation. With increasing ‘inclination angle’,
the angle between the elongation direction and the
schistosity trace increases and the axial ratio decreasesin
both the a- and b-sections.

Inclusion trails

Each biotite porphyroblast could be divided into two
kinds of domains; the first domain contains many in-
clusions of fine graphite and minor amounts of quartz,
and the second domain contains no or scarce inclusions.
The boundary of the two domains is usually sharp (Figs.
4 and 5).

The inclusions show essentially straight arrays for the
‘upright’ and ‘recumbent biotites’ in both a- and b-
sections (Figs. 4a—f and 5) while most biotite grains in
the c-section contain an isotropic inclusion pattern (Figs.
4g & h) due to low angle intersection of Si planes. In
many cases Si is not continuously linked to Se but
truncated by Se or separated from Se by the inclusion-
free domain.

Si orientations were measured as discordance angles
relative to the Se traces in the a- and b-sections. The Si
orientation systematically varies according to the (001)
orientation. Figures 9(a) & (b) show the variation
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patterns of the Si orientation of ‘upright biotites’ against
the ‘inclination angle’ for the a- and b-sections, respec-
tively. The variation pattern for the a-section is sym-
metric with respect to the Se orientation while that for
the b-section is asymmetric. On the other hand (001)
traces of ‘recumbent biotites’ are always sub-parallel to
the Se trace (Fig. Sh).

Inclusion-free domains

Inclusion-free domains usually occur parallel to the
(001) face at both ends of the biotite grain (Figs. 4 and
5). The shape of the domain shows monoclinic symmetry
with respect to the center of the grain. The inclusion-free
domain sometimes has a characteristic hook-like tail at
one end corner of the (001) face (Figs. 4d & e and 5b &
¢). This inclusion-free domain is usually accompanied at
its outside by pressure shadow aggregates and is compar-
able with the ‘paired clear zone’ of Lister ez al. (1986).

Pressure shadows

Pressure shadows are composed of inclusion-free
aggregates of quartz and minor amounts of lath-shaped
muscovite. The quartz grains in well-developed pressure
shadows are usually elongated along the direction per-
pendicular to the (001) face (Figs. 4g & h). The degree of
pressure shadow development is also controlled mainly
by the (001) orientation. Roughly speaking, when the
(001) plane lies at high angles to the schistosity,
especially to the lineation, biotite tends to have large
pressure shadows (cf. Mancktelow 1979). However,
detailed observation indicates that, for the b-section,
upright biotite grains with a positive ‘inclination angle’
tend to have a larger pressure shadow compared to those
with a negative ‘inclination angle’ (for example compare
Figs. S5e & f). On the other hand, the upright biotite in
the a-section has similarly sized pressure shadows for
positive and negative ‘inclination angles’ of the same
magnitude.

INTERPRETATION
Shape change of biotite porphyroblasts

The weak lattice fabric (Fig. 3) of biotite grains
suggests that the biotite porphyroblasts nucleated and
grew under relatively static conditions (see also Seo &
Hara 1980). Such conditions are incongruous with the
strong preferred lattice and dimensional orientation of
muscovite flakes which defined the schistosity and the
lineation. On the other hand, the dimensional fabric
(Fig. 6) of biotite is congruous with the muscovite fabric.
From these observations, it is considered that biotite
porphyroblasts grew and enclosed an earlier schistosity
during an interkinematic stage, and that subsequently
biotite grains suffered shape change during develop-
ment of the existing schistosity.

The Si traces in the biotite porphyroblasts in the a- and
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b-sections are usually truncated at the interfaces sub-
parallel to the schistosity by the Se traces. This suggests
that local mass removal of biotite components took
place at these interfaces. On the other hand, new biotite
material would have grown as inclusion-free domains in
dilating pressure shadows. The growth has occurred
from the (001) face of the old grain, which remains as an
inclusion-crowded domain. The development of pres-
sure shadows and the inclusion-free domains are most
advanced when the (001) faces are at high angles to the
schistosity, and especially to the lineation.

The pressure shadows can be interpreted as sites
where minerals deposited in an opening fracture around
a rigid porphyroblast during matrix deformation (Lister
et al. 1986). The mica (001) face would have been a
suitable face for fracturing since its surface energy is
characteristically low. Thus when the (001) face is at a
high angle to the extension direction of the matrix
deformation, a pressure shadow will be developed to a
larger degree. This suggests that the lineation orien-
tation is approximately parallel to the principal maxi-
mum extension axis and that the intermediate axis,
which is approximately parallel to the schistosity and
perpendicular to the lineation, is also extended.

Solution in the shortening fields around a porphyro-
blast and deposition in the extending fields could lead to
shape change of biotite grains such that their elongation
orientation would tend to be parallel to the schistosity
(cf. Beutner 1978) as shown in Fig. 6. The nature of such
a shape change should vary according to the initial
elongation orientation, which is related to the (001)
orientation, as shown in Figs. 7 and 8.

Rotation of biotite porphyroblasts

The discordance between Si and Se can be interpreted
geometrically in several ways: (1) Se rotation without
porphyroblast rotation; (2) Si rotation by intracrystal-
line slip on (001) without rotation of the (001) orien-
tation; (3) rigid body rotation of the biotite grains with
or without intracrystalline slip on (001).

The first interpretation above is rejected since it is
difficult to explain the systematic variation of the Si
orientation with respect to the (001) orientation (Fig. 9).
The systematic Si variation suggests that the Si planes
have rotated with respect to each other.

The second interpretation was proposed by Seo &
Hara (1980), who also studied biotite porphyroblasts
from the present area. They reported a similar variation
pattern to that of Fig. 9(a) in a-sections. They concluded
that Si of biotite flakes rotated in the opposite direction
to (001) due to intracrystalline slip along the fixed (001)
plane during a progressive compression in a direction
parallel to the schistosity trace in the thin section.
Although their interpretation can explain the systematic
variation of the Si orientation, it is not reasonable since
such intracrystalline deformation will in general also be
accompanied by rotation of the (001) orientation (e.g.
Etchecopar 1977).

Thus the third interpretation remains. In this interpre-
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Fig. 4. (a)~(f) ‘Upright biotites’ with various ‘inclination angles’ in the a-section. Si is sub-parallel to Se in biotites with
(001) at low (a) and high (f) angles with Se while biotites with intermediately inclined (001) show inclined Si (b, ¢, d & e).
Pressure shadows develop to a large extent when (001) is at high angle with Se (f). When (001) or Si are inclined at
intermediate angles, inclusion-free domains around porphyroblasts occasionally have hook-like tails (arrows in d and e).
(g) & (h) ‘Upright biotites’ with the (001) plane at a high angle to the lineation (g) and at a small angle with the lineation (h)
in the c-section. Intersection outline shape of these biotites and inclusion-crowded domains show rectangular shape
elongated along (001). Quartz and muscovite in the pressure shadows are elongated along the direction at high angles with
the (001) faces. Pressure shadows and inclusion free domains in (g) are larger than in (h). Scale bars are 0.1 mm.
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Fig. 5. ‘Upright biotites” with various ‘inclination angles’ (a~g) and ‘recumbent biotite’ (h) in the b-section. In ‘upright

biotites’ Si is sub-parallel to Se when (001) is inclined in anticlockwise direction by about 70° from Se (¢). Biotites with

clockwise inclination of Si are restricted to cases where (001) is inclined in anticlockwise direction by smaller angles (a & c).

For details see Fig. 10(b). In ‘recumbent biotite’ (h), S is sub-parallel to Se. Pressure shadows and inclusion free domains

around ‘upright biotites’ in the b-section are better developed than those in the a-section. Arrows in (b) and (c) indicate
hook-like tails of inclusion-free domains. Scale bars are 0.1 mm.
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tation, it is possible that rotation of the biotite porphyro-
blasts occurred due to intracrystalline slip on (001) (cf.
Mancktelow 1979). However intracrystalline defor-
mation structures such as undulose extinction, kinking
or waviness of the (001) cleavage are rare in the case of
the present biotite porphyroblasts. In addition inclusion
trails in the biotite porphyroblasts remain straight.
These facts suggest that intracrystalline slip is not so
significant. Biotite grains with many mineral inclusions
could be more resistant to intracrystalline slip than
inclusion-free grains, since intracrystalline deformation
of included minerals would not be easy.

When intracrystalline slip on (001) is negligible, the
discordant angle between Si and Se represents the rigid
body rotation angle of the biotite grain. Figure 9 shows
that there are two non-rotating orientations of ‘upright
biotite’, respectively, in each of the a- and b-section
planes. These non-rotating orientations include stable
and unstable orientations (Passchier 1987) for rotations
around the axes perpendicular to the section planes. The
stable orientations have those of approximately 0° and
10° for a- and b-sections, respectively. On the other
hand, the unstable orientations have ‘inclination angles’
of approximately 90° and 70° for a- and b-sections,
respectively. Biotite grains are considered to have
rotated towards the stable orientations, and biotite
grains around the unstable orientations are thus
expected to be scarce. The weak lattice fabric of biotite
(Fig. 3) shows monoclinic symmetry and is consistent
with the above stable and unstable orientations.
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The presence of the hook-like tails of inclusion-free
domains (Figs. 4d & e and 5b & c) suggests that ro-
tation and shape change of biotite porphyroblasts
occurred simultaneously. The formation of the tail can
be interpreted in the following way. When an (001)
face lies in the extension field, some porphyroblast
corners will rotate towards the center of the pressure
shadow forming part. In response to dilation within
the pressure shadow, the (001) face will be advanced
by new biotite growth in the direction normal to the
face. At the same time, new biotite growth will also
occur at the same porphyroblast corners in a direction
parallel to (001), since the volume dilated at the cor-
ners must be filled during progressive rotation. On the
other hand, the opposite porphyroblast corners which
rotate towards the shortening field will be dissolved.
Thus the characteristic hook-like tail and the’asymmet-
ric shape of the inclusion-free domain can be formed
by growth during progressive rotation of the biotite
grains.

The systematic variation of the Si orientation can be
explained in terms of rigid body rotation of biotite
grain. As a first approximation, it will be assumed
that the matrix is a homogeneous material and behaves
like a viscous fluid during ductile deformation. In this
case non-equidimensional rigid porphyroblasts should
rotate at different rates around the different axes
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according to their shape and shape orientation with
respect to the strain field (Passchier 1987).

Direct information about the initial shape of the
biotite porphyroblasts has been lost as a result of the
solution mass removal of biotite. However, it can be
assumed that the initial porphyroblasts were platy and
clongate along the (001) plane on the basis of the two-
dimensional shape of the inclusion-crowded domain of
‘upright biotite’ in the c-section (Figs. 4g & h). The
systematic variation patterns of Si in a- and b-sections
can be developed under a mildly non-coaxial deforma-
tion, which includes a pure shear flattening perpen-
dicular to the schistosity and a simple shearing sub-
parallel to the schistosity in a direction sub-parallel to
the lineation. The above setting of the deformation
components suggests that the extensional eigenvector
plane (Passchier 1986) was nearly parallel to the schis-
tosity.

When ‘upright biotites’ in the a-section are con-
sidered, only a pure shear component contributes to the
porphyroblast rotation around the axis perpendicular to
the section plane since the shearing direction in the
simple shear component is perpendicular to the section
plane. In this case porphyroblasts will rotate such that
the elongation direction approaches the schistosity, so
that the porphyroblasts inclined in clockwise and anti-
clockwise directions from the schistosity will rotate in
the anticlockwise and clockwise directions, respectively,
and the non-rotating (001) orientations lie at positions
perpendicular and parallel to the schistosity trace (Fig.
10a). This leads to the symmetric variation pattern for
the a-section as seen in Fig. 9(a).

On the other hand, rotation of ‘upright biotite’
porphyroblasts in the b-section will be affected by both
pure and simple shear components. In this case, the
simple shearing component tends to rotate the
porphyroblast all in the same direction, while the contri-
bution of the pure shear component is similar to the case
for the a-section. If the simple shear component is small
enough relative to the axial ratio of biotite grains, two
non-rotating (001) orientations will still exist (Ghosh &
Ramberg 1976, Passchier 1987). However, the non-
rotating orientations will depart from the positions nor-
mal and parallel to the schistosity trace (Fig. 10b). This
leads to the asymmetric rotation pattern observed for
the b-section in Fig. 9(b).

In the above discussion, rotation of biotite porphyro-
blasts was interpreted under the assumption that the
biotite grains behaved like rigid particles embedded in a
homogeneous matrix which deformed like a viscous
fluid. However, since (1) shape change and (2) fractur-
ing along the (001) face and deposition of pressure
shadow aggregates have occurred concurrently with
rotation, it is clear that this assumption is not completely
valid. Therefore, some modifications may be needed to
the present interpretation. Combination of shape
change and rigid body rotation of biotite grains will
accelerate rotation of their elongation orientation. As a
result, the elongation orientation of a biotite porphyro-
blast could approach the stable position by a smalier
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Fig. 10. Schematic illustration showing shape change and rotation of ‘upright biotites’ with different ‘inclination angles’ in
(a) the a-section and (b) the b-section. In the a-section (a), only a pure shear component of deformation is important for

shape change and rotation, while in the b-section (b), bot

h pure and simple shear components are important. Pressure

shadows in grey.

amount of rigid body rotation compared to the case of no
shape change.

DISCUSSION AND CONCLUSIONS

Since publication of Bell & Rubenach (1983) some
researchers have claimed that rigid porphyroblasts do
not generally rotate even during non-coaxial progressive
deformation and have explained the lack of porphyro-
blast rotation in terms of deformation partitioning into
coaxial and non-coaxial zones (Bell 1985, 1986, Bell et
al. 1986, 1992, Bell & Johnson 1989, Steinhardt 1989,
Johnson 1990, Hayward 1990, 1992). Especially Bell
(1985) argued that porphyroblasts that do not deform
generally cause strong deformation partitioning around
the porphyroblast, so that coaxially deforming ellip-
soidal islands of porphyroblast width are produced,
being protected from the effects of progressive shearing.

However, I feel that the deformation partitioning into
coaxial and non-coaxial zones is not a cause but a result
of non-rotation of porphyroblasts. In other words, if a
porphyroblast does not rotate, such a deformation parti-
tioning is possible, but if a porphyroblast rotates,
another type deformation partitioning is expected
around the porphyroblast. Ultimately, whether or not a
porphyroblast rotates depends on whether or not the
stress applied on the porphyroblast surface can produce
an effective torque on the porphyroblast.

Here I will discuss the possibility of porphyroblast
non-rotation in terms of the stress on the porphyroblast
surface. Consider the simple situation where a rigid
spherical porphyroblast is placed in a homogeneous
matrix deforming non-coaxially. Due to the shearing

couple sub-parallel to the shear plane of the simple shear
component, the porphyroblast will rotate. At the same
time, the rotation will cause a shearing couple of
opposite direction on the surface at high angles to the
shear plane, which will resist the rotation. The rotation
rate is determined by the balance between these two
kinds of shearing couples.

Regardless of the rotation rate, some deformation
partitioning must occur around the rigid porphyroblast
leading to a heterogeneous stress field in the matrix.
Under such conditions, it is possible that mass transfer
occurs among deformation-partitioned zones by a pres-
sure solution mechanism (e.g. Rutter 1976). If mass
transfer effectively occurs, a kind of compositional dif-
ferentiation will be developed around the porphyro-
blast. A pressure shadow is a material representation of
such compositional differentiation.

Once pressure shadows form on both sides of the
porphyroblast, the porphyroblast rotation rate would be
influenced by the viscosity contrast between the pres-
sure shadows and the matrix. If the pressure shadow is
viscous enough relative to the matrix, then the
porphyroblast and the pressure shadows will possibly
form a single elongate rotation unit (e.g. Johnson 1990).
In this case, the rotation of the elongate unit will be very
small at low angles to the shear plane (Passchier 1987).

In spite of the above discussion, microstructural ob-
servations strongly suggest that biotite porphyroblasts in
the present sample did rotate. The key to understanding
the rotation of these biotite porphyroblasts is the origin
of the pressure shadows. In the above discussion, it was
proposed that the higher viscosity of pressure shadows
produced due to deformation partitioning tends to pre-
vent porphyroblast rotation. However, the pressure
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shadow aggregates in the present sample are considered
to have originated from deposition in continuously
opening microfractures at the (001) interfaces (cf. Ram-
say 1980).

Generally, continuously opening fractures will cause a
lowering of pressure in the opened space and filling
by pore fluid migrating from the grain boundary
network, accompanying with mass transfer of deposited
materials. Thus the porphyroblast surface in contact
with the fracture will be separated from solid pressure
shadow aggregates by pore fluid. Therefore, the rotating
system will be divided into three units: one porphyro-
blast itself and two pressure shadows, as Etchecopar &
Malavieille (1987) assumed for one of the simulated
models of pressure shadow development. In such an
arrangement of the rotating system, porphyroblast ro-
tation will be promoted since the force resisting rotation
will be reduced, due to the reduction of the shear stress
on the surface contact with the fracture. Therefore,
porphyroblast rotation would be affected not by the
higher viscosity of the pressure shadow aggregates but
by the position of the fractures. Since fracturing of the
biotite surface would preferentially occur along the
(001) face, the rotation direction and rotation rate would
depend not only on the shape and shape orientation but
also immediately on the (001) face orientation.

From this discussion it can be concluded that
‘deformation-partitioning-induced pressure shadow’
and ‘fracture-induced pressure shadow’ formation play
different roles in influencing porphyroblast rotation; the
former suppresses porphyroblast rotation while the lat-
ter promotes it. The ‘fracture-induced pressure shadow’
may correspond to a ‘pressure fringe’ as defined by Spry
(1969).

Vernon (1988) gave, as possible microstructural evi-
dence for non-rotation of mica porphyroblasts, the pres-
ence of parallel inclusion trails in several nearby
porphyroblasts. However, if the initial shape and orien-
tation of nearby porphyroblasts are similar to each
other, the parallel inclusion trails can also be explained
in terms of rigid body rotation. The (001) faces of mica
have a surface energy which is characteristically low.
Therefore, fracturing along the (001) face should be
relatively easy even during ductile deformation of the
matrix. When mica porphyroblasts have ‘fracture-
induced pressure shadows’, the discordance between Si
and Se is considered to be caused mainly by rigid body
rotation of the porphyroblast.
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