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Shear bands, crenulations and differentiated layering in ice-mica models
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Abstract—Thin sheets of composite ice-mica have been deformed in order to simulate the development of
cleavages in quartz—mica rocks. A strong initial mica preferred orientation was variably oriented to the shortening
direction. Deformation parallel to the foliation results in a crenulation type cleavage developing from shear bands
initiated after a component of pure shear. Deformation oblique to the foliation produces a differentiated cleavage
and involves a large component of shear strain subparaliel to the original anisotropy. The strain is accommodated
by intra- and intercrystalline processes that produce extensive grain elongation and rearrangement of the ductile
matrix, thereby forming ice vs mica rich regions. On the other hand, there is no drastic morphological change
when a sample is shortened perpendicular to an original foliation: that is, where the micas lie in the plane of no
shear strain. Instead, the mica fabric is strengthened and the grains in the ductile matrix are fiattened.

Two models are presented for the initiation, propagation and evolution of the observed crenulation versus
differentiated cleavage types. These depend on mica stacking and orientation relative to the transverse properties
of the sample and also on the direction of anisotropy to the XY plane of the bulk strain ellipsoid. The models
invoke shear on planes of high shear strain and rotation of the shear bands and rigid mica grains into a direction
approximately parallel to the bulk extension direction.

INTRODUCTION

THE EXPERIMENTS described here were designed to simu-
late deformation in a foliated quartz-mica rock. The
model material chosen was ice with finely dispersed
mica. The ice-mica particle composites were prepared
in the manner described by Wilson (1983). The study
was undertaken using a time-lapse photographic system
to try and obtain some insight into the deformation
processes operating on a bulk scale during the mechani-
cal rotation of mica in a polycrystalline matrix. The ice
matrix undergoes plastic deformation with intracrystal-
line slip on the basal plane with no preferential slip
direction in that plane (Kamb 1961) at temperatures in
the range of —8°C and combined intracrystalline slip and
solid state diffusional processes at higher temperatures
such as —1°C (Wilson & Russell-Head 1982). Unlike
quartz-rich metamorphic rocks, there is no pore fluid
contributing to the total deformation observed in these
experiments.

It has been demonstrated (e.g. Cobbold ef al. 1971,
Means & Williams 1972, Gray 1979, Means et al. (in
press) that strong planar mineral anisotropy exerts an
important control on folding and foliation development.
This is particularly so for features such as crenulation
cleavages which fold earlier mineral fabrics. A number
of experimental attempts (see review by Means 1977)
have been undertaken to model such cleavages by com-
pressing strongly oriented analogue materials. These
studies, often on bulk samples and constrained by rigid
boundary conditions, have yielded ideal fold forms (e.g.
Bayly 1969, Latham 1979) but little information on the
sequential development of the fabric, except for the
study of Means er al. (in press). In this paper it is
proposed to describe the mechanical rotation of strongly
oriented platy elements during pure-shear plane strain
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deformations where the samples are unconstrained per-
pendicular to the bulk extension direction (X). This
produces incremental and non-uniform shortenings
together with shear and the formation of crenulation-
type cleavage zones. Unlike other experimental studies
(e.g. Means & Williams 1972, Means et al. in press,
Wilson 1983), the platy elements are not completely free
to undergo passive rotation in their ductile matrix. It is
suggested in this paper that this is a major factor con-
tributing to the formation of crenulation cleavage and of
domainal cleavages.

EXPERIMENTAL METHODS

The experiments were performed in the apparatus
illustrated in Fig.1. The specimen (approximately
40 x 20 x 0.7 mm) was deformed between two glass
plates by driving a 0.7 mm thick platen into the thin
sample (0.7 mm) at a constant rate (Table 1). The
surfaces of the sample were lubricated with a film of
silicon oil and during the deformation the sample was
contained in a silicon oil bath. The deforming specimen
was viewed in transmitted light by means of a video
camera and the dynamic events were recorded either on
35 mm film or by using a time lapse camera on 16 mm
cine film. The deformation stage and all cameras were
mounted on a supporting frame that was placed within
an insulated container in a freezer chest set typically at
—20°C. The air temperature within the insulated con-
tainer and hence the experiments (Table 1) were then
maintained using a balance between a platinum resis-
tance thermometer bridge and a set of heaters attached

. to the air circulating fans (Fig. 1).

The experiments were carried out at a strain rate of
either 8.7 or 2.9 x 1077 s7! (Table 1). The cyclic
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Fig. 2. Load vs strain curves illustrating the behaviour of the ice~mica aggregate during experiments IM1 and IM2. The
breaks in the curves represent periods where no readings were taken.

mechanical behaviour (Fig. 2) was first thought to cor-
respond to dynamic changes in the sample but these
could not be detected. Subsequent modification of the
apparatus has shown that the cyclic behaviour was a
function of motor-gearbox effects. If an enveloping
surface is drawn to the peak of maximum load it can be
seen that slightly higher loads (Table 1) were required to
deform the sample at the faster strain rate. The stresses
during a deformation varied from 0.28 to 0.35 MPa.

All the ice-mica samples used were 0.7 mm thick
slabs cut from a block of ice~mica particle composites
used in other experiments by Wilson (1983). The matrix
ice is composed of polycrystalline randomly oriented
grains with diameters of approximately 0.3 mm. The
sample was selected so that the cleavage planes of the
mica platelets were near vertical to the constraining glass
plates and parallel to the direction of plane strain, Y.
The initial mica preferred-orientation in a sample was
oriented either parallel, 60° or normal to the bulk shor-
tening direction, Z (Table 1). The orientation of (001)
mica traces with respect to the bulk shortening axis (Z),
plotted as histograms, were taken from photomicro-
graphs.

EXPERIMENTAL RESULTS

Mica fabric parallel to shortening direction

Three stages of the sequence observed in model IM1
are illustrated in Figs. 3 (a—). The deformation is ini-
tially accommodated by the ice matrix with little rotation
of the micas. The specimen uniformly increases in width
parallel to X and any air-bubbles, contained within the
grain boundaries are expelled in the first 5% shortening.
The air bubbles migrate to, and are forced out into, the
silicon oil that occupies the space between the specimen
and the constraining glass plates. The deformation then
becomes non-homogeneous with the first obvious area
of mechanical rotation of micas occurring in a zone
adjacent to the moving platen (zone 1, Fig. 3a). This
noticeable rotation of the micas begins to occur after
approximately 10% shortening. At 20% shortening
(Fig. 3b) there is marked evidence for mica realignment
in zone 1, a weaker realignment in zone 2 and very little
change in zone 3. By 20% shortening the strong initial
mica preferred-orientation (Fig. 3d) has decreased
(Fig. 3e) and with further deformation the overall mica
fabric becomes markedly bimodal (Fig. 3f).

Table 1. Summary of in situ ice-mica experiments. All experiments were undertaken at —1°C
except for IMS which was —8°C

Initial mica
orientation with
respect to Experiment
Experiment shortening axis, duration Shortening Strain rate
number Z(degrees) (days) (%) x1077s™!
IM1 0 5 375 8.7
IM2 0 13 39.1 2.9
IM3 0 14 40 29
IM4 0 6 30 8.7
IMS5 60 5 27 8.7
IM6 60 5 24 8.7
IM7 90 (andO0) 4 28 8.7
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(a)

(b)

Fig. 1. Plane strain deformation apparatus. (a) shows the arrangement of the cameras to the deformation apparatus. A.

Bolex 16 mm movie camera that sits directly above the specimen; B, 35 mm camera with mirror angled at 45° and obtains

image from mirror C which is moved into position above the specimen by a solonoid motor when a photograph is required.

Mirror C normally sits to one side during cinematography. D is light source under deformation stage E. F is video camera

used to survey the specimen during an experiment, G fans used for air circulation and Histhe temperature probe. (b) Details

of deformation stage showing: I. motor drive and gear box; J. position of specimen; K. deforming platen with principal
direction of motion indicated which corresponds 1o the bulk shortening direction Z: L. load cell.
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Fig. 3. Three stages in the shortening of IM1, the base of the sample is fixed and the deforming platen moves in the direction

Z parallel to the predominant initial mica orientation. (a) is the initial sample, (b) after 20% and (c) after 30% shortening.

(d—f) are the (001) mica orientations with respect to the shortening axis. (g-i) are frequency histograms of mica orientations
representing the angle between the trace of (001) and the shortening axis Z in zones I-III at stage (c). M. mean.
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Fig. 4. Deformation of IM2 and mica (001) distributions measured with respect to the shortening axis Z. (a) is initial sample,
(b) 13%. (¢) 20%, (d) 29% and (3) 39% shortening. The mica distributions (f-h) correspond to stages (a), (c) and (3). The
mica distributions from individual areas I-VI correspond to the final stages of deformation (e). M. Mean.
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Fig. 6. Sample IM3 after 40% shortening and mica (001) distributions in zones I-I11 with respect to Z.
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Fig. 8. Deformation sequence in IM5 (a—) and IM6 (d-f) illustrating the initial sample where the initial mica preferred
orientation was 60° from the shortening direction Z (a, d), the 12% (b, e) and the 24% (c. f) shortening stages. Photographed
in plane polarized light.
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Fig. 10. Deformation sequence in IM7 (a—d) at 2, 12, 23 and 28% shortening photographed in plane polarized light.
Micrographs (e-f) taken with partially crossed nicols showing the distribution of ice (white) between micas in the areas
outlined in (d).
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Fig. 5. (a) Generalized curve derived from experiment IM2

demonstrating that distinct shear bands are only recognized after 10%

shortening. At greater shortenings the number of shear bands may be

higher than portrayed here as the initiation of shear bands is difficult to

recognize using the photographic system employed to record these

experimental results. (b) Range in width of a series of shear bands in
IM2 with progressive shortening.

The redistribution of the micas between 20 and 30%
shortening is non-uniform across the sample. The micas
are markedly asymmetric in the more deformed zone
(Fig. 3g) with a transition to a uniform distribution in
zone 3 (Fig. 3i). Associated with the change in the mica
fabric is the formation of areas of more marked mica
rotation (Fig. 3c, subparallel to A in zone 1) that appear
to have been initiated at 50° to Z (B in Fig. 3c).

Figure 4 shows a deformation of a similar sample at a
slower strain rate but with greater shortening. Again
there is very little change in the mica fabric until after
10% shortening. The initial strain is confined to the ice
matrix, as seen by comparing the ice-rich area A
(Fig. 4a) with the same area after 13% shortening
(Fig. 4b). The first marked changes are undulations
created on the surface of the specimen (area B, Fig. 4b)
as a direct result of deformation in the ice matrix. Only
after 15% shortening has a noticeable rotation of the
micas occurred adjacent to the moving platen (area C,
Fig. 4c); reorientation of the micas is insignificant at the
other end of the sample. The mica rotation is asymmetric
and occurs in a zone oriented at approximately 55° to the
shortening axis. An opposite sense of rotation is then
developed in a conjugate zone (area D, Fig. 4d) that
becomes more accentuated with further deformation
(Fig. 4e). The zones where this asymmetry in the fabric
is noted have the appearance of ‘shear bands’; that is,
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narrow bands where the deformation within each band is
predominantly one of shear parallel to the interface of
the band and the adjacent material, as commonly
described in anisotropic metals. It should be noted that
during progressive deformation the shear bands increase
in number (Fig. 5a), and are of limited and unchanged
width (Fig. 5b). It is only their length and orientation
that changes with increased sample shortening.

The inclination of the shear bands at C and D to the
shortening axis is £50° (£5°). These angles change with
increasing strain (e.g. the band at C increases to 70° by
the end of the experiment) and bands increase in number
(Fig. 4e) and become more pronounced at larger strains.
As a consequence the overall mica fabric becomes
wavier (Fig. 4e). The change from a strong initial mica
orientation distribution (Fig. 4f) to a weak bimodal
fabric begins with the first appearance of the shear bands
(Fig. 4g) but is markedly obvious in the final fabric
(Fig. 4h). However, the mica fabric in individual areas
may be markedly asymmetric (Fig. 4e, areas I-VI). For
instance, areas 1 and II have the highest asymmetry,
being regions containing the earliest formed shear
bands. It is in these regions that the shear bands have
spread laterally; in so doing the micas undergo a sense of
rotation compatible with the sense of shear in the shear
band.

Although experiments IM1 (Fig. 3) and IM2 (Fig. 4)
have similar starting materials there are obvious differ-
ences. In IM1 the linear area of ice (A in Fig. 3a)
undergoes no rotation whereas the comparable area in
IM2 is significantly rotated with a shear strain of 0.17.
Also in IM2 there is a noticeable development of shear
bands (parallel to D in Fig. 4d) and a non-homogeneous
extension in the X direction. This suggests that the
initiation of the shear bands and the formation of a
pseudo-crenulation cleavage is dependent on the extent
of non-uniformity in the extensional strain.

A bimodal mica distribution was also observed in
experiment IM3 (Fig. 6) with opposite senses of mica
asymmetry adjacent to the reaction and action platens
(Figs. 6b & d) and a symmetric mica rotation in the
centre of the sample. Deformation was non-homogene-
ous across the sample and occurred as a series of progres-
sive zones. Again in this sample the mica redistribution
was produced by localized shear bands progressively
rotated during deformation into an orientation subper-
pendicular to Z and subparallel to X. This accounts for
the symmetric distribution in the centre of the sample. In
a general way the deformation features appear similar to
the sinusoidal buckles observed by Cobbold eral. (1971,
Fig. 8). However, no features directly comparable to
kink bands were observed in any of the experiments
IM1-3.

During progressive deformation the reoriented mica
platelets initially retain their planar form being rigid
objects in a ductile ice matrix. The degree of mica
reorientation may reflect the shortening strain but only
when there is a homogeneous deformation of the sup-
porting matrix (Wilson 1983). However, in areas of
shear band development bent micas become noticeable
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(Fig. 7a) with marked curvature in the better defined
shear bands (Fig. 7b). This curvature appears to be a
result of the non-uniform strain across a shear band and
is not due to platelet interaction as has been discussed by
Oertel & Phakey (1972) and Tullis (1976). Additional
evidence that mica curvature is associated with the
superimposed shear bands is seen in an experimental
failure (Fig. 7c). (Because of camera malfunctions there
was no record of the progressive deformation). In this
sample only the mica platelets adjacent to the shear
zones show marked curvature.

Mica fabric oblique to shortening direction

In experiments IM5 and IM6 where the initial-mica
fabric is inclined (Table 1) there is progressive rotation
of individual mica platelets (Fig. 8) into an orientation
subparallel to X. There is little evidence for the develop-
ment of conjugate shear bands and there are only a few
bent micas; these were micas initially subparallel to the
shortening axis. One notable feature of these experi-
ments is the accentuation of the pre-existing foliation.

In IMS there is marked anastomosing of the foliation
which is defined by a strong orientation of mica aggre-
gates and individual micas (Fig. 9b) alternating with
elongate lenses of highly deformed ice possessing defor-
mation lamellae and undulose extinction. In some areas
of IMS the foliation could be referred to as domainal
with alternating ice vs mica rich zones (Fig. 9a). In IM6
the foliation is in part domainal but is typically anas-
tomosing around elongate aggregates of coarse inter-
locking ice grains. Another difference between IMS5 and
IMB6 is that the ice contains an abundance of deformation
lamellae in IMS5 (Fig. 9b) and a paucity in IM6 (Fig. 9c).
The ice microstructure in IM6 suggests extensive grain
growth and is comparable to that recognized in other
deformed polycrystalline aggregates (Wilson & Russell-
Head 1982).

Experiment IMS involved essentially a pure-shear
deformation whereas IM6 has a component of simple
shear parallel to X initiated after 10% shortening
(Fig. 8e), as the sample slipped at the interface with the
deforming platens. The small component of shear and
flattening occur simultaneously with progressive shor-
tening (Fig. 8f), with little change in orientation of
pre-existing planar features such as the ice marker A-A
(Figs. 8d-f). There was no diagnostic feature to suggest
the existence of a shearing or a non-coaxial strain compo-
nent in either the mica or ice microstructures.

Mica fabric normal and parallel to shortening direction

Experiment IM7 had two initial mica orientation com-
ponents; the majority of the micas were oriented perpen-
dicular to the shortening direction, between which was a
zone of highly misoriented micas (Zone A, Fig. 10a).
During progressive shortening there was little change in
the spatial relationship between micas. The strongly
aligned micas rotated into orientations perpendicular to
Z with individual ice grains becoming elongate between

the mica platelets. Micas in Zone A were rotated, many
were bent and individual separation distances became
smaller with individual ice grains in the matrix tending to
aggregate into larger ice rich areas between the
deformed micas.

DISCUSSION
Interpretation of experimental observations

In the mica-parallel deformation (IM1-3) there was
initially a component of pure shear, but with increasing
strain there was the development of localized shear
zones or two-dimensional shear bands. These could be
thought of as areas that undergo localized strain soften-
ing; however, the formation of these shear bands could
not be correlated with any overall reduction in stress.
The shear bands appear to be initiated as two conjugate
sets *55° to the shortening direction, but were not
initiated simultaneously. They appear to develop after
the ductile deformation of the ice, occurring during the
first 10% shortening. The first-formed shear bands
become rotated whereas the second set lies approxi-
mately parallel to the complementary shear plane. Mor-
phologically and genetically, these shear bands resemble
shear bands produced during the deformation of metals
(Dillamore et al. 1979, Anand & Spitzig 1980). As in the
metals they begin to occur after the breakdown of
homogeneous flow (i.e. the pure-shear component of
deformation), and are thought to be a consequence of
the strong anisotropy exerted by the mica fabric.

The ice—mica composites are examples of an anisot-
ropic material deformed by means of a ductile matrix
with the subsequent mechanical rotation of the enclosed
particles. This type of deformation is in contrast to other
experimental studies using anisotropic materials where
slip and rotation occurs on layers with negligible internal
deformation with the production of kink bands (Pater-
son & Weiss 1966, Cobbold er al. 1971, Reches &
Johnson 1976, Weiss 1980). In the latter type of experi-
ment overall deformation is accommodated by increas-
ing the width of a constantly oriented kink band. In
contrast (e.g. Fig. 5b), the shear strain across the shear
bands in IM1-3 may increase but the width appears to be
independent of the progressive shortening. There is also
a rotation of the shear band together with concurrent
layer parallel shortening in the material outside the
shear band. These observations are similar to those of
Means et al. (1983) but not comparable to the kink
experiments.

It should be noted that the experiments were con-
ducted on finite-dimensional specimens whereas previ-
ous studies of particle rotation in a ductile matrix have
used composite blocks. Further, a state of uniform
in-plane uniaxial compression, prior to the initiation of
the shear bands and the crenulation type patterns, was
not attained in these experiments. This factor may con-
trol the initiation of the shear bands and explain the
progressive and non-uniform stages of deformation and
varying degree of mica reorientation across any sample.
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There is also a mechanical problem with mica platelets
being unable to rotate in the third dimension. This may
partly account for the curvature observed in some micas.
However, it should be noted that where mica bending
occurs it is always in an area of shear band development
and hence areas of higher strain.

In experiments IM1-3 the shear bands are initiated
after 15% shortening and in IM6 a small amount of shear
parallel to the foliation is initiated after 10% shortening.
This is in marked contrast to the foliated rock models
described by Wilson (1983) where shear and shortening
strains were occurring together from the onset of the
deformation. In the foliated rock model experiments
(Wilson 1983). even in areas of high rotational strain,
there was little evidence for bent mica, which is certainly
not true for the present experiments. This difference in
mica behaviour may be attributed to two factors. (1) A
three-dimensional effect, where micas in the foliated
rock models were unconstrained and free to undergo
mechanica] rotation at a sufficiently fast rate, so that
there is no mechanical locking of the materials on a grain
scale and hence an increase in the yield strength. (2) The
strong mica orientation coupled with the confined three-
dimensional thickness forced the micas or bundles of
micas to act as barriers and stopped the fiow of the ice
matrix. The latter depends on the length, the density and
spatial distribution of the micas. Therefore, a long mica
or continuous mica aggregates in a soft matrix will not
rotate easily; instead, as further strain increments are
added the sample can only yield by shearing and there-
fore the initiation of the shear bands is essentially gov-
erned by the micas rather than the matrix.

The shortening superimposed on the earlier foliation
in IM7 is akin to simple flattening with no significant
locking of the grain structure nor redistribution of ice. It
is only in regions containing misoriented micas that a
different mechanical behaviour occurs; that is mica
bending is observed with a local redistribution of ice into
larger aggregates. Redistribution of the ice matrix occurs
on a larger scale in IMS and IM6 with the generation of
anastomosing foliations and the mica versus ice-rich
domains that subparallel the original mica preferred-
orientation. This is in marked contrast to the starting
material which contained uniformly distributed ice and
mica. These observations imply that the strong local
mica concentrations and orientations are due to the local
strain or the collapse of the mica into regions depleted of
ice. A major problem is the identification of the driving
mechanisms for this differentiation.

In rocks, differentiation has been variously ascribed
to a difference in stress, in pressure, or in chemical
potential between differently oriented limb and hinge
regions of a crenulated foliation (Cosgrove 1976,
Fletcher 1977, Gray 1979, Vidale 1974, Weber 1981,
Williams 1972). The majority of geological arguments
invoke a pore fluid permeating the composite (e.g. Gray
1979, Williams 1972). However, in these experiments,
particularly in IM5, there is certainly no evidence for any
fluid phase or the operation of bulk diffusive processes.
In fact the diffusivity of the ice is too low to account for

such transport (Glen 1975, Weertman 1968). It appears
that differentiation may be wholly or dominantly a result
of heterogeneous flow; that is, the ice has been preferen-
tially ‘squeezed’ out between the mica platelets. The
main means of differentiation must be intracrystalline
slip which is also responsible for the very marked ice
grain elongation and may be accompanied by some
intercrystalline deformation. Slip in the mica is difficult
to establish; however, some micas in IM5-6 do have a
fuzzy appearance and are slightly bent which may be due
to a combination of elastic strain and failure by shearing
on the cleavage. Evidence for intergranular deformation
with sliding on mica grain boundaries could not be
observed in these experiments.

The differentiation also appears to be controlled by
the orientation of the foliation relative to the axes of
applied stress. Mechanical rearrangement of the more
ductile ice matrix only occurs where there are high shear
stresses subparallel to the stiffer micas. The fact that
differentiation effects are better developed in specimens
deformed at lower temperatures than at higher tempera-
tures is further evidence that differentiation is affected
by purely mechanical processes and not purely diffusion-
operated processes. The operation of similar mechanical
processes to produce differentiation has also been
described by Means & Williams (1972) in dry samples of
foliated salt-mica mixtures.

The origin of shear bands and crenulations

A consequence of these experiments is that the initia-
tion and morphology of secondary cleavages may be
very dependent on the role of the mica in controlling the
ductile flow of the matrix between the dispersed phase.
The dispersed micas will have a yield strength much less
sensitive to plastic deformation than a single piece of
mica of the same shape and orientation as the ice—mica
sample. The obvious reason for this is that the geometry
ensures that the deformation will either be parallel
and/or across the (001) mica anisotropy resulting in kink
bands (Etheridge er al. 1973). Therefore, the strength of
the ice-mica composite is governed by failure of the
micas. In these experiments and in quartz-mica rocks
containing discontinuous micas it is necessary to look at
the question of how the micas successfully stiffen the
material.

Figure 11 illustrates the origin of the observed shear
bands and the development of the crenulation type
cleavages in IM1-3. The homogeneous strain in the
matrix changes the horizontal and longitudinal separa-
tion of the mica particles. As the longitudinal separation
decreases the dispersed mica phase becomes more inter-
locked and with greater overlap. A consequence of this
is that the flow of the ductile ice between the rigid micas
is probably restricted in the horizontal direction by
bridging micas. This initially increases the strength of
the material by the development of rectilinear cells of ice
constrained by mica platelets. Within the first 10% of
shortening the ice matrix will develop a definite c-axis
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C-Axis orientation
of initial ice

x

Type of ice C-Axis pattern
after 12% shortening

Fig. 11. Schematic illustrations of the superimposition of longitudinal shortening on mica particles dispersed in the ice
matrix and the development of the shear bands. (a) The initial ice—mica sample with width x and length z. The micas are
arranged with the lateral separation & and the longitudinal separation ¢. The ice matrix would have random c-axis
orientations prior to deformation. (b) After 12% shortening the dimensions x’ and /' have increased with a decrease in z*
and ¢'. This results in the development of a rectangular cellular structure. The ice c-axis preferred orientation pattern would
be a double maxima lying in a small circle girdle centred about Z. (c) After 20% shortening there is a rotation of the micas
within shear bands in the region adjacent to the moving platen. At the other end of the sample the mica distribution is still
similar to that observed at stage (b).

preferred orientation symmetrically related to the shor-
tening direction (Wilson 1983, Wilson & Russell-Head
1982). This will also enhance the anisotropy of the
material. The strengthening or stiffening generates an
instability in the sample in a direction at a high amngle to
the longitudinal shortening. With the exceeding of the
elastic limit bending occurs in the micas and the shear
‘bands are propagated with the flow of the ice matrix in
this direction. The ice grains in the matrix then yield by
shearing and this may be governed by the Hall-Petch
stress (Hirth & Lothe 1968) necessary for the transmis-
sion of yield from grain to grain and partly by the mica
spacing.

It should be noted that the strengthening described
here is different from the foliation-strengthening process
described by Means (1981), who was referring to indi-
vidual elements in a foliation moving towards a steady
state preferred orientation and not a mechanical locking
of the grain structure. Instead, the strengthening is a
combination of both the ice fabric and the dispersed
second phase micas. As pointed out by Ashby (1969),
one of the reasons for this increased resistance to defor-
mation is that the yield strength of the matrix would
increase as a function of particle strength known as the
Orowan Stress. In fact the hard particles would increase

the critical shear stress at its interface with the ductile
matrix. The value of the shear stress would fall off
rapidly with distance from the particle. It would be in the
matrix, away from the hard particle, that the greatest
intracrystalline slip would occur. This area would there-
fore be the site that generates the instability that pro-
duces the shear band structures at stage C of the model
(Fig. 11).

At stage C (Fig. 11), the model is superficially similar
to the salt-mica experiments of Means & Williams (1972,
fig. 10). However, there are significant differences;
Means & Williams (1972) deformed their samples per-
pendicular to the foliation and the ‘fault-like’ structures
they generated may be a function of the constraining
jacket. The ice-mica experiment (IM7) of comparable
orientation never developed such shears. The type of
instability that may generate the shear bands in the
ice~mica experiments would arise from differences in
layer-parallel and layer-normal stresses at the contacts
between the micas versus the matrix grains. The pre-
sence of this type of instability in a foliated material has
caused the onset of a foliation-weakening process
(Means 1981). This results in the local disordering and
reduction of the strong dimensional preferred-orienta-
tion of the micas through a shearing process similar to
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that described by Means (1981, fig. 4). However, the
major contributor to this is the role of intracrystalline
processes in the ductile matrix.

It may be argued that during the stiffening of the
ice-mica composite (Fig. 11) the degree of isotropy of
the in-plane mechanical properties of the unidirectional
mica aggregates may be controlled by the ratio of mica
width w, to the thickness ¢, by the aspect ratio w/t.
However, in all these experiments this ratio is rather
high and it is believed that virtually isotropic properties
are achieved. Instead it is the effects of mica aspect
ratios, mica stacking patterns and orientation on the
transverse properties of the sample that control the
mechanical and microstructural development.

Model for differentiation

It has been suggested that the differentiation observed
in IM5 and 6 are due to mechanical processes. The
model adopted here for such a process is illustrated in
Fig. 12 and relies on the fact that there is little rotation
of the platy elements in the third dimension. Two fea-
tures that appear to be significant in the formation of the
domainal structures are:

(1) shear subparallel to the pre-existing foliation and

(2) the early foliation is progressively rotated into the
XY plane of the bulk strain ellipsoid.

The onset of deformation (Fig. 12b) was marked by
shortening in the ice matrix followed by elongation of
the ice subparallel to the foliation. This elongation
would be accompanied by a change in the shape of the
ice grains as they accommodate the strain between the
mica. Progressively increasing heterogeneous strain and
shear subparallel to the dominant mica distribution
enhances internal distortion and rigid body rotation,
leading to elongate ice grains (Fig. 12c). As well as being
strongly elongate there is also a uniform sense of shear as
seen by the preferred orientation of deformation lamel-
lae (Fig. 9b) and c-axes (Fig. 12c). As the matrix grains
become more elongate the rigid micas sitting on grain
boundaries move closer together and eventually aggre-
gate as the ice moves into distinct zones (Fig. 12c). At
the scale of observation used to record data in these
experiments no evidence for grain boundary sliding as a
mechanism could be established. There would be further
rotation of the incremental and the developing foliation
as the sample continues to undergo shortening
(Fig. 12c¢).

Therefore. during a deformation the original foliation
is rotated with a contribution of layer-parallel elongation
and layer-parallel shear. This is comparable to the
changes that occur to a layer situated on a fold limb
(Bayly & Cobbold 1979) and to the sliding that may
occur in asymmetric cleavage zones (see Knipe 1979,
fig. 2e). The model also contains features suggested by
Granath (1980) for natural rocks and the experiments
described by Means et al. (in press). Considering the ice
matrix only. such a model is also reconcilable with
Etchecopar's (1977) geometrical models for two-dimen-
sional deformation. However, the model is quite at
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Fig. 12. Schematic diagram illustrating the development of differen-
tiated Jayering by shearing subparallel to a pre-existing micaceous
layering. (a) The initial ice-mica sample and accompanying grain
structure with a uniform c-axis distribution in the ice. (b) After the
initial increment of deformation (approximately 7% shortening) the
ice grains are elongate with intracrystalline slip occurring on (0001),
which appears as deformation lamellae. This will develop a new c-axis
preferred orientation pattern as described by Wilson (1983). The ice
grain shapes are constrained by the mica. Superimposed on this
deformation is 4 component of shear strain subparallel to the strongly
oriented micas with shear direction SD. (c) Further shear results in the
development of a strong elongation direction (ED) in the ice with a
reduction of the lateral separation & between the mica platelets and the
development of attenuated mica rich regions. In places such as x there
may be intercrystalline slip on ice-mica boundaries resulting in greater
separation y between the elongate ice aggregate and juxtaposition of
individual micas. Rotation of the elongate ice and mica foliation occurs
with further shortening.

variance to the model suggested by Borradaile (1981)
who wants grain boundary slip early in the development
of a cleavage and intracrystalline processes occurring
late. The reason for the difference may be the presence
of pore fluids as suggested by Borradaile (1981).
Another major difference between the models pre-
sented here and Borradaile’s model is that the latter
does not consider relative ductilities nor the distribution
of the component phases that make up a rock.

The importance of a mechanical component during
the formation of a differentiated layering was first advo-
cated by Schmidt (1932) and questioned on a number of
grounds by Shelley (1974). One of the arguments used
by Shelley was that because quartz and mica are both
relatively ductile they should not segregate and form a
layering. However, contrary to Shelley’s unsupported
arguments there are obvious differences in the mechani-
cal behaviour between quartz and mica (Wilson 1980).
This therefore means that some of the processes
suggested by Schmidt (1932) and observed in these
analogue experiments could play an important role in
cleavage formation in natural rocks. This is one of
several deformation mechanisms that could be expected
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in low-grade regional metamorphic rocks and its con-
tribution to the formation of differentiated layering
appears to have been overlooked in recent times, as
there has been a popularity in the geological literature
for some form of solution-assisted transport. One of the
reasons why mechanical differentiation may have been
overlooked, except in zones of high shear strain such as
mylonites, is that the highly strained grains would be
energetically the most favoured for dissolution. There-
fore in the absence of evidence for pervasive intracrystal-
line slip, the grain structure would not directly reflect the
true origin of the microstructure.

CONCLUSIONS

The in situ experiments described above indicate that
in the absence of a fluid phase, mechanical processes and
particularly the role of shearing can influence the mor-
phological development of cleavage. By deforming a
pre-existing foliation defined by oriented micas it has
been found that cleavage morphologies depend on the
following factors:

(1) a combination of the ductility contrast of mica
versus the ductile matrix and the inability of the micas to
rotate in the third dimension,

(2) orientation of the earlier foliation to the direction
of maximum shortening,

(3) the amount of rotation individual mica platelets
are capable of undergoing-during realignment, itself
dependent on initial spatial distribution and orientation,

(4) the extent of grain elongation accomplished by
intracrystalline slip and/or intercrystalline slip processes
in the ductile matrix, and

(5) whether intracrystalline slip is accompanied by
grain growth processes which would govern the degree
of differentiation.

In all experiments there has been progressive and
non-uniform reorientation of the micas across the sam-
ples. The shear bands and crenulation-type cleavages
produced in the layer-parallel deformations were gener-
ated after the sample undergoes shortening by intracrys-
talline deformation with a locking of the grain structure.
The shear bands are probably initiated parallel to a
plane of high shear strain. Once a shear band and a zone
of rotated micas has been initiated, in a zone of high
shear strain, it is then progressively rotated into an
orientation subparallel to the XY plane of the bulk strain
ellipsoid. Hence, after shortening strains of >35% there
is evidence for shear strain along the foliation as well as
for the approximate parallelism of the final orientation
of the foliation to the XY plane of the bulk strain axes.

High shear strains subparallel to a pre-existing folia-
tion may produce mechanical differentiation. The dif-
ferentiation is well displayed where intracrystalline pro-
cesses dominate (IMS) but weaker where grain growth
accompanies the intracrystalline slip (IM6). Applying
these observations to regional geological environments
suggests that at lower temperatures where intracrystal-
line slip is an important process there is a greater likeli-
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hood for differentiation to occur. However, at higher
grades where extensive recovery and grain growth
relieve the strain, differentiatien may not be as marked.
On the other hand, where an early foliation remains
perpendicular to the direction of maximum shortening
(as in IM7) no strong differentiation would be expected
as it is a plane of no shear strain and the grains would
simply undergo flattening.
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