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Abstract

Mineral fish are lozenge-shaped porphyroclasts, single crystals in a finer grained matrix, which occur in ductile shear zones
and which are commonly used as shear sense indicators. Mineral fish of biotite, tourmaline, K-feldspar, garnet, hypersthene and
quartz occur in mylonites but most common are white mica fish. These mica fish can be subdivided into six morphological
groups that develop by different mechanisms determined by different initial shapes and orientations. The principal mechanisms
of formation are intracrystalline deformation combined with rigid body rotation. Concomitant selective grain size reduction
occurs by recrystallisation, cataclastic separation, pressure solution and diffusional mass transfer. Microboudinage has been
proposed for the breakdown of large mica fish into smaller ones but many mica fish undergo shortening rather than extension
along their long axes. Evidence is presented for an alternative process in which the tips of mica fish are isoclinally folded and
then break off along the hinge of these microfolds. All the presented fish-shaped porphyroclasts or mineral fish have a specific
shape-preferred orientation with their long axis at a small antithetic angle with respect to the foliation. They represent a special
group of objects with a stable orientation due to flow partitioning into narrow shear bands.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Mylonites are rocks that develop dominantly by
strong ductile deformation in zones of intense non-
coaxial flow (Bell and Etheridge, 1973). Many mylon-
ites contain porphyroclasts with a significantly larger
grain size than the matrix material. Porphyroclasts
are thought to develop because they are more resistant
to deformation and dynamic recrystallisation than their
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matrix. During deformation, these porphyroclasts can
develop into sense-of-shear markers, such as mantled
porphyroclasts (Passchier and Simpson, 1986; Hanmer,
1990), clasts with asymmetric strain shadows and
“fish” (Fig. 1; Eisbacher, 1970; Lister and Snoke,
1984). Polycrystalline objects of similar shape such as
foliation fish, asymmetric shear-band shaped boudins
and sigmoidal veins, are not discussed in this paper.
Mantled porphyroclasts consist of a large mono-
crystalline core mantled by recrystallised material
derived from this core, constituting the wings of
the object (Fig. la). Asymmetric strain shadows
may show similar sigmoidal structures, but here the
core and shadows are composed of different minerals
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Fig. 1. (a) Examples of sigmoidal microstructures: mantled
porphyroclast, porphyroclast with strain shadows and fish, lens-
shaped single crystals. Black lines extending from the tips of the
fish represent the trails of fine-grained mica. (b) Schematic drawing
of mica fish and the trails of mica fragments, in relationship with
mylonitic foliation (mf), oblique foliation (of) and stretching
lineation (1).

(Fig. la). Fish are lozenge or lens-shaped single
crystals ending in sharp tips, generally attached to
trails consisting of small fragments of the same mineral
stretching from the tips into the wall rock (Fig. 1a).
Frequently, the trails in these structures show stair-
stepping; they are parallel to each other, but offset
across the object core (Fig. 1a; Passchier, 1994).
Fish-shaped structures are most common in white
mica, but have also been described for other minerals,
e.g. leucoxene (Oliver and Goodge, 1996), garnets (Ji
and Martignole, 1994; Azor et al., 1997; Pennac-
chioni et al., 2001), quartz in a calcite matrix (Best-
mann, 1999, Bestmann et al., 2000), sillimanite and
plagioclase (Pennacchioni et al., 2001), hornblende,
clinopyroxene and olivine (Mancktelow et al., 2002).
In our experience, practically any mineral species
capable of forming porphyroclasts in mylonites can
develop oblique lens-shaped porphyroclasts, compa-
rable to mica fish. We therefore propose to use the

term ““fish” for any type of oblique lens-shaped
porphyroclast. All these shapes display characteristic
angular tips that often grade into trails of small grains
of the same mineralogy.

White mica fish (further referred to as mica fish)
are relatively common in mylonitised gneisses and in
mylonites derived from micaceous quartzites (Eis-
bacher, 1970; Lister and Snoke, 1984). They have
been shown empirically to be reliable shear sense
indicators (e.g. Lister and Snoke, 1984), based on
their asymmetrical shape and stair stepping of the
trails (Fig. 1b). Although the importance of mica fish
has been widely recognised (e.g. Eisbacher, 1970;
Simpson and Schmid, 1983; Lister and Snoke, 1984;
Passchier and Trouw, 1996), their genesis and kine-
matic significance remain relatively unexplored.

Analytical theory (Jeffery, 1922; Ghosh and Ram-
berg, 1976) predict that elliptical rigid particles
embedded in an isotropic, linear viscous matrix
undergoing non-coaxial flow should develop a stable
orientation when their aspect ratio exceeds a critical
limit which depends on the kinematic vorticity of the
flow, while less elongate grains rotate continuously,
although with oscillating velocity. Such “‘stable
grains” are synthetically orientated with respect to
the mylonitic foliation, and this kind of behaviour
has been observed, in experiments and in nature, for
mantled porphyroclasts (Passchier, 1987). Even if an
initial preferred orientation existed in a population of
objects, at least part of this population will be lying
oblique to the final preferred orientation due to
differential rotation. Mica fish show an entirely
different orientation pattern. They show a strong
shape-preferred orientation with the longest dimen-
sion inclined at a small antithetic angle with respect
to the main mylonitic foliation (Fig. 1b, e.g. Lister
and Snoke, 1984; ten Grotenhuis et al., 2002; Man-
cktelow et al., 2002). This preferred orientation
therefore suggests that mica fish are in a stable
orientation independent of strain intensity, but it
cannot be explained by the behaviour of rigid objects
in a homogeneously deforming isotropic matrix ma-
terial (Pennacchioni et al., 2001; ten Grotenhuis et
al., 2002; Mancktelow et al., 2002).

Based on field and thin section observations, Lister
and Snoke (1984) claimed that quartzites with mica
fish are a special type of S—C mylonite, a structural
setting in which two foliations are developed: C-
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surfaces related to displacement discontinuities and S-
surfaces related to the accumulation of finite strain
(Berthé¢ et al., 1979). In quartz-mica rocks, Lister and
Snoke (1984) define the C-surfaces as trails of mica
fragments forming the main mylonitic foliation; each
C-plane is believed to be the result of a microscopi-
cally thin displacement discontinuity. The S-surface is
defined by an oblique foliation of quartz in the matrix,
mainly characterised by a grain shape-preferred ori-
entation. This oblique foliation is formed when the
matrix is dynamically recrystallised during deforma-
tion (Means, 1981). According to Lister and Snoke
(1984), the mica fish in these rocks result from
microboudinage of pre-existing large (white) mica
grains by brittle and crystal-plastic processes.
Recently, ten Grotenhuis et al. (2002) and Man-
cktelow et al. (2002) have reported unexpected rota-
tional behaviour of rigid elongated monoclinic objects
in experimental shear zones. Experiments by ten
Grotenhuis et al. (2002) have demonstrated that elon-
gated rigid objects can reach a stable position at a
small antithetic angle to the flow plane, very similar to
the one observed in natural examples of mica fish. In
the experiments of ten Grotenhuis et al. (2002), a
granular material with low cohesion and Mohr—Cou-
lomb type behaviour is used as the matrix. The
behaviour or the central object was attributed to
small-scale localisation of slip in the matrix and along
the sides of the object. Although the stable orienta-
tions obtained in these experiments vary for different
vorticity numbers, in all experiments, they were
related to the development of small-scale strain local-
isation along micro-shear zones. Mancktelow et al.
(2002) obtained comparable results for particles with
slipping particle-matrix interfaces in a homogeneous
Newtonian matrix. They concluded that slip or con-
centrated shear on rigid particle boundaries is a
potential mechanism to explain the observed strain-
insensitive shape-preferred orientation of some natural
porphyroclasts in high strain mylonites. In both sets of
experiments, the rotation direction depends on the
initial orientation of the objects; objects initially
perpendicular to the shear direction rotate synthetical-
ly, and objects parallel to the shear direction rotate
antithetically. The final stable orientation for the
objects is in both sets of experiments at a small
antithetic angle to the flow plane. A small anthithetic
angle has also been observed for rigid elliptical

objects in very narrow shear zones (Marques and
Cobbold, 1995; Marques and Coelho, 2001).

The objective of this paper is to provide data on the
geometry and orientation of natural fish-shaped grains
in order to strengthen the basis for study of their
evolution. The final shape of fish may depend on
many controlling factors, such as strain intensity,
strain rate, temperature, pressure, fluid composition
and mineral content of the host rock. In order to put
constraints on these factors, we concentrated on
common white mica fish and present detailed mor-
phological data of approximately 1500 muscovite fish
from 28 thin sections. We also investigated samples
with fish composed of biotite, tourmaline, K-feldspar,
garnet, hypersthene and quartz, in 75 thin sections
from several locations. Their morphological aspects
are described and compared to the white mica fish, in
order to assess whether the same deformation pro-
cesses were active, and whether a common evolution
can be deduced for these microstructures.

2. Morphology of mica fish

The studied samples of mylonitic micaceous
quartzite are from an outcrop along the highway that
links the cities of Caxambu and Cambuquira, approx-
imately 5 km south of Conceicdo do Rio Verde,
Southern Minas Gerais State, Brazil (0498972E/
7574231N). The quartzites containing the mica fish
are clearly of metasedimentary origin and belong to the
lower unit of the Neoproterozoic Andrelandia Depo-
sitional Sequence (Trouw et al., 1983; Paciullo et al.,
1993; Ribeiro et al., 1995) that consists of stratified
paragneisses with intercalated quartzites and schists.
The outcrop is situated in an ENE trending subvertical
dextral shear zone of about 500 m thickness.

The amount of muscovite in the mylonitised
quartzites varies between about 10 and 20 vol.%.
Non-mylonitic micaceous quartzites outside the shear
zone contain similar proportions of muscovite, but
with larger grain size and more rectangular shapes
(Fig. 2), demonstrating that the mica fish are porphyr-
oclasts that decreased in size during the deformation.
It seems reasonable to assume that the mylonitised
quartzites had a strong schistosity before mylonitisa-
tion, because all metasedimentary rocks in the region
have such a fabric, due to combined D,/D, deforma-
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Fig. 2. Photomicrographs of the micaceous quartzites with
rectangular shaped muscovite grains from a location outside the
mylonite zone.

tion, both predating the shear zone that is ascribed to
D3 (Trouw et al., 2000). This schistosity was than
rotated into parallelism with the shear zone. The
mylonitic quartzites contain a single strong mylonitic
foliation accompanied by a penetrative stretching
lineation, defined by the shape-preferred orientation
of quartz aggregates, single quartz grains and musco-
vite grains. The metamorphic grade during deforma-
tion is estimated as upper greenschist facies accord-
ing to the metamorphic mineral association biotite +
chlorite + garnet + muscovite + quartz, which was ap-
parently stable during mylonitisation.

In three dimensions, the mica fish usually have a
flake or disc-shape, and in some cases are bent or
folded (Fig. 1b). In the plane parallel to the foliation,
they are only slightly elongated in the direction of the
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Fig. 3. (a) Orientation of the long axes vs. aspect ratio (R), (b) (001)
planes vs. aspect ratio (R) and (c) orientation of the long axis vs.
(001) planes with respect to the mylonitic foliation of 400 mica fish.
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stretching lineation. The length of the longest axis of
mica fish is up to 4 mm. In the plane parallel to the
stretching lineation and perpendicular to the foliation,
the mica fish are elongated and the average aspect ratio
of 400 measured mica fish is 5.7 (Fig. 3a). The matrix
surrounding the mica fish consists of fine-grained
quartz with an oblique foliation, which makes an
average angle of 34° with the mylonitic foliation.
Trails of very small mica fragments extend from the
tips of the mica fish into the matrix (Fig. 1b). These
10—-100 pm wide trails define the mylonitic foliation.
They usually show very clear ‘stair-stepping’ (Lister
and Snoke, 1984; Passchier et al., 1993; Passchier and
Trouw, 1996) across each mica fish. Mica fish are
inclined to the mylonitic foliation in the same direction
as the oblique foliation. The angle between the long
axes of 400 measured mica fish and the mylonitic
foliation has a mean value of 13° (Fig. 3a), whereas
the angle between the basal plane (001) and the
mylonitic foliation has a mean value of 11° (Fig. 3b).

The morphology of mica fish as seen in thin
sections cut parallel to the lineation and perpendicular
to the foliation permits a subdivision into several
groups based on shape and orientation of lattice planes.

These groups are not meant as a definite new nomen-
clature, but rather as a provisional subdivision until
more is known about the generation of fish. The
subdivision is based on samples from different loca-
tions across the shear zone. Most common is a lentic-
ular shape (Figs. 4 and 5a) with curved sides, usually
ending in sharp tips: 33% of the mica fish belong to
this group, labelled group 1. The orientation of the
lattice planes is usually parallel or at a small angle to
the long axes of these fish (Fig. 3). In some of the
lenticular-shaped fish, the lattice planes converge on
an internal discontinuity at one or both tips. Also
common are mica fish whose tips deflect into the
plane of the mylonitic foliation (19%, Fig. 4). The
lattice planes of these fish (group 2) are typically
curved at the tips. Fish with a parallelogram-shape
form groups 3 and 4. The sides of these fish are straight
compared to the lenticular ones. The longest side of
this type of fish is typically sub-parallel to the mylo-
nitic foliation, and lattice planes are usually parallel to
this side (group 3: 25%, Figs. 3, 4 and 5c). Less
common are mica fish with a parallelogram shape in
which lattice planes are parallel to the short side (group
4: 8%, Figs. 3, 4 and 5d). Group 5, representing 5% of

Group 2

Group 3

Group 4

Groi%

Fig. 4. Schematic drawings of the different morphological types of mica fish. Group 1, lenticular mica fish; group 2, lenticular fish with points
inclined in the direction of the foliation; group 3, rhomboidal shaped fish with (001) parallel to longest side of the fish; group 4, rhomboidal
shaped fish with (001) parallel to the shortest side of the fish; group 5, fish with small aspect ratio and curved tails; group 6, mica fish with high
aspect ratio and inverted stair stepping; if considered out of their context, these structures could lead to an erroneous shear sense determination.
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Fig. 5. Photomicrographs of different types of mica fish. (a) Lenticular fish, group 1; (b) lenticular mica fish with slightly inclined tips showing
undulose extinction, group 2; (c¢) rhomboidal shaped fish with (001) parallel to longest side of the fish, group 3; (d) rhomboidal shaped fish with
(001) parallel to the shortest side of the fish, group 4; (e) fish with small aspect ratio, group 5; (f) mica fish with high aspect ratio belonging to
group 6. Samples are from Conceigdo do Rio Verde, Brazil. Shear sense in all photographs is dextral. Width of view (a) 3 mm, (b) 0.75 mm, (c),

(d) and (e) 3 mm, (f) 6 mm. Crossed polars.

the mica fish, is characterised by thick lens shapes
(Figs. 4 and 5e). The orientation of the lattice planes is
not clearly related to the long axes of the fish in this
group (Fig. 3c). The sides of the mica fish of this type

are typically smoothly curved. The difference between
this group and the previous groups is that the trails of
fine-grained mica are not on the same line as the upper
and lower parts of the central mica fish, but curved
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towards the points (Fig. 4). The last group, group 6,
representing 5% of the studied mica fish, consists of
elongate thin micas. The average aspect ratio of mica
fish belonging to this group is 9.7. They are usually
orientated with their long axes parallel or at a small
antithetic or synthetic angle to the mylonitic foliation,
and sometimes also a slight stair-stepping of the mica
trails in the opposite direction as compared to the mica
fish of other groups. Therefore, these thin micas, if
considered separately, could lead to an erroneous shear
sense determination (Figs. 4 and 5f). Lattice planes
usually make a small synthetic angle (Fig. 3¢). Most of
the mica fish can be placed in one of these groups, but
transitions between the different shapes are also ob-
served and some fish shapes (about 5%) do not fit in
any of the groups. This subdivision does not depend on
the grain size of the mica, small and large mica fish are
distributed equally over the different groups. The
different groups are equally represented across the
entire shear zone and do not depend on local variations
in the matrix composition.

3. Evolution of mica fish

The mica fish presented in paper are porphyroclasts
and, as such, are derived from pre-existing grains by
some deformation mechanism. Lister and Snoke
(1984) consider that mica fish are produced by bou-
dinage and microfaulting of pre-existing mica grains,
but as they point out, certainly more mechanisms are
involved. We consider the main relevant mechanisms:
(1) internal deformation, especially slip on (001) basal
planes; (2) rigid body rotation; (3) bending and
folding of mica grains; (4) grain size reduction either
by dynamic recrystallisation at the rims or by cata-
clastic behaviour resulting in the detachment of small
fragments; and (5) pressure solution or diffusional
mass transfer, possibly accompanied by local growth.
The role of each of these is evaluated below.

(1) Mares and Kronenberg (1993) carried out
experiments on shortening of single mica grains. They
have shown that due to their mechanical anisotropy,
muscovite single crystals deform by several mecha-
nisms depending on the orientation of the cleavage
planes. In their experiments the deformation was either
accomplished by dislocation glide, where the crystals
were shortened at 45° to (001), by kinkbands where

shortening was parallel to (001) or by fracturing where
the crystals were shortened at 90° to (001). Slip on
(001) by dislocation glide is clearly an important
deformation mechanism in muscovite, but the effect
of this mechanism depends on the orientation of the
cleavage planes with respect to the shortening direc-
tion and on the critical resolved shear stress necessary
to initiate deformation by this mechanism. In non-
coaxial flow, the sense of movement can be antithetic
or synthetic. This phenomenon has been described for
grains with a single slip system (e.g. Echecopar, 1977;
Ishii and Sawaguchi, 2002) and for grains transected
by microfaults (Simpson and Schmid, 1983; Passchier
and Trouw, 1996) and probably works in the same way
for slip on (001) in mica crystals.

Ishii and Sawaguchi (2002) investigated the rela-
tionship between grain shape and lattice orientation,
assuming crystal-plastic deformation by dislocation
glide on a single slip system, with a geometrical two-
dimensional model. Their study shows the relation
between aspect ratio, angle between glide plane and
flow plane, and angle between the longest dimension of
the clasts and the flow plane. Objects with a glide plane
orientation between 30° and 40° are hardly deforming
internally, depending also on the aspect ratio of the
object. With an orientation of the glide planes between
—20° and 30° glide is usually synthetic and for other
orientations antithetic. Ishii and Sawaguchi (2002)
assume that the grain has the same ductility as the
matrix, which is probably not the case for mica fish.

In mica fish with cleavage planes parallel to the
mylonitic foliation (group 3; Fig. 4), or at a small
synthetic angle (group 6; Fig. 4), slip on (001) is syn-
thetic. For mica fish that lie with cleavage planes at a
significant antithetic angle to the foliation (groups 1, 2
and 4; Fig. 4), this mechanism will probably have only
minor influence on further modification of the shape
because the critical resolved shear stress is not likely to
be exceeded. The relative importance of this mecha-
nism is therefore directly related to the orientation of
potential slip planes with respect to the flow plane. For
the different groups defined above this would mean that
the mica fish of groups 3 and 6 have a favourable
orientation for this mechanism to have played an
important role in the achievement of their present
shape. However, as argued in the next paragraph, many
mica fish apparently rotated with respect to the flow
direction during the early stages of the deformation to
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achieve a stable position, so internal deformation may
have played an important role during progressive
rotation of micas of the other groups as well.

(2) The relative importance of rigid body rotation
can be estimated from the preferred shape orientation.
All mica fish are orientated with their long axes
between —8° and 32° with the mylonitic foliation
(Fig. 3a; in this study antithetic or back-tilted angles
with respect to the main mylonitic foliation are
considered positive and synthetic angles negative).
This shape-preferred orientation indicates that a stable
or semi-stable position was reached in the early stages
of the progressive non-coaxial flow. Similar orienta-
tions were reported for mica fish from other localities
(Eisbacher, 1970; Lister and Snoke, 1984), and for
fish-shaped elongated porphyroclasts of other mineral
species (Pennacchioni et al., 2001; Mancktelow et al.,
2002). Analytical studies of rotating elliptical rigid
objects in a homogeneous Newtonian viscous matrix
do not predict a stable position for particles in
progressive simple shear (Jeffery, 1922; Ghosh and
Ramberg, 1976). Masuda et al. (1995) studied distri-
bution patterns of the long axes of initially randomly
distributed elliptical particles in general plane strain
flow according to the equations given by Ghosh and
Ramberg (1976). These patterns show that in simple
shear there is a concentration of the orientation of the
long axes, depending on the amount of strain. How-
ever, none of the patterns given for simple shear or
combinations of pure and simple shear as given by
Masuda et al. (1995) is similar to the distribution
pattern of the measured mica fish.

The experimental results by ten Grotenhuis et al.
(2002) and Mancktelow et al. (2002) show that flow
in rocks with developing “fish” is probably highly
partitioned, i.e. strain is concentrated along micro-
shear zones (ten Grotenhuis et al., 2002) or strain is
localisation around the objects (Mancktelow et al.,
2002) This strain localization causes rigid particles to
attain stable antithetic positions consistent with those
that were measured. Particles rotate backward if they
are initially sub-parallel to the foliation or forward if
they are initially oriented at a high angle to the
foliation, to attain their stable orientation.

In thin sections of an upper greenschist facies
mylonitic quartzite from a location between Cristina
and Pedralva, southern Minas Gerais, Brazil
(0498972E/7574231N) with 25-30 vol.% mica, such

micro-shear zones are indeed abundant (Fig. 6). Lister
and Snoke (1984) also show such textural evidence of
micro-shear zones along upper and lower limits of
mica fish, that extend into the matrix (their Figs. 3b,d,
4, 7, 9a,c and 17a,b). Indeed, the main reason why
Lister and Snoke (1984) classified mica fish bearing
mylonitised quartzites as S—C mylonites is precisely
the presence of C-surfaces, defined as surfaces related
to localised high shear strains. This can be considered
as textural evidence supporting a mechanism compa-
rable to the ones simulated in the experiments by ten
Grotenhuis et al. (2002) and Mancktelow et al. (2002).
However, in the samples from Conceicdo do Rio Verde
(Fig. 5) with a low mica content and isolated mica fish
in the quartz matrix dynamic recrystallisation of
quartz is strong, as indicated by the well-developed
oblique quartz fabric, and micro-shear zones may
have been erased by the recrystallisation. The lack
of evidence for micro-shear zones in many mylonite
samples with mica fish is therefore probably an effect
of strong dynamic recrystallisation favoured by a low
percentage of mica. In contrast, the presence of
abundant trails of fine-grained mica definitely restricts
grain growth of quartz in the matrix, promoting the
preservation of evidence for micro-shear zones in
samples with a high percentage of mica.

(3) The importance of bending and folding of mica
fish (Lister and Snoke, 1984, their Fig. 5i,j) can be
judged from their common undulatory extinction (Fig.
5b). One out of five mica fish belongs to group 2 with
bent tips (Fig. 4). Kink folds were observed in some
mica fish with their lattice planes orientated sub-

Fig. 6. Photomicrograph of mylonitic quartzite with mica fish and
micro shear zones. Sample courtesy Rodrigo Peternel. Varginha,
Minas Gerais, Brazil. Width of view 4 mm. Crossed polars.
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parallel to the mylonitic foliation (Fig. 7a). These
structures indicative of shortening are probably gen-
erated when the basal planes of parts of the fish rotate
into the shortening quadrant of the flow. Mica fish
with isoclinally folded tips are relatively common (ca.
5%, Fig. 7b).

(4) The importance of grain size reduction can be
estimated from the large number of small mica grains
that are formed, either by dynamic recrystallisation or
by cataclasis at the sides and tips of the mica fish (Fig.
5). Recrystallisation of muscovite may result from
rotation of small parts at the boundary of the fish.
Growth of these parts would produce small new mica
grains (Lister and Snoke, 1984). These new grains are
subsequently torn into the matrix by intense ductile
deformation to form the trails that define the mylonitic
foliation. The amount of small apparently recrystal-
lised grains is high at the sides of the mica fish that

»r- v 7
NP A

make a significant angle with the (001) planes (Fig.
5¢) indicating that this grain size reduction mecha-
nism is most intense at these sides. This mechanism
can also contribute to the development of the fish
shape of the mica grains by rounding the corners of
the crystals. According to Lister and Snoke (1984) the
convergence of lattice planes on a discontinuity in the
tips of some mica fish (Figs. 4 and 5b) is also due to a
recrystallisation mechanism. They suggest that rota-
tion of the cleavage planes towards parallelism with
the boundary followed by migration recrystallisation
leads to the formation of a recrystallisation front,
which is observed as a discontinuity in the crystal.
An attempt was made to detect possible cut-off effects
by erosion of zoned grains with the help of micro-
probe analysis. However, all analysed mica fish
proved extremely homogeneous in composition, not
showing any zoning pattern.

Fig. 7. Photographs showing different types of folds in mica fish. (a) Kinkfolds. (b) Isoclinal fold. (c) Folded mica fish with tight fold hinges, on
the left side the fish is separated in two parts along the fold hinge. (d) On top of the lower mica fish is a small mica grain, which can be
interpreted as a fragment broken off from the tip and now being transported along the grain. Samples are from Conceicao do Rio Verde, Brazil.
Shear sense is dextral and width of view 3 mm in all photographs. Crossed polars.
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Apart from the one-to-one formation of mica fish
from isolated crystals in the protolith there is also
microstructural evidence for mechanisms where one
large crystal is divided into several smaller ones.
Lister and Snoke (1984) drew attention to several
microstructures related to the peeling off of smaller
fish from large ones. They proposed a model of
boudinage related to the fact that the majority of the
mica fish lie with their long axes in the extensional
quadrant of the deformation and have a lens or barrel
shape that resembles boudins. Direct evidence of
boudinage in the form of two pieces that can be linked
together is locally present in our studied material, but
is uncommon. We therefore consider this process to
be of secondary importance. An alternative mecha-
nism for the peeling off of smaller mica fish is
demonstrated in Fig. 8. In this process, the tips of
the fish are folded and separated from the parent
crystal along tightly bent fold hinges, approximately
following the axial plane. The small separated part is
subsequently transported over the larger part. Struc-
tures that can be interpreted to represent several stages
of this process occur with considerable frequency in
our studied material (Fig. 7b—d; compare also Lister
and Snoke, 1984, their Fig. 7d). Another mechanism
to split a mica fish in two parts presented by Lister
and Snoke (1984) is the development of fractures
parallel to the basal plane of mica (Fig. 9). This

a
b - N
Y N
S — —
d
—

Fig. 8. Schematic drawing of mica fish illustrating a proposed process
in which a crystal is divided into two parts. (a) The point of the crystal
is folded; (b) the fold becomes very tight and the fish breaks apart
along the fold hinge; (c) the smaller part is transported along the side
of the bigger part; (d) two separate mica fish have formed.

Fig. 9. Photographs of microfaults separating mica fish in two or
more smaller parts. (a and b) Different stages of a process in which a
mica fish is divided in two parts along basal planes with synthetic
sense of movement. (¢) Micro-faults through a mica fish at a high
angle to the basal planes, showing antithetic movement. All samples
are from Concei¢do do Rio Verde, Brazil. Shear sense in all
photographs is dextral. Width of view (a) 1.5 mm, (b) 6 mm, (¢) 3 mm.
Crossed polars.

process is similar to the earlier described slip along
mineral cleavage planes, except that brittle behaviour
now results in movement along a fracture, producing
seperate crystal fragments. Depending on the orienta-
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tion of the cleavage planes in the mica grains this may
result in antithetic or synthetic micro-faults. Evi-
dence for this mechanism is commonly observed in
our material, especially for synthetic microfaults in
fish with basal planes subparallel to the mylonitic
foliation (Fig. 9). Microfaults through the mica fish
both at low and high angles to the basal planes were
also occasionally observed, showing synthetic or an-

tithetic movement depending on the orientation of the
fault (Fig. 9c). Evidence for a mechanism explained
by Lister and Snoke (1984) where a smaller fish is
separated from his parent by an antithetic listric fault
(their Figs. 5g and 6) was not observed in our
material.

(5) Pressure solution is a likely mechanism for
the development of the rounded shape of mica fish.

Fig. 10. Explanatory cartoons to show how the different groups of mica fish may have formed. The development is shown in stages to illustrate
the processes involved, but these processes are envisaged to act simultaneously in nature. (a) Undeformed mica grain is sheared to group 3 mica
fish by slip on (001); (b) a grain is simultaneously rotated and reduced on the upper and lower side as explained in the text, to form a group 1
mica fish; (c) a group 1 mica fish is transformed into a group 2 one by drag along micro shear zones; (d) an undeformed mica grain with its
(001) cleavage at a high angle to the foliation may be transformed to a group 4 mica fish by a combination of antithetic slip on (001) planes and
separation in several parts along micro shear zones; (e) an irregular shaped mica may be modified to a group 5 mica fish by a combination of
rotation and reduction of grain size related to micro shear zones deflecting around the fish; (f) a thin elongate mica grain deformed into a group 6

mica fish by slip on (001).
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Experiments by Niemeijer and Spiers (2002) on
quartz-mica aggregates have shown a decrease in
pressure solution rates for quartz when muscovite
is present. They suggested that this is due to AI’*
from dissolved muscovite lowering the solubility of
quartz. This would mean that pressure solution of
muscovite is possible in quartz-mica aggregates.
Unfortunately, it is very difficult to find evidence
for this mechanism, mainly because the white micas
in our samples are not chemically zoned. Pressure
solution and solution transfer does play a role in the
development of some other fish-shaped mineral
grains, as shown below.

Based on the considerations outlined above the
following evolution for the different morphological
groups is proposed, starting from initially approxi-
mately rectangular mica grains as found in the meta-
sedimentary rocks outside the shear zone. From this
starting position, the shape of mica fish of group 3 can
easily be attained by slip on (001) (Fig. 10a). Micas of
groups 1 and 2 probably attained their inclined posi-
tion by rotation into a stable position (Fig. 10b). The
rotation direction of the mica depends on the initial
orientation. Pennacchioni et al. (2001) suggested a
similar mechanism to explain the shape and orienta-
tion of sillimanite porphyroclasts. Experiments by ten
Grotenhuis et al. (2002) and Mancktelow et al. (2002)
have shown that fish-shaped clasts with an initial
orientation parallel to the shear plane can rotate
backwards against the shear sense and obtain a
antithetic stable position either if matrix flow is
partitioned into micro-shear zones or if the clast is
decoupled from the matrix. The typical lens shape of
group 1 (Fig. 10b) could be explained by the removal
of small grains by recrystallisation or fracture along
the upper and lower parts, accompanied by pressure
solution and/or diffusive mass transfer. The shape of
group 2 fish (Fig. 10c) is thought to evolve from
group 1 by drag along zones of concentrated shear
localised along the upper and lower contacts, compa-
rable to the deflection of S-planes in S—C cleavage
(e.g. Passchier and Simpson, 1986).

Mica fish of group 4 could form by antithetic slip
on (001) from grains with an original high angle
between internal cleavage and foliation (Fig. 10d).
The initial grain is probably a fragment of normal-
shaped micas orientated at a high angle to the shear
zone, which were cut by micro-shear zones into

elongate segments, and which then developed into
group 4 shapes (Fig. 10d). Group 5 mica fish could be
explained as originated from short stubby micas
modified by removal of material along curved shear
bands in combination with rotation (Fig. 10e). Finally
group 6 micas are thought to result from synthetic slip
on (001) (Fig. 10f). The (001) planes of the micas in
this group are in the right orientation for synthetic slip
(Ishii and Sawaguchi, 2002).

In general, the characteristic oblique orientation of
mica fish mainly results from rigid body rotation of
originally platy mica crystals in the early stages of
non-coaxial deformation, reaching a stable position by
a mechanism involving localisation in the matrix
around the porphyroclast by micro-shear zones. The
rotation is accompanied by slip on basal lattice planes,
some bending and folding, and ‘tectonic erosion’
along the rims mainly due to recrystallisation, cata-
clasis and possibly pressure solution and/or diffusion-
al mass transfer. No evidence indicating grain growth
during the process was observed.

4. Porphyroclasts of other minerals with fish
shapes

4.1. Previous work

Porphyroclasts with a characteristic fish-shape and
shape-preferred orientation are also found in a number
of other minerals. Leucoxene fish (Oliver and
Goodge, 1996) are developed as alteration products
of detrital rutile, ilmenite or titanite in a siliciclastic
protolith. Deformation of the initially equidimensional
aggregates, as passive bodies in a quartz matrix,
results in ellipsoids whose long axes rotated towards
the mylonitic foliation with increasing strain. Pennac-
chioni et al. (2001) determined the shape-preferred
orientation of sillimanite, garnet and plagioclase por-
phyroclasts in an amphibolite facies mylonite from
Mont Mary in the Italian western Alps. Their mea-
sured porphyroclasts approach a rhomboidal (silli-
manite) or elliptical (garnet, plagioclase, sillimanite)
shape, with aspect ratios varying between 1 and 11.
The long axes of the best-fit ellipses define a very
strong shape-preferred orientation, inclined antitheti-
cally 5—10°, comparable to the mica fish of this study.
They conclude that for rhomboidal sillimanite por-
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phyroclasts with aspect ratios higher than three a
stable position is acquired. The rhombohedral shape
and the inclination of these porphyroclasts are
explained by an initial rotation (or back-rotation) of
rectangular microboudins towards a stable position
inclined to the mylonitic foliation. They would then
change their shape to a rhombohedral form by disso-
lution and/or reaction against extensional crenulation
cleavage planes. The orientation data presented by
Mancktelow et al. (2002) for porphyroclasts of horn-
blende, clinopyroxene and rare garnet in a mylonitised
metagabbro, for olivine porphyroclasts in an ultramaf-
ic mylonite and for elongate sillimanite in pelitic
mylonites, confirm the data presented by Pennac-
chioni et al. (2001) and by ten Grotenhuis et al.
(2002) in the sense that they also found very strong
shape-preferred orientations at a small antithetic angle
(5—10°) to the shear direction for porphyroclasts with
aspect ratios higher then 3.

In the material studied for this paper, oblique
asymmetric elongated porphyroclasts, similar to mica
fish, are also developed in biotite, tourmaline, K-
feldspar, garnet, hypersthene, quartz, plagioclase
(Fig. 11a), staurolite, kyanite, amphibole, diopside
(Fig. 11b), apatite, rutile, hematite and prehnite, in
mylonites from a variety of locations and metamor-
phic grade. This means that they may form in any
mineral species capable of forming resistant porphyr-
oclasts in a mylonite. The most significant character-
istics of biotite, tourmaline, K-feldspar, garnet,
hypersthene and quartz porphyroclasts observed in
our study are described below and compared to that
of muscovite fish.

4.2. Biotite

Biotite fish are much less common than muscovite
fish. The studied samples are mylonitized granodior-
ites from the Santa Rosa mylonite zone in Palm
canyon at Palm Springs, California. They are rich in
quartz and biotite with minor amounts of plagioclase,
K-feldspar and muscovite. The muscovite in these
samples also shows fish-shapes. The samples are
deformed under middle amphibolite facies conditions
(Wenk and Pannetier, 1990; Goodwin and Wenk,
1995). The biotite and muscovite fish from this
location are lenticular in cross-sections parallel to
the stretching lineation and perpendicular to the foli-

Fig. 11. (a) Photomicrograph of fish shaped porphyroclast of
plagioclase surrounded by a recrystallised quartz matrix from a high
grade mylonitic gneiss, Morro Cara de Cao, Rio de Janeiro, Brazil.
Width of view 2 mm, crossed polars. (b) Photomicrograph of fish
shaped porphyroclast of diopside surrounded by a recrystallised
quartz matrix, from a high grade mylonite, Varginha, Minas Gerais,
Brazil. Sample courtesy Rodrigo Peternel. Width of view 2 mm.
Parallel polars. Shear sence in both photographs is dextral.

ation (Fig. 12a), similar to the muscovite fish de-
scribed above (Fig. 4). Measurements of the angle
between the long axes of 69 biotite fish and the
mylonitic foliation gave a mean value of 12° (Fig.
13a) and measurements of 31 muscovite fish produced
a similar angle of 15°. Both angles are very close to
the mean angle for muscovite fish from Minas Gerais.
Their morphology, similar to that of group 1 of the
muscovite fish, suggests that biotite fish are essential-
ly formed by the same mechanisms as suggested
above for the group 1 muscovite fish, mainly a
combination of rotation and recrystallisation. Com-
pared to muscovite, biotite is more resistant to slip on
(001) (Mares and Kronenberg, 1993), but the recrys-
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Fig. 13. Orientation of the long axes with respect to the mylonitic foliation of (a) 69 biotite fish from the Santa Rosa mylonite zone, California

and (b) 56 tourmaline fish from Lambari, Minas Gerais, Brazil.

tallisation mechanism is essentially the same. Rotation
of part of the crystals may lead to high angle bound-
aries and formation of new grains (Etheridge and
Hobbs, 1974). In the studied thin sections, the mus-
covite fish are surrounded by very small amounts of
recrystallised material, whereas the biotite fish are
surrounded by a much thicker mantle of recrystallised
material (Fig. 12a). Under similar conditions, it there-
fore seems that biotite recrystallises more readily than
muscovite (Passchier, 1985). This increased tendency
to recrystallise may account for the less frequent
occurrence of biotite fish in nature, as compared to
muscovite fish.

4.3. Tourmaline

The studied tourmaline porphyroclasts come from
a mylonitic quartzite derived from a sedimentary

protolith of the Andrelandia Depositional Sequence
(Paciullo et al., 1993; Ribeiro et al., 1995), near Lam-
bari, Minas Gerais, Brazil (0457716E/7566341N).
The estimated metamorphic grade during deforma-
tion of these samples is lower to middle amphibolite
facies. The tourmaline crystals usually have a rhom-
boid shape with straight sides and typically an angle
of about 50—55° between the sides (Fig. 12b). The
tourmaline crystals have a strong shape-preferred
orientation. The angles between the long axes of
56 tourmaline porphyroclasts and the mylonitic foli-
ation gave a mean value of 16° (Fig. 13b), similar to
the mean value for the measured muscovite and
biotite fish. The shape-preferred orientation is a
result of rotation of the crystals, similar as described
for the mica fish. Their shape is very similar to the
mica fish of groups 3 and 4, a parallelogram shape
with the long side parallel to the mylonitic foliation.

Fig. 12. Photomicrographs of different minerals showing fish shapes similar to mica fish. (a) Biotite fish with small recrystallised biotite grains
along the rims, from Santa Rosa Mylonite zone, California. (b) Tourmaline fish showing rhomboidal shape from Lambari, Brazil. Crossed
polars. (c) K-feldspar fish with subgrains along the rim, Roraima, Brazil. Myrmekite along the rim is indicated by the arrows. Crossed polars. (d)
Elongate monocrystalline K-feldspar fish in a recrystallised quartz matrix. Crossed polars. (¢) Garnet fish in static recrystallised quartz matrix,
Morro Cara de Cao, Brazil. (f) Garnet fish in quartz-mica matrix with chlorite concentrated along upper and lower rims, Santana do Garambeu,
Brazil. Note the straight crystal faces preserved at the right-hand side of the garnet crystal and chlorite at the long sides of the crystal (arrows).
(g) Hypersthene fish with trails of recrystallised material, Caparao, Brazil. (h) Quartz fish in fine-grained matrix composed of quartz and mica
with elongated subgrains, Serra do Espinhago, Brazil. Crossed polars. Shear sense in all photographs is dextral. Width of view (a) 6 mm, (b) 1.5

mm, (¢) 1.5 mm, (d) 2 mm, (¢) 1.5 mm, (f, g and h) 3 mm.
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Fig. 14. BSE image of tourmaline fish from Lambari, Brazil,
showing zoning in the centre and new growth of tourmaline at the
tips of the fish. Width of view 140 pum.

The studied tourmaline porphyroclasts do not show
evidence for internal deformation. Back-scatter elec-
tron (BSE) images of the tourmalines show brighter
newly grown tips (Fig. 14) and zoning, which is
often cut-off at the edges in the shortening quadrants
of the flow. This suggests that the shape of the
tourmaline porphyroclasts is the result of dissolution
or diffusional mass transfer along the edges in the
shortening quarters of the fish and grain growth
by precipitation or by diffusional mass transfer at
the tips.

4.4. K-feldspar

Lenticular shaped K-feldspar porphyroclasts have
been described by Simpson and Wintch (1989) from
an S—C mylonite. The tips of these K-feldspar grains
are recrystallised and quartz-plagioclase symplectite
(myrmekite) is developed in shortening quarters in
the rims of the crystals. The reaction from K-feldspar
to plagioclase and quartz is favoured at sites of high
normal stress, because it involves a volume decrease
(Simpson and Wintch, 1989). Fish-shaped K-feldspar
porphyroclasts used in this study come from the
Espinhago Belt, Diamantina, Minas Gerais, Brazil,
from Roraima, northern Brazil, and from Varginha,
Minas Gerais, Brazil. The studied samples are de-
formed under upper greenschist facies (Espinhago
Belt), lower amphibolite facies (Roraima), and upper
amphibolite to granulite facies conditions (Varginha).
The K-feldspars from the first two localities usually
have a disc shape and a shape-preferred orientation
with the longest dimension at a small antithetic angle

to the main mylonitic foliation. Subgrains and
recrystallised new grains are concentrated in the
rim of the porphyroclast (Fig. 12c¢). Concentration
of mica at the sides of the clasts suggests that
pressure solution and/or retrograde reactions played
a role in the development of these porphyroclasts. In
the samples from the Espinhaco Belt, the K-feldspar
fish have myrmekite along their rims, in the short-
ening quadrants of the flow (Fig. 12c). Apparently,
the mechanisms that contributed to the formation of
lower temperature K-feldspar fish are principally
recovery and recrystallisation along the rims, result-
ing in a softer mantle that is asymmetrically de-
formed to a sigma structure (Passchier and Simpson,
1986). This process was probably accompanied by
rigid body rotation and in some cases myrmekite
formation. Internal deformation by dislocation glide
is certainly less important than in muscovite at this
metamorphic grade, but dissolution or transformation
into other mineral species by retrograde metamorphic
reactions may have been more significant. The
higher grade sample from Varginha shows highly
elongated monomineralic K-feldspar fish (Fig. 12d)
with a strong SPO and some undulose extinction.
They are surrounded by large recrystallised quartz
grains. Gower and Simpson (1992) concluded that
phase boundary cusps in the direction of the foliation
in high-grade quartzofeldspatic rocks cannot be
formed by dislocation creep alone, but also involve
a diffusion-assisted process with dissolution at foli-
ation parallel phase boundaries and precipitation in
the cusps. These cusps are similar to what we have
called here the tips of the fish. The combination of
the undulose extinction in the K-feldspar from Var-
ginha, and the sharp tips or cusps of these fish
suggests deformation by both dislocation and diffu-
sional creep. In general terms the formation of K-
feldspar fish seems to need higher metamorphic
grade than muscovite fish, since both the minimum
temperature for recrystallisation and for crystal-plas-
tic behaviour are considerably higher (e.g. Tullis and
Yund, 1991).

4.5. Garnet
Fish-shaped garnets from a middle amphibolite

facies shear zone were reported by Azor et al.
(1997). Compositional X-ray maps of their samples
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show that the growth zoning is truncated along the
borders of the garnets. Based on this fact, they claim
selective dissolution as the main mechanism respon-
sible for the final shape of the garnets in their
samples. Ji and Martignole (1994) studied elongated
garnets in high-grade rocks and suggested disloca-
tion slip and recovery as deformation mechanisms
for their garnets, although Den Brok and Kruhl
(1996) argued that these structures could also have
formed by grain boundary diffusional creep. The
fish-shaped garnet porphyroclasts reported here are
from two high-grade, mylonitised pelitic metasedi-
ments, a granulite facies mylonite from Varginha,
Minas Gerais, Brazil (0461750E/7616252N), and a
high amphibolite-granulite facies mylonite from
Morro Cara de Cao, Rio de Janeiro, Brazil (Fig.
12e). A third set of samples with garnet porphyr-
oclasts (Fig. 12f) is from a lower amphibolite facies
garnet-staurolite schist from Santana do Garambeu,
Minas Gerais, Brazil, with white mica and biotite in
the matrix. The garnets from the two high-grade
mylonites are mainly surrounded by quartz and have
lenticular shapes with pointed tips (Fig. 12e). They
have a strong shape-preferred orientation with the long
axis at an antithetic angle with respect to the flow
direction. The morphology of these garnets suggests
that they are probably deformed by diffusion creep or
selective dissolution. Since the quartz matrix in these
samples is statically recrystallised after mylonitisation,
the fish-shape and the shape-preferred orientation of
the garnet crystals are the only kinematic indicators in
these rocks.

Garnet porphyroclasts from Santana do Garambeu
formed under lower amphibolite facies conditions
and may initially have had idiomorphic crystal
shapes, since in some of these garnets straight crystal
faces were found at the sides in the extensional
quadrant of the strain ellipsoid (Fig. 12f). The
elongate shape and the antithetic orientation of the
long axis of these grains is probably the result of a
grain size reducing mechanism enhanced at the long
sides of the crystals, perpendicular to the principal
shortening direction, combined with rigid body rota-
tion of the fish-shaped structure towards the current
position. The reduction of the grain size is probably
the result of a retrograde reaction, as indicated by the
concentration of chlorite along the long sides of the
garnet crystals.

4.6. Hypersthene

Fish-shaped hypersthene porphyroclasts were found
in a granulite facies quartz-feldspar-rich orthogneiss
from a mylonite zone near Caparao, Minas Gerais,
Brazil. They have an elongated fish-shape and a strong
SPO with small antithetic angle to the mylonitic
foliation, with very clear stair stepping of trails of
fine-grained material (Fig. 12g). Small fragments of
hypersthene are found mainly at the rim surrounding
the porphyroclasts and in trails extending from their
tips into the matrix, related to micro-shear zones.
These fragments suggest cataclastic abrasion or recrys-
tallisation of the crystals. Microprobe analysis estab-
lished that the hypersthenes are very homogeneous in
composition, without any detectable zoning. Crystal-
plastic deformation of the porphyroclasts was probably
not important, in contrast to orthopyroxene grains in
peridotite described by Ishii and Sawaguchi (2002).
The strength of the grains and the olivine matrix is
nearly equal in their samples. The strength of the
quartz-rich matrix (e.g. Hirth et al., 2001) in our
samples is estimated to be lower than the strength of
the hyperstene grains. The fish shape seems to be
essentially developed by rotation of pre-existing
grains, accompanied by cataclastic abrasion and pos-
sibly recrystallisation and dissolution along the rims of
the crystals.

4.7. Quartz

Fish-shaped quartz porphyroclasts are uncommon
in mylonitic rocks, since quartz tends to constitute the
matrix rather than porphyroclasts in most mylonites.
Quartz can only survive as porphyroclasts in a soft
and usually fine-grained matrix. Bestmann (1999) and
Bestmann et al. (2000) describe the shape of fish-
shaped single strain-free detrital quartz grains in a
calcite matrix. Lattice diffusion creep is suggested to
explain the shape of these grains. Williams and Burr
(1994) describe deformed and undeformed quartz
phenocrysts from a metarhyolite. The deformed
quartz phenocrysts have elliptical cross sections and
exhibit undulose extinction, subgrains and irregular
boundaries, suggesting internal deformation by lattice
slip and dynamic recrystallisation.

The studied quartz fish occur in lower greenschist
facies protomylonites of volcanic origin from Serra
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do Espinhaco, Minas Gerais, Brazil. The quartz fish
are originally quartz phenocrysts embedded in a
fine-grained matrix (Vernon, 1986; Williams and
Burr, 1994), now consisting of mica and quartz.
The elongated quartz grains exhibit undulose extinc-
tion and irregular boundaries (Fig. 12h). These
elongated grains have a similar shape and shape-
preferred orientation to the mica fish of group 2. The
microstructures are comparable to the deformed
phenocrysts studied by Williams and Burr (1994).
The quartz crystals contain highly elongated sub-
grains and also domains with small recrystallised
grains, mainly at the tips of the fish. Some domains
of small recrystallised grains are subparallel to the
long axes of the fish-like bodies, separating them
into two parts in a similar way to the microfaults in
the white mica fish (Fig. 9). The combination of
large subgrains and domains of small recrystallised
grains is a fabric typical of dynamic recrystallisation
due to internal deformation in quartz. Recrystallisation
at the tips of the fish tends to destroy the fish shape.
The concentration of mica on the sides perpendicular
to the shortening direction indicates that pressure
solution also played a role in the formation of the fish
shape. It can be concluded that these fish-like quartz
crystals were essentially formed by crystal-plastic
deformation.

5. Discussion and conclusions

Investigation of the morphology of mica fish led to
a subdivision into six groups. Although evolution of
fish from one group into another is possible, most of
these groups are thought to represent stable or semi-
stable structures. The evolution of each group is
thought to initiate with a combination of rigid body
rotation and crystal-plastic deformation, essentially
by slip on (001). Reduction of the grain size along
the upper and lower part of mica grains mainly by
recrystallisation tend to enhance the fish shape. Con-
trary to the mechanism that forms sigma-type mantled
porphyroclasts (Passchier and Simpson, 1986), this
recrystallised material is not accommodated in the
strain shadow of a rounded core object, but forms
thin trails from the tips of a fish-shaped single crystal
(Fig. la). This grain size reduction may also be
achieved by cataclastic breakdown, by pressure solu-

tion or by diffusional mass transfer. These micro-
shear zones are usually straight and parallel to each
other, but may also deflect around the widest part of
the fish to produce a reduced stair stepping effect
(Fig. 4, group 5).

Minerals other than white mica can also form
similar fish-shaped single crystals but these show
considerable variation in original shape, competency
contrast with the matrix and amount of crystal-plastic
deformation. Biotite behaves similarly to muscovite
but recrystallises more readily resulting in less com-
mon survival of biotite fish. Tourmaline shows little or
no intracrystalline deformation but changes shape by
dissolution and precipitation or by diffusional mass
transfer. K-feldspar can transform into K-feldspar fish
by recrystallisation at the rims of the crystals. At high
temperatures, crystal-plastic deformation becomes the
most important deformation mechanism. The evolu-
tion of fish-shaped garnet crystals is at lower temper-
atures related to removal of garnet by pressure
solution or by reaction. At higher temperatures, crys-
tal-plastic deformation may play an increasingly im-
portant role. Hypersthene crystals do not show
evidence of internal deformation and, at least in our
samples, seem to have formed essentially by grain
size reduction mechanisms. Quartz may in rare cases
survive as fish-shaped crystals in a fine-grained host
rock. It is mainly deformed by strong crystal-plastic
deformation and the relatively large fish-shaped crys-
tals tend to disappear mainly due to recrystallisation.
The value of these comparisons is obviously only
relative since the relative importance of different
processes can rarely be quantified and other factors,
like metamorphic grade, strain intensity, the presence
and composition of fluids and strain rate, were not
taken into account. Nevertheless, the shapes and the
shape-preferred orientations of the different minerals
are very similar, despite a number of salient differ-
ences in their development. The shape and the shape-
preferred orientation of the mineral fish must be seen
as two inseparable aspects of these microstructures.
The shape-preferred orientation can only develop due
to the specific shape of the crystals. On the other
hand, the stable orientation ensures that processes like
recrystallisation and dissolution, which are more sig-
nificant in the shortening quadrants of the flow,
influence the same part of the crystal during progres-
sive deformation, thereby enhancing the fish-shape.
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Most mineral fish can be used to infer the sense
of shear in zones of non-coaxial flow. Their asym-
metrical, lenticular or rhomboidal shape and the
inclination of their long axes with respect to the
mylonitic foliation makes them reliable kinematic
indicators, with the exception of group 6 mica fish
which, if considered in isolation, would lead to an
incorrect interpretation of the sense of shear. Even
in samples where the matrix is statically recrystal-
lised, mineral fish retain the asymmetric geometry
necessary to correctly deduce the sense of shear
(e.g. Fig. 11ab).

The results of experimental work (ten Grotenhuis et
al., 2002; Mancktelow et al., 2002) and our observa-
tions have thrown new light on the possible develop-
ment of shape-preferred orientations. In simple shear
flow without partitioning and with perfect cohesion
between rigid objects and their matrix, theory predicts
that rigid objects with perfect bonding to the matrix
should continuously rotate forward with respect to the
shear plane and shear sense (Jeffery, 1922).

We suggest that there are two ways in which stable,
non-rotational positions with respect to flow axes can
be attained by rigid or relatively strong objects in
ductile flow (Fig. 15): (1) synthetic for non-parti-

a. Stable clast (non-partitioned general flow)

% -

—

S

<> extension
—><— compression

Fig. 15. Sketch to show (a) the effect of balancing forces on parts of
a clast that lies in synthetic and antithetic flowing segments of bulk
non-coaxial flow, and (b) how the presence of minor shear zones
along tips of mineral fish may produce a couple of forces that act in
a counter clockwise sense, to balance the tendency for clockwise
rotation induced by the general flow of the matrix.

tioned flow around rigid elongate porphyroclasts in
non-coaxial general progressive deformation, follow-
ing the Jeffery (1922) model and (2) antithetic for
settings with localised flow close to the porphyro-
clasts as observed in experiments (ten Grotenhuis et
al., 2002; Mancktelow et al., 2002) and in our
observations. The synthetic positions can be explained
as an effect of balancing forces on parts of the clasts
that lie in synthetic and antithetic flowing segments of
bulk non-coaxial general flow separated by bulk flow
eigenvectors (Fig. 15). A synthetic orientation can
only be obtained if there is a pure shear component in
the flow and the aspect ratio of the rigid object is not
to small (Ghosh and Ramberg, 1976). The antithetic
positions cannot be explained in this way, but can be
understood if one considers the effect of micro-shear
zones suitably placed in a partitioned flow. Flow on
micro-shear zones nucleated from the tips of a lens-
shaped porphyroclast that would generate a couple of
extensional and compressional forces in the matrix
material on the sides of the fish. These forces are
tending to rotate them in a counter clock-wise sense
for a bulk dextral shear sense (Fig. 15). Since the
general non-coaxial flow in the matrix tends to rotate
the fish in a clockwise sense both forces counteract
each other and could therefore maintain the fish in a
stable position. Mechanical erosion, pressure solution
and internal deformation could subsequently give the
fish its characteristic shape.

The ideas presented here and by Lister and Snoke
(1984) regarding the separation of parts of mica fish
are based on inhomogeneous flow around these struc-
tures. The proposed transport of separated parts of the
fish along the grain boundary of the host clast is only
possible if there is a micro-shear zone along this
boundary (Fig. 15). It is also possible to transport
relatively small recrystallised fragments of the fish far
into the matrix along such micro-shear zones, as
observed for muscovite, biotite and hypersthene.
The observed orientation distributions for muscovite,
biotite and tourmaline fish also imply that flow is
partitioned into narrow shear zones. The fabric of
mica fish, with trails of fine-grained mica extending
from the tips of the fish into the matrix combined with
the oblique foliation of the quartz in the matrix, show
resemblance to mylonites with an S—C fabric as
suggested by Lister and Snoke (1984). However, in
the studied examples of fish-shaped structures in other
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minerals, the oblique foliation is in some cases
destroyed by static recrystallisation (e.g. Fig. 12e),
or the mylonitic foliation is not well developed. In all
these cases, the fish-shape and the shape-preferred
orientation are nevertheless very similar. These obser-
vations imply that this combination of shape and
shape-preferred orientation of natural porphyroclasts
can be developed when flow is partitioned in micro-
shear zones.
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