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Abstract

Mica fish and tourmaline fish from natural mylonites were analysed in thin section to determine their orientation distribution. They are
oriented with their long axes tilted with respect to the mylonitic foliation, and fish with a small aspect ratio exhibit a slightly larger angle than
fish with a large aspect ratio. This orientation seems to be a stable orientation for the mica and tourmaline fish. Analogue experiments with
two rheologically different matrix materials were performed to explain the data. One material was PDMS, a linear viscous polymer. The other
was tapioca pearls, a granular material with low cohesion and Mohr—Coulomb type behaviour. In contrast to a fairly homogeneous strain
distribution in PDMS, distinct small-scale shear bands developed in tapioca pearls during deformation. Experiments modelled different
vorticity numbers and parallelogram-shaped rigid objects with different aspect ratios were used. Rotation rates of objects in a viscous matrix
are very similar to analytical solutions for ellipses in viscous flow, but stable orientations differ from data of natural examples. In all
experiments with a Mohr—Coulomb matrix elongated objects had a stable orientation due to small-scale strain localisation. We therefore
suggest that small-scale strain localisation (=mm) that might be hidden by ongoing deformation and recrystallisation processes, is an

important characteristic of the rheology of mylonites. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mylonitic rocks usually contain porphyroclasts that can
develop into shear sense indicators such as sigma and delta
clasts, or lenticular structures such as mica fish (e.g. White
et al., 1980; Simpson and Schmid, 1983; Lister and Snoke,
1984; Passchier and Simpson, 1986; Hanmer and Passchier,
1991; Passchier and Trouw, 1996). The understanding of
these structures is essential for the correct interpretation of
flow kinematics in mylonites.

To gain a better understanding of the behaviour of
porphyroclasts in mylonites, analytical and experimental
studies have investigated the behaviour of single or multiple
objects or inclusions in a homogeneous viscous matrix. The
rheology of a deforming mylonite is usually described as
non-linear viscous, with a power-law relationship between
strain rate and stress (Kirby and Kronenberg, 1987).
Although the stress exponent, n, which defines the sensi-
tivity of strain rate to stress is usually assumed to be 1-3
in mylonites, most modelling studies on porphyroclast
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behaviour assumed linear (Newtonian) viscous behaviour
with n = 1. Jeffery (1922) showed that the rotation rate of
an elliptical object in a linear viscous matrix in simple shear
is a function of the strain rate, and of the aspect ratio and
orientation of the object. Solutions for pure shear flow (Gay,
1968) and combinations of pure and simple shear, general
flow (Ghosh and Ramberg, 1976), have also been proposed.
This early work has been extended to the motion of rigid
objects in non-Newtonian fluids by Ferguson (1979) and to
triaxial elliptical objects by Hinch and Leal (1979), Freeman
(1985), Passchier (1987) and Jezek et al. (1994) for
example. According to the equations for rigid elliptical
objects in a Newtonian viscous fluid, all objects, except
lines and planes, rotate continuously in simple shear.
Elongated or flat objects have a pulsating rotation rate
under these conditions. In plane strain general flow with a
kinematic vorticity number (W, Means et al., 1980)
between zero and one, elliptical objects rotate towards a
stable orientation, if their aspect ratio exceeds a critical
value (R.). Ry is a function of the kinematic vorticity
number (Ghosh and Ramberg, 1976; Passchier, 1987):

1+ W
Rcrit = — .
1— W,

0191-8141/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0191-8141(01)00072-4



486 S.M. ten Grotenhuis et al. / Journal of Structural Geology 24 (2002) 485-499

Fig. 1. Photomicrographs of mica and tourmaline fish in thin sections parallel to the stretching lineation and perpendicular to the foliation. The shear sense is
dextral in all pictures. (A) Lenticular-shaped muscovite fish from Concei¢@o do Rio Verde, Brazil. (B) Parallelogram-shaped muscovite fish from Conceic¢do
do Rio Verde, Brazil. (C) Lenticular biotite fish from the Santa Rosa mylonite zone, California, USA. (D) Parallelogram-shaped tourmaline fish from Lambari,

Brazil.

Objects with a lower aspect ratio rotate continuously, but
with a pulsating rotation rate. In simple shear (R = o)
there are no stable orientations except for lines and planes.
In pure shear (R = 1) all objects rotate towards a stable
position, and spheres are stationary.

Several aspects of the deformation of porphyroclast
systems have been studied in analogue experiments and
numerical modelling. For the behaviour of rigid objects in
a ductile matrix different materials have been used as an
analogue for the matrix, such as silicon putty (e.g. Ghosh
and Ramberg, 1976; Ildefonse et al., 1992a; Arbaret et al.,
2001), honey with titanium oxide (Fernandez et al., 1983;
Ildefonse et al., 1992b), paraffin wax (Ildefonse and
Mancktelow, 1993), octachloropropane (OCP), poly-
acrylamide (pAA) solution, and glycerine (ten Brink,
1996). These experiments modelled either simple or pure
shear flow and rigid objects were rectangular or of mono-
clinic shape. In single particle experiments for most matrix
materials, Newtonian and non-Newtonian, the embedded
objects behave as predicted by the analytical solutions
mentioned above for elliptical objects with a similar aspect
ratio. In the case of a non-coherent boundary (Ildefonse and
Mancktelow, 1993) and for experiments with an anisotropic
non-Newtonian viscous matrix material (OCP and pAA
solution, ten Brink, 1996) the rotation rate of the rigid
objects in simple shear is slower as predicted by analytical
solutions (Jeffery, 1922). These results indicate that certain
properties of the matrix can have a major effect on the
behaviour of porphyroclasts. Multi-particle experiments
(Ildefonse et al., 1992a,b; Ildefonse and Mancktelow,

1993; Tikoff and Teysier, 1994; Arbaret et al., 1997) show
that interaction of the objects results in a preferred orien-
tation of the objects. Some objects in these experiments
rotate backwards, i.e. clockwise in sinistral simple shear
(Ildefonse and Mancktelow, 1993). Numerical models
mainly concentrate on the flow perturbation around a rigid
object (Bons et al., 1997; Pennacchioni et al., 2000). The
analytical solutions by Jeffery (1922) and Ghosh and
Ramberg (1976) predict that after large strains most objects
of an initially randomly distributed population of elongated
objects are orientated close to the orientation of minimum
rotation rate. Vorticity analyses, based on the orientation
distribution of objects in natural shear zones were done by
several authors (e.g. Passchier, 1987; Jezek et al., 1994;
Masuda et al., 1995). Masuda et al. (1995) made distribution
plots of aspect ratio versus orientation for initially randomly
distributed objects in plane strain flow after different
amounts of finite strain, to predict both the vorticity number
of flow and finite strain in mylonites.

In this study attention is paid to the behaviour of objects
with a parallelogram shape in simple shear and combi-
nations of pure and simple shear. In natural shear zones
objects with a parallelogram or lenticular shape are common
as so-called mica fish, usually composed of muscovite or
biotite (Eisbacher, 1970; Fig. 1). Similar structures can also
be formed by other minerals, such as garnet (Azor et al.,
1997) and tourmaline (Fig. 1). From observations on natural
mica fish by Eisbacher (1970) and Lister and Snoke (1984)
it is known that mica fish usually have a similar orientation
independent of strain intensity, with their long axis inclined
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Fig. 2. (a) Plot of the orientation of long axis with respect to aspect ratio
(long axis/short axis) of mica and tourmaline fish. Inset shows definition
of ¢ with respect to the foliation observed in the field (mf = mylonitic
foliation) and the sign convention used throughout this paper. (b) The
distribution pattern of initially homogeneously distributed ellipses for
simple shear after a shear strain of y = 10, according to the solutions of
Jeffery (1922) (after Masuda et al. (1995), changed to conform to the sign
convention used in this paper).

at about 10-20° with respect to the flow plane. This suggests
that they rotated towards a stable orientation. This orienta-
tion is different from the stable or slow rotation rate orienta-
tion of elongate rigid objects predicted by theory (Jeffery,
1922) and observed in experiments with rigid objects in a
viscous matrix (e.g. Ghosh and Ramberg, 1976). We tried to
investigate how the orientation of these structures can be
explained and what this tells us about the flow kinematics
and rheology in ductile shear zones. The shape and orienta-
tions of mica and tourmaline fish from three different local-
ities are described and the observed geometries and
orientations were used as a basis to perform a number of
analogue experiments.

2. Measurements of natural samples

Two sets of mica fish and one set of tourmaline fish were
analysed in thin sections to determine their orientation
distribution. The first set, isolated muscovite fish within
pure quartzite, comes from a shear zone near Conceigdo
do Rio Verde, Southern Minas Gerais State, Brazil
(Trouw et al., 1983). The quartzites belong to the lower
unit of the Neoproterozoic Andrelandia Depositional
Sequence (Paciullo et al., 1993; Ribeiro et al., 1995). The
outcrop (45°06'W, 21°56'S) is located in an ENE-trending,
subvertical greenschist facies dextral shear zone, about
500 m thick. In 3D the mica fish have a flake or disc
shape. In the plane parallel to the stretching lineation and
perpendicular to the foliation the mica fish are elongated and
have a parallelogram or lenticular shape (Fig. 1a and b). The
aspect ratio (Rgg, = longest axis/shortest axis) of the fish in
this plane is between 2 and 16, with an average of 5.7 (Fig.
2a). Trails of small mica particles, apparently separated
from the mica fish by a process of dynamic recrystallisation
or cataclasis, extend from the tips of the mica fish into the
matrix. These 10—100-pm-wide trails define a microscopic
foliation (Simpson and Schmid, 1983; Passchier and Trouw,
1996). This foliation is referred to as the mylonitic foliation,
and is parallel to the macroscopic foliation in the shear zone.
The matrix surrounding the mica fish consists of fine-
grained quartz with a crystallographic preferred orientation
(CPO) and a shape preferred orientation (Means, 1981;
Lister and Snoke, 1984), which makes an average angle of
34° with the mylonitic foliation. The 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
median value of 13° (Fig. 2a).

The second set of samples comes from the Santa Rosa
mylonite zone, Palm Canyon, California. The mica fish are
developed in mylonitised granodiorites, which are present in
a 700-900-m-thick sequence of mylonites in Palm Canyon
(Wenk and Pannetier, 1990). These mylonites are related to
a thrust system and deformation occurred at middle amphi-
bolite facies conditions (Simpson, 1984; Wenk and Panne-
tier, 1990; Goodwin and Wenk, 1995). The matrix is
composed of quartz with a CPO. The mica fish from this
location are both muscovite and biotite fish (Fig 1c). One
hundred (31 muscovite and 69 biotite) mica fish aspect
ratios were measured, ranging from Rgy, = 2—10, with an
average of 4.3 (Fig. 2a). The mica fish from this shear
zone are also oriented with their long axis inclined with
respect to the mylonitic foliation. The median value of ¢
for this shear zone is 12° for the biotite fish and 15° for the
muscovite fish.

The third set of samples contains tourmaline fish (Fig. 1d)
and comes from a shear zone near Lambari, Southern Minas
Gerais State, Brazil (Trouw et al., 1983) in the Andrelandia
Depositional Sequence (Paciullo et al., 1993; Ribeiro et al.,
1995). Deformation in these samples occurred under middle
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Fig. 3. Schematic drawing of the deformation apparatus, seen from the top. The sides of the box can be independently moved by the six motors to create any

type of bulk monoclinic flow.

amphibolite facies conditions. The matrix consists of fine-
grained quartz with a CPO. In contrast, with the smoother
mica fish the tourmaline fish have an angular parallelogram
shape with straight sides and an angle of about 50-55°
between the sides (Fig. 1d). Their long side is usually
parallel to the mylonitic foliation. The aspect ratio
Riqn = 1.5-6. The angle ¢ has a median value of 17° for
the tourmaline fish (Fig. 2a).

The data from each location show similar trends; fish with
a small aspect ratio have on average a relatively high angle
with the mylonitic foliation. The overlap between the data
of the three sets of samples indicates that the orientation
is independent of the strain intensity in the shear zone.
Apparently this orientation is a stable orientation, depending
only on the aspect ratio of the object. The distribution
pattern of the longest axes of initially homogeneously
distributed ellipses for simple shear after a shear strain of
vy=10 (Masuda et al., 1995) is plotted in Fig. 2b for
comparison with analytical work on elongated objects. A
shear strain of y = 10 is chosen, since the monoclinic fabric
and the straight foliation and lineation on outcrop scale
suggest high strain and while it also fits reasonably well
with the data for mica fish with an aspect ratio Rgg, > 8.
The distribution of objects with a smaller aspect ratio,
however, does not resemble the distribution pattern of the
natural mica and tourmaline fish. None of the other distri-
bution plots of aspect ratio with respect to orientation of
rigid ellipsoids of Masuda et al. (1995) shows a resemblance
to the pattern observed in Fig. 2a. Lister and Snoke (1984)
suggested that inhomogeneous flow of the matrix might play

a role in mylonites containing mica fish. Observation of
boudinaged mica fish, linked by fine-grained mica trails
could be taken as evidence that part of the deformation is
accommodated in narrow zones in the investigated mylo-
nites, as in the case of S—C mylonites (Berthé et al., 1979;
Lister and Snoke, 1984). However, the mylonites with mica
fish studied by us show no decrease in grain size, change in
CPO or other signs of enhanced strain towards the trails of
mica grains. The trails of mica particles are mostly parallel
without the anastomosing geometry seen in many ductile
shear zones with flow partitioning. Another possibility
could be that these trails represent the long axis of the finite
strain ellipsoid. Clearly, the orientation of the mica fish is a
crucial feature for the correct interpretation of this micro-
structure. We therefore carried out two sets of experiments
with contrasting rheological matrix properties to compare
with the observed object orientations: one with a homo-
geneous viscous material and one with extreme flow
localisation.

3. Experimental set-up
3.1. The apparatus

The experiments were performed with a deformation
apparatus that can model deformation in general flow
regimes. The apparatus (Piazolo et al., 2001) consists of a
four-sided deformation box with walls constructed from
1cm wide, 12 cm high Plexiglas segments, which are
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Fig. 4. Schematic drawing of the rigid objects used in the experiments, with
angles used to describe their orientation (¢).

connected with flexible plastic (Fig. 3). The segments are
connected at the outside to two metal springs. This construc-
tion ensures homogeneous contraction and extension of the
walls. Two opposite sides of the deformation box, each
consisting of 30 segments, are always parallel to the
x-direction of the x, y, z-reference frame of the apparatus
(Fig. 3). The two other sides, made of 20 segments each, can
rotate about the z-axis. A 0.35-mm-thick elastic latex sheet
forms the bottom of the deformation box. This construction
results in a deformation box that slides with low friction on
the base plate and which is open at the top. The contraction
or extension of the flexible sides of the deformation box is
controlled by six stepping motors. This set-up allows all
types of monoclinic flow to be modelled. Boundary effects
extend 10—15 mm into the matrix from the walls (Piazolo et
al., 2001). Velocity of the motors is controlled by the
computer program LabView®.

Table 1
Dimensions of the objects

Particle name a (mm) b (mm) ¢ (mm) Angle® (°)
3 22.5 7.5 24.0 45
4 22.0 5.5 33.0 45
6 27.5 4.5 21.5 45
10 35.0 3.5 21.5 45
1rect 20.5 20.5 41.0 90

* Sharp angle between the sides of the object.

3.2. Experimental procedure

Experiments were carried out in dextral plane strain non-
coaxial progressive deformation, also known as sub-simple
shear (Simpson and De Paor, 1993) or stretching shear zone
geometry (Passchier, 1998). The kinematic vorticity number
values of deformation modelled in the experiments were 1
(simple shear), 0.95, 0.8 and 0.6. Two different analogue
matrix materials were used. (1) PDMS (polydimethyl-
siloxane, trade name SGM 36, produced by Dow Corning,
UK), a transparent viscoelastic polymer with a density of
0.97 g/lem® (Weijermars, 1986). At the strain rates used in
this study, PDMS exhibits Newtonian viscous behaviour
with a viscosity of 5.0 X 10* Pa's at room temperature. (2)
As an analogue with extreme flow localisation we searched
for a material with semi-brittle behaviour and low cohesion.
We settled for densely packed tapioca pearls, approximately
equidimensional spheres with a cross-section of 2.0 =
0.4 mm. The tapioca pearls show Mohr—Coulomb type
behaviour similar to sand, but with a low cohesion that is
suitable for the deformation apparatus. The coefficient of
internal friction, w, and cohesion, Cy, for failure in tapioca
pearls are: w=0.74*=0.05 and Cy=39*44Pa
(Appendix A).

Rigid blocks of India rubber with a density of 1.46 g/cm’
are used as analogues for the mica and tourmaline fish. The
objects are always placed with their flat top side parallel to
the base plane (xy-plane) of the apparatus. In the xy-plane
the objects had two principal shapes, parallelogram shape
and square (Fig. 4). Parallelogram shapes in the xy-plane
were used as analogues to natural mica and tourmaline fish.
The angle between the sides was 45° and aspect ratios (R,y)
were 3, 4, 6, and 10 (Fig. 4). The square object (R, = 1) was
used for reference. The major and minor axes of the object
in the xy-plane are referred to as the a-axis and b-axis (Fig.
4; Table 1). The c-axis of the object is always parallel to the
z-axis of the apparatus. Only the ratio between the a- and
b-axes is important for the behaviour of the object in this
orientation according to the analytical equations of Jeffery
(1922). The orientation of the a-axis of the objects (¢) was
measured with respect to the x-direction, i.e. the shear plane
of the apparatus. Objects were placed with their long axis
perpendicular to the x-direction (¢ =90°) or in the
x-direction (¢ =0°) at the start of the first run of each
experiment. Table 2 gives an overview of the performed
experiments with the used strain rates.

The finite strain that can be achieved in the apparatus is
limited to y = 3 for Wy =1 and to a stretch of 150% along
the x-axis of the apparatus for Wy < 1. Higher strains were
achieved by running series of experiments (cf. Passchier and
Simpson, 1986). The precise orientation of the object was
photographed and measured after each experimental run.
After returning the box to the starting position the object
was placed in the recorded final orientation and another
experimental run under the same conditions as the previous
run was carried out. This technique is particularly useful
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Table 2
List of performed experiments: TP = tapioca pearls

Vorticity number (W) Matrix material R, of studied

R, of studied Strain rate

objects, starting objects, starting (Wy=1) or
orientation ¢q = 90° orientation ¢ = 0° stretching rate
We<D)(s™h

1 PDMS Irect, 3, 4, 6 21077

1 TP Irect, 3, 4, 6, 10 4 2107?

0.95 TP 3,4,6,10 3,6 33107

0.8 PDMS 3,4,6 33107

0.8 TP 3,4,6, 10 10 33107

0.6 TP 3,4,6, 10 33107

when studying one or a few rigid objects. For the experi-
ments with tapioca pearls there was an overlap of at least
10% between the runs, to control if the rotation rate of the
object was the same at the end of a run and the beginning of
the next run. This was the case for all experiments, because
the strain ‘memory’ of the tapioca pearl aggregate is very
low. Experiments presented here were run until the object
stopped rotating for a strain of at least y = 0.5 or stretch
along the x-axis of 105%, or if the object had rotated a full
180°. Images of the sample were taken with a digital camera
with a resolution of 800 X 600 pixels. The orientation of the
objects was measured the same way as the natural mica fish
and the accuracy of the measured orientation is 0.5°. We
present the orientation of the object (¢) as a function of the
simple shear component of deformation (7y) rather than
strain ratio R;. This is done for two reasons: (a) the equations
given by Ghosh and Ramberg (1976) give the orientation as
a function of the simple shear component of deformation,
and (b) this component increases in a linear way with time at
constant vorticity number and strain rate, unlike the strain
ratio (Ry).

90

%o square
%o, object
60 4 %

301 °

o TP °
-60{ o PDMS °
—— theory

(Jeffery 1922) °

0 2 4 6 8 16 1é 1
strain (y)

Fig. 5. Object orientation (¢) versus strain for experiments with a square
object with two different matrix materials. Solid thick line indicates
expected orientation of the object according to analytical solutions of
Jeffery (1922) for a circular object.

4. Experimental results
4.1. Objects orientation

The results for simple shear experiments with the square
object (R,, = 1) in PDMS and tapioca pearls matrices are
shown in Fig. 5. The rotation rate of the object in PDMS is
constant and similar to the rate predicted by theoretical
solutions. In tapioca pearls the object is also continuously
rotating, but at a lower rate, as in PDMS, and the rotation
rate is not constant. The minimum and maximum rotation
rates in tapioca pearls are reached when the object has an
orientation of ¢ = 65-75 and 20-30°, respectively.

Fig. 6 shows the results of the experiments with elongate
objects in PDMS for Wy =1 and 0.8. In simple shear
(Wi =1) the rotation rate of the objects has a minimum
and maximum when their long axis is orientated at ¢ =0
and 90°, respectively, like in analytical solutions for
elliptical objects (Jeffery, 1922). For objects with Ry, =3
and 4 the curves are very similar to the analytical solution
for ellipsoids with the same aspect ratio. For R, = 6, the
analytical solution for an ellipse with a slightly smaller
aspect ratio (Ry, = 5.6) fits better. In experiments with a
vorticity number of 0.8, all objects reach a semi-stable
orientation with a small negative ¢-value (Table 3) as
predicted by Ghosh and Ramberg (1976). Objects with
R, = 3, 4, and 6 closely follow the rotation rates predicted
by analytical solutions for W, = 0.8.

Fig. 7 shows the results for experiments with elongate
objects in a matrix of tapioca pearls for W, =1 (simple
shear). From a starting orientation of ¢, = 90°, all objects
rotated clockwise in the dextral shear. Their rotation rate
decreased with increasing finite strain to reach a stable
orientation, which is different for each aspect ratio. In all
cases this orientation is at a positive angle (¢ > 0). These
results are completely different from the analytical solutions
given by Jeffery (1922) and Ghosh and Ramberg (1976) for
an elliptical object in simple shear. One experiment starting
with ¢ = 0° was performed for the monoclinic object with
R, = 4 to check if this angle corresponds to a stable or a
semi-stable orientation. In this case the object started to
rotate counterclockwise and reached the same orientation
as for the experiment with ¢y = 90°. This indicates that
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Fig. 6. Object orientation (¢) versus strain for different object aspect ratios with PDMS as a matrix material. Analytical solutions according to Jeffery (1922)

are given as solid or dashed lines. (a) Simple shear W, = 1. (b) W, = 0.8.

the small positive angle is indeed a stable orientation for the
object. The stable orientation (@) is a function of the
aspect ratio; it decreases with increasing aspect ratio. This
corresponds well with the observations for mineral-fish in
natural shear zones (Fig. 2a).

The results for the experiments with tapioca pearls as
matrix material with vorticity numbers 0.95, 0.8 and 0.6
are given in Fig. 8. The objects in these experiments show
the same trend as in experiments with W, = 1. For ¢y = 90°
all objects start to rotate clockwise, towards a stable orien-
tation (Table 3). Experiments with ¢y, = 0° gave the same
stable position as the experiments with ¢y = 90° for the
same objects under the same conditions. The stable orien-
tation (@g.pe) as a function of aspect ratio of the object (R,)
for all experiments is plotted in Fig. 9. For experiments with
a tapioca pearls matrix the maximum value for @y 1S
observed for the object with Ry, =3 in simple shear.
Additionally it is shown that for all objects the lowest
angle is observed for the experiments with W, = 0.95.

4.2. Analyses of strain distribution

Strain distribution during a strain increment within the

Table 3

sample was determined using pattern matching software
‘PatMatch’ (Bons and Jessell, 1995). With this program
the distribution of deformation during each strain increment
can be determined. Carbon powder was used as marker
particles in the experiments with PDMS. In the experiments
with tapioca pearls, individual grains could be traced. Both
materials were first investigated in the absence of a rigid
object. In deforming PDMS, strain is distributed relatively
homogeneously throughout the material (Fig. 10a;
Piazolo et al., 2001). In a matrix of tapioca pearls the strain
is partly concentrated in small fault zones or shear bands for
Wi =1 (Fig. 10b), where the shear bands are approximately
parallel to the xz-plane of the apparatus. The regions
between these zones show little deformation. For W, = 0.8
strain is distributed relatively homogenously (Fig. 10b).
Some shear bands are developed close to the sides of the
deformation box, which accommodate only a minor part of
the deformation. Analysis of the experiments with PDMS
with a central object (Fig. 11) shows that the finite strain is
distributed very homogeneously during the analysed time
interval. Analysis of the experiments with tapioca pearls
with a central object in its stable position show that for all
vorticity numbers micro faults or shear bands developed in

Stable orientations (¢) of the particles; —object does not have a stable orientation under these conditions

Object (Ryp) PDMS Tapioca pearls
Wk =1 Wk =0.8 Wk =1 Wk =0.95 Wk =0.8 Wk =0.6
3 - —56 24.4 2.9 10.7 10.8
4 - —4.4 16.7 8.8 13.5 10.8
6 - — 4.4 14.4 4.9 14.4 12.4
1 0.4 8.7 12.1

0 11.8
Irect - -
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Fig. 7. Object orientation (¢) versus strain for experiments with tapioca pearls matrix with four different objects. All experiments model simple shear
deformation. Initial orientation for the objects is ¢ = 90° for all objects and ¢, = 0° for an additional experiment with the object with R, = 4. Solid lines are

analytical solutions according to Jeffery (1922) for comparison.

the matrix. The orientation of the shear bands in simple
shear is similar in tapioca pearls with and without a central
object (Figs. 10b and 12a). The shear bands are not stable in
time. They either shift position in the matrix material or
become inactive and are replaced by new bands that are
initiated elsewhere. With a decreasing vorticity number
the spacing between the shear bands increases and the
shear bands develop at a larger distance from the object.
The lower the vorticity number, the higher the angle of
the shear bands with respect to the xz-plane of the apparatus
(Fig. 12). The shear bands accommodate up to 60% of the
strain in the experiments with a central object. The stable
orientation of the objects in the simple shear experiments is
with their long side approximately parallel to the shear
bands. Some shear bands develop directly adjacent to the
object in simple shear (Fig. 13), but this position is not
stable. These shear bands also become inactive or shift
through the material during progressive deformation.
Fig. 12 shows the analyses of experiments with an object
with Ry, = 6 in its stable position for different vorticity
numbers. For the other objects the analyses look very
similar for the same vorticity numbers. For the object with
R,, = 6 the long side is parallel to the shear bands for
Wi = 0.95, but not for Wy = 0.8 and 0.6. For objects with
R, = 4 and 10 in their stable positions the same is true. For
an object with Ry, = 3 in its stable position, the long side is
only parallel to the shear bands in simple shear, not in
experiments with W, = 0.95, 0.8 and 0.6.

5. Discussion
5.1. Discussion of experimental results

Results from experiments with monoclinic shaped objects
in PDMS are very similar to the analytical solutions of
Jeffery (1922) and Ghosh and Ramberg (1976) for the
rotation of elliptical objects with the same aspect ratio in
a Newtonian fluid. A monoclinic instead of an elliptical
shape of the objects has little effect on the rotation
behaviour of objects in PDMS both in simple shear (Arbaret
et al., 2001) and for W, = 0.8.

The experiments with tapioca pearls show completely
different results. The square object (R,,= 1) in simple
shear is the only one that shows continuous clockwise
rotation. In all other experiments with tapioca pearls the
objects rotate towards a stable orientation, which has its
long axis at a positive angle to the x-axis of the apparatus.
The orientation depends on the aspect ratio of the object and
the vorticity number. The reason for this difference in
behaviour compared with the experiments with PDMS is
the different deformation behaviour of the matrix material.
In tapioca pearls a significant part of the deformation is
concentrated in shear bands and the areas between the
shear bands undergo only limited deformation. This locali-
sation of the strain is more pronounced in experiments with
a central object, where the shear bands accommodate 60%
of the deformation. The objects are situated in the low
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Fig. 8. Object orientation (¢) versus strain for experiments with tapioca
pearls matrix at W, = 0.95, 0.8, and 0.6. Initial orientation for the objects
was ¢o=90° for all combinations of W, and R,,, and ¢,= 0° for a few
additional experiments. Solid lines are analytical solutions according to
Jeffery (1922) for comparison.

deformation areas or microlithons and therefore rotate
slower compared with rotation rates in analytical solutions
and experiments with PDMS. The stable orientation of the
monoclinic objects in the simple shear experiments and of
the objects with Ry, =4, 6 and 10 in experiments with

30
Experiments
TP, Wk =1
25 4 TP, W =0.95
TP, Wk =0.8
20 | - TP, Wk=0.6
PDMS, Wic=0.8
15 |
10
¢ 5 |
0
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Aspect ratio (Rop)

Fig. 9. Plot of stable object orientation (¢) versus aspect ratio (R,,) for all
performed experiments where a stable orientation was observed, together
with the average values with standard deviations of the mica and tourmaline
fish data.

Wi = 0.95 is with the long side of the object subparallel to
the shear bands in the matrix (Fig. 12a and b). Therefore, in
these experiments the orientation of the object is determined
by the orientation of the shear bands, which is determined
by the vorticity number. In the other cases, where the long
side of the object is not parallel to the shear bands, the
distance from the object to the closest shear bands is
probably too large for the shear bands to have a direct
influence on the orientation of the object. The orientation
of the long axis of the objects seems to be independent of the
aspect ratio of the object in the experiments with Wy = 0.8
and 0.6. The controlling factors for the orientation of the
objects in these experiments is not clear, but is probably due
to stress distribution in the complex arrangement of shear
bands, matrix and object and due to the large component of
pure shear flow in the deforming microlithon matrix.
Incoherence of the matrix/object boundary (Ildefonse and
Mancktelow, 1993; Pennacchioni et al., 2000) could also
play a role in our experiments in attaining a stable orien-
tation. Single particles with an incoherent object/matrix
boundary in simple shear have slow rotation rates compared
with objects with a coherent boundary in the experiments of
Ildefonse and Mancktelow (1993) and a strong decrease in
rotation rate was found for objects subparallel to the flow
plane. These observations are similar to the results for
objects in a tapioca pearl matrix. However, no concentration
of strain was observed along the objects in our experiments.

5.2. Comparison of experimental results with measurements
of mica and tourmaline fish

The measurements of natural mica and tourmaline fish
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Fig. 11. Contours of Ry values and deformed grids for experiments with PDMS matrix and object with aspect ratio R,, = 6. (a) Simple shear W, = 1.

(b) Wi, = 0.8. Bulk strain is in both cases R;=1.2.

from three different shear zones show very similar results
for each shear zone. On average the long axes of fish with a
low aspect ratio have a slightly higher angle to the mylonitic
foliation than the long axes of fish with a high aspect ratio
(Fig. 9). To explain the orientation of the mineral fish in
these measurements they are compared with the analytical
solutions for rigid elliptical objects in Newtonian fluids
(Jeffery, 1922; Ghosh and Ramberg, 1976) and to the
experiments with monoclinic shaped objects in PDMS and
tapioca pearls. For this comparison a few assumptions must
be made. First of all the deformation of the mica and
tourmaline fish should be minor relative to the deformation
in the matrix in order to regard them as rigid objects.
Although micas can be expected to deform internally by
slip on the basal plane, it is striking that the geometry and
orientation of mica fish is so similar to that of fish-shaped
grains of tourmaline, kyanite and feldspars (Passchier and
Trouw, 1996). They can also still be found as relatively
large porphyroclasts in the intensely sheared matrix. This
seems to indicate that, once the characteristic parallelogram
or lenticular ‘fish’ geometry is established, mica grains
deform very little internally. Secondly, there should be little
interaction between the fish. The orientation of the fish is
assumed to be only a function of their aspect ratio, and not
influenced by interaction with neighbouring mineral fish. In
our samples, the distance between the fish is usually large

enough (more than a fish length) that interaction can be
assumed to be negligible.

The trend of long axis orientation versus aspect ratio for
the natural mica and tourmaline fish and the curves for
analytical solutions for ellipses in a Newtonian fluid and
experiments with PDMS as matrix material show very little
resemblance (Figs. 2 and 9). A stable orientation () for
the elongated objects can be found in experiments with a
vorticity number W, <1, but the stable orientations as
observed in these experiments and also the orientations
resulting from analytical solution for elongated objects in
viscous flow with Wy <1 (Ghosh and Ramberg, 1976) all
have negative angles, whereas the orientation of the natural
mica and tourmaline fish usually has a positive angle. The
orientation of the long object axis versus aspect ratio as
observed for the natural mica and tourmaline fish is,
however, similar to the stable orientations for rigid objects
in a matrix of tapioca pearls, especially for simple shear
deformation (Fig. 9).

Obviously, deformation mechanisms in the mylonite
zones that contain mica and tourmaline fish are different
from the mechanisms in our analogue materials. PDMS is
a Newtonian viscous fluid; tapioca pearls a low cohesion
granular material with Mohr—Coulomb type deformation.
Nevertheless, it is remarkable that despite this difference
such a close relation exists between mica fish in mylonites
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Fig. 13. Close-up of the area around the object for the experiment with
tapioca pearls matrix and object R,, = 6 and W, = 1. Pictures (a) and (b),
which were used to make Fig. 12a, are taken over a strain interval of
Ry=1.2. The offset of the three upper marker lines in (b) show that there
is a shear band active along the upper boundary of the object during this
interval, the other three straight marker lines show the absence of a shear
band along the lower boundary of the object.

and rigid objects in tapioca pearls. This probably means that
the crucial factor influencing the development of mica fish is
flow kinematics. Deformation is localised in discrete small-
scale shear bands in tapioca pearls. The similarity between
the data from natural examples and results from experiments
with a Mohr—Coulomb matrix suggests that there must be
small-scale strain localisation in mylonites in order to form
mica fish. Lister and Snoke (1984) predicted that mica fish
are bordered by shear bands, but experiments with tapioca
pearls suggest that shear bands can be further away and
migrating through the sample with the same effect. Possibly,
deformation in mylonites can be described by inhomo-
geneous flow that occurs by short living small-scale
(<mm-cm) shear bands that shift position, as in tapioca
pearls. Ongoing deformation and dynamic recrystallisation
may overprint earlier fabrics and erase traces of flow
partitioning (Bons and Jessell, 1999). This shifting and
overprinting of shear bands may explain the absence of
grain-size gradients or other signs of enhanced strain in a
way that the sites of localisation cannot be determined from
the microstructure at the end of the deformation history.
This kind of small-scale flow partitioning, which is homo-
genised over time in progressive deformation has been
observed in experiments with the polycrystalline material
octachloropropane (Bons and Jessell, 1999). This type of

behaviour may be responsible for the deformation in
mylonites with mineral fish and a relatively homogeneous
quartz matrix.

The observed decrease in angle with increasing aspect
ratio of the mica and tourmaline fish of the natural
samples fits best with the results of the simple shear
experiments, where the orientation of the long side of
the object is parallel to the shear bands. However, as
mentioned in the previous section the distance of the
shear bands to the objects is an important factor for the
stable orientation of the objects in the experiments. In
the experiments with W, <1, the distance between
object and the nearest shear bands increases with
decreasing vorticity number. Besides the vorticity, the
distance from the object to the nearest shear bands
probably also depends on the grain size of the
experimental material. We did not test this effect of
grain size, since in rocks the deformation mechanism
is different. It is therefore not yet possible to draw
any conclusions about the vorticity number in natural
samples from the microstructure.

6. Conclusions

Analogue experiments on the rotational behaviour of
elongated rigid objects were carried out using two end-
member model materials: PDMS (Newtonian viscous
polymer) and tapioca pearls (Mohr—Coulomb behaviour).
Flow was modelled at several kinematic vorticity numbers.
The results from the experiments with a PDMS matrix gave
similar results as analytical solutions for ellipses in viscous
flow (Jeffery, 1922; Ghosh and Ramberg, 1976), indicating
that the aspect ratio, not the detailed shape is the controlling
factor for the rotation behaviour of objects in viscous
materials (Arbaret et al., 2001). The results of the experi-
ments with a tapioca pearl matrix are completely different.
Under all studied conditions, the elongated objects reach
a stable orientation, between about ¢ =1 and 25°. The
deformation in tapioca pearls is concentrated in small
shear bands on the scale of the pearls. Measurements of
the long axis of natural samples of mica and tourmaline
fish with respect to the mylonitic foliation show, on
average, an inclined, positive ¢-value. The average angle
decreases with aspect ratio of the object. These data fit very
well with the results from the experiments in tapioca
pearls in simple shear, where the orientation of the object
is determined by the orientation of shear bands. This
indicates that strain localisation in micro-scale shear
bands or zones is probably an important characteristic of
the rheology of natural mylonites with mica fish or other
‘mineral fish’ and possibly of all mylonites. The presence
of inclined fish-shaped objects may be indicative for
micro-scale strain partitioning, even where no other
microstructural indications for flow partitioning are
found.
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Fig. 14. Schematic drawing of the set-up used to measure the coefficient of
internal friction and cohesion of tapioca pearls. Two cylinders are both
filled with tapioca pearls. The bottom cylinder is fixed and the top cylinder
is hanging on four cables, so the top cylinder can move frictionless with
respect to the bottom one. The normal load is applied by the tapioca pearls
in the upper cylinder and extra metal loads on top. The shear load is applied
by the hanging mass over a pulley. Figure is not to scale.
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Fig. 15. Plot of data from shear test on tapioca pearls shown as shear stress
versus normal stress. The line is the best fit by linear regression and indi-
cates that for failure in this material u =0.74 (slope) and C,= 39 Pa
(intercept).
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Appendix A

Aggregates of tapioca pearls show Mohr—Coulomb type
behaviour, where the shear stress (7) for failure is related to
the normal stress (o) on the failure plane by:

o, =Cy+ ur

The coefficient of internal friction, w, and cohesion, Cy,
for tapioca pearls where determined using the method
described by Krantz (1991). The simple apparatus consists
of two compartments, the lower one fixed and the upper one
supported by four cables of about 40 cm length (Fig. 14).
The compartments are 7.5 cm high, have a cross-section of
4.35 cm and were both filled with the pearls. A horizontal
fault is created in the pearls when the top cylinder is shifted.
The overlying tapioca pearls and extra metal loads deter-
mine the normal load across the horizontal fault surface
between the two cylinders. Tapioca pearls were poured to
the desired depth above the fault plane and the extra load
was put on top. A shear load was applied to the top cylinder
by adding water to a container hanging over a frictionless
pulley. The shear load was increased until a distinct failure
event occurred. The data points of this experiment are
plotted in Fig. 15 as normal stress (o) versus shear stress
(7). The coefficient of internal friction, p (slope) and
cohesion, C (intercept) follow from this plot. For tapioca
pearls  these values are w=0.74*0.05 and
Cy=39 * 44 Pa.
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