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a b s t r a c t

We investigated the behavior of a synthetic two-phase aggregate composed of 80% halite þ 20% coarse
muscovite under torsion deformation, at 100, 200 and 300 �C, a confining pressure of 250 MPa, and
a constant strain rate of 3E�4 s�1. At all temperatures, the two-phase aggregate deformed homoge-
neously at the sample scale. The strength of the aggregate and muscovite deformation depended on
temperature, strain rate and initial orientation of muscovite greatest dimension relative to the shear
plane. With muscovite initially parallel to the shear plane, halite flowed plastically and long muscovite
grains were not strong enough to behave as a rigid inclusion rotating in a ductile matrix. Instead, high
aspect ratio grains deformed by folding, which was visibly accomplished by slip along mica {001}
cleavage and by great flattening of halite in the core of the folds. When initially normal to the shear
plane, high aspect ratio muscovite grains passively rotated towards the shear plane. In both cases, small
and low aspect ratio muscovite grains behaved mostly as mica-fish, with mica grains tilted opposite to
shear sense. Similarly to natural mylonites, s-porphyroclast systems and rolling structures were also
common in the microstructure. A strong foliation made of halite ribbons and aligned muscovite flakes
rapidly developed but did not make the composite aggregate weaker when compared with single-phase
halite. Comparison with synthetic aggregates of single-phase halite shows that the two-phase aggregate
was much stronger than single-phase halite in all cases. Comparison with a synthetic aggregate with
calcite porphyroclasts shows that the strength of the aggregate with muscovite at 100 �C was lower
below a strain of ca. 2.6 and higher beyond this value, and that the aggregate with calcite was stronger at
200 �C. Strain rate stepping tests (1E�5 s�1e2E�3 s�1) indicate that the two-phase aggregate behaved as
power-law viscous, with stress exponents of ca. 12 and 10 at 100 and 200 �C, respectively. The
mechanical data obtained in this study represent the actual rheological behavior of the aggregates
because we used soft polymer jackets.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Deforming rocks exhibit, at all scales, complex rheological
responses ranging from strong quasi-rigid-like to weak quasi-fluid-
like effective behavior, as a function of temperature, stress, strain
rate, fluids and/or rock composition. In many cases, both behaviors
are found in the same deformed rock as, for example, in porphyritic
granites deformed in greenschist facies conditions, where “hard”
feldspar porphyroclasts are immersed in a “soft” plastically
deformed (fine grained) matrix of quartz and mica, or quartzemica
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rocks where quartz is the fluid-like phase and mica is the rigid-like
phase. Handy (1990) suggested that the mechanical and micro-
structural behavior of such polymineralic rocks can be described by
three end-member types: (1) strong minerals form a load-bearing
framework; (2) two or more minerals with low relative strengths
control bulk rheology; (3) one very weak mineral governs bulk
rheology, while the stronger minerals form porphyroclasts. The
samples we used in the present work fall on type 3; however, the
experimental results presented here indicate that 20% of uncon-
nected mica porphyroclasts can influence the bulk rheology of the
aggregate, and that this influence grows with temperature. This is
still an open and relevant question because the solid-state rheology
of rocks depends to a great extent on the relative proportions of
weak and strong minerals, their shape and orientation, and distri-
bution. Therefore, we also tested the effect of mineral shape and
orientation (angle between greatest mica dimension and shear
plane), and crystal lattice type on bulk rheology. We also compare
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the present experiments using platy porphyroclasts with previous
experiments carried out under similar conditions but with more
equant calcite grains as porphyroclasts (Marques et al., 2010a).

The use of mixed strong and weak phases poses a practical
problem for experimental approaches, because in the laboratory
most common natural ductile matrices (calcite or quartz) do not
deform plastically at temperatures typical of the greenschist facies,
very common to many ductile shear zones involving the plastic
deformation of calcite and quartz. In trying to overcome this
problem, we used as analogues (as did e.g. Williams et al., 1977;
Hobbs et al., 1982) a soft (at low temperature and laboratory
strain rates) plastic matrix made of halite, with immersed coarse
grain muscovite clasts, to investigate the behavior and mechanical
properties of a two-phase porphyritic synthetic aggregate with
contrasting rheology and behavior of the constituents. In order to
assess the influence of coarsemuscovite on the bulk rheology of the
composite aggregate, we compare it with the experimental
behavior of synthetic single-phase halite aggregates deformed
under similar experimental conditions.

To our knowledge, most low temperature work with two-phase
aggregates has been done in axial compression and low strain.
However, a great deal of deformation of rocks takes place in ductile
shear zones dominated by simple shear (e.g. Ramsay, 1967). It is
thus very advantageous to make available microstructural and
mechanical data resulting from simple shear deformation to large
strains. In particular, the natural behavior of muscovite within
a weaker ductile matrix (commonly quartz or halite) under simple
shear is still not well understood. Neither is the rheological influ-
ence of muscovite in the overall behavior of the aggregate when
associated with weaker mineral phases. With this aim, we carried
out torsion experiments to simulate strain in shear zones and
achieve the high shear strains typical of natural mylonites.

The investigation of the rotational behavior of rigid inclusions is
also relevant for the study and characterization of ductile shear
zones, under variable conditions of flow, inclusion aspect ratio,
inclusion/matrix contact (slip or no-slip) and inclusion/channel
ratio (confinement)(e.g. Marques et al., 2007 and references
therein). Therefore, the present experiments also aimed at inves-
tigating the rotational behavior of coarse muscovite in a ductile
halite matrix. The determination of the amount of porphyroclast
rotation under simple shear is problematic as theoretically dis-
cussed by Marques and Coelho (2003), and so is here investigated
experimentally. Because we used torsion, we can also compare
foliation development under rotational and irrotational strain. The
use of a soft matrix with immersed platy minerals also permits
investigation of the influence that the initial orientation of the mica
plates may have on mica internal deformation, on microstructure
and on bulk rheology; therefore, we used samples with muscovite
at different initial angles with the applied shear.

Previous experimental work has used two-phase aggregates
to analyze the effect of randomly distributed hard grains on
the mechanics of the composite: halite/calcite (e.g. Jordan, 1987;
Bloomfield and Covey-Crump, 1993; Kawamoto and Shimamoto,
1998; Marques et al., 2010a), halite/anhydrite (e.g. Price, 1982;
Ross et al., 1987), calcite/quartz (e.g. Dresen and Evans, 1993;
Dresen et al., 1998; Rybacki et al., 2003; Renner et al., 2007),
anorthite/quartz (Xiao et al., 2002), calcite/anhydrite (Bruhn
and Casey, 1997; Bruhn et al., 1999; Barnhoorn et al., 2005),
calcite/muscovite (e.g. Delle Piane et al., 2009), or to gain a better
understanding of mylonites (e.g. Ross et al., 1987; Jordan, 1987), or
to study foliation development in quartzemica rocks (e.g. Williams
et al.,1977; Hobbs et al.,1982;Wilson,1983; Burg andWilson,1987)
or slates (Kanagawa, 1991). The results of the present experiments
broadly agree with previous experimental work, but significant
differences will be discussed below. Some of the differences may be
related to the fact that we used a porphyritic aggregate, contrary to
previous work with two-phase aggregates where both constituents
had similar grain size.

The samples were subjected to torsion in an internally heated
Paterson-type triaxial deformation apparatus. We did not investi-
gate the deformation mechanisms of halite in torsion for two main
reasons: (i) it was done previously at the ETH-Zürich (Armann,
2008; Wenk et al., 2009), and (ii) we did not manage to polish
the samples conveniently for EBSD because hard muscovite grains
get loose during polishing and deeply scratch the surface. However,
we analyzed the microstructure and evaluated the mechanical
properties of the composite aggregate.

Whenwewanted to determine the mechanical properties of the
aggregates, we did not use metal jackets because, as shown by
Marques et al. (2010b), the metal jackets mask the actual strength
of the aggregates. Therefore we used polymer jackets to obtain
mechanical data free of the metal jacket mechanical and chemical
influences.

2. Materials and methods

2.1. Sample preparation

The specimens were synthesized by cold pressing a mixture of
80% halite (analytical grade powder with grain size <500 mm) and
20% ofmuscovite (average grain size>500 mm). This volume fraction
was chosen in order to represent common porphyritic rocks where
phenocrysts do not interact during deformation. Some quartz grains
existed in the aggregate because the mica batch was not pure
muscovite. Pressing produced a preferred alignment of muscovite
grains roughly perpendicular to the maximum compressive stress
(Fig. 1a). The synthetic aggregate was then hot isostatically stored
at 200 �C for one week. Cold pressing and halite annealing
were responsible for the gentle folding/kinking of some thin and
elongated muscovite grains observed in the starting material
(Fig. 1a). Microscopic analysis shows that the contact between halite
grains was marked by muscovite dust (mostly) and fluid inclusions,
which made visible the stretched individual halite grains after
deformation. Cylindrical samples 15mm in diameterwere cored and
oven-dried at 110 �C and atmospheric pressure for at least 24 h
before the tests. Because halite is soluble inwater, drilling wasmade
with compressed air and polishing was carried out dry. Two types of
samples were drilled, depending on the angle 4 between the shear
plane and the initial muscovite foliation: 4 ¼ 0� and 4 ¼ 90�. The
samples were inserted in a 0.5 mm thick and 15 mm inner diameter
polymer jacket to assess the mechanical properties of the aggregate.
In order to try and reach higher shear strain at 200 and 300 �C, we
occasionally used copper jackets, but only for the microstructural
analysis.

2.2. Deformation apparatus and boundary conditions

The experiments were conducted in a Paterson rig based on
a standard gas-medium, high-pressure and high-temperature
triaxial deformation machine, to which an additional module has
been added that allows rotary shear of a cylindrical specimen
(Paterson and Olgaard, 2000). In torsion experiments, near simple
shear deformation occurs locally at any given position in the
sample. The shear strain g and shear strain rate _g increase linearly
from zero along the central axis of the sample to a maximum value
at the outer circumference. The _g at any radius can be calculated
from the angular displacement rate using Eq. (3) in Paterson and
Olgaard (2000). The experimental g and _g mentioned are there-
fore the maximum values. The temperature distributions were
regularly calibrated so that the temperature variation across the



Fig. 1. Image of the overall aspect of starting material (A, transmitted light micrograph
image) and image of sample deformed to g z 5.5 at 100 �C (B, surface of the sample
cylinder). A e long and thin muscovite grains conform to the halite grains (open
folding), and muscovite roughly align to make an initial foliation. B e Note the
homogeneous character of deformation. Inset is a zoom to show a mica-fish with tails
made of small mica grains disrupted from the main grain. Stair stepping agrees with
the applied sense of shear (top to right).
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sample was never more than �1 �C. The experiments were con-
ducted at 100, 200 and 300 �C, at 250 MPa confining pressure and
at constant angular displacement rate corresponding to
a _g z 3E�4 s�1, up to g z 6. The runs for the 300 �C experiment
were carried out using copper jackets because polymer jackets do
not hold for long-term experiments. Therefore, only the micro-
structure is shown for the 300 �C experiment.

Strain rate stepping (SRS) tests ( _g from 1E�5 s�1 to 2E�3 s�1)
were run to determine the dependence of flow strength on _g. The
response of the internal torque M to a variation in angular
displacement rate ( _q) yields the stress exponent n ðn ¼ Dln _q=DlnMÞ
(Eq. (12) of Paterson and Olgaard, 2000), which can give an indi-
cation of the active deformation mechanism.

3. Experimental results

3.1. Torque-twist data

Curves of torque vs. torsion strain (Fig. 2) were constructed to
evaluate the response of the samples, in terms of resistance to flow
(torque), to an applied constant twist rate. At 100 �C, all curves
show an early fast loading to a yield followed by strain hardening.
When 4¼ 0�, the curve for the composite aggregatewithmuscovite
shows a step in torque around 1.5e1.7, which is preceded by tran-
sient steady-state flow. Above gz 2.6, the 4¼ 0� aggregatewas the
strongest. Zooming on the very early stages of loading (Fig. 2b)
shows a gradual transition from the elastic to the plastic behavior.
Comparison of the present results with previous experiments,
under similar conditions and 100 �C, with one-phase halite and
two-phase aggregates with 70% halite þ 30% calcite (Marques et al.,
2010a) shows that: (i) the single-phase halite aggregate was the
weakest. (ii) The curve for single-phase halite also shows the step in
torque following a transient constant flow torque. (iii) The two-
phase aggregate with calcite was the strongest until g z 2.6;
beyond this point, the aggregate with muscovite was the strongest.
(iv) The single-phase halite was the only aggregate showing a clear
yield (Fig. 2b). The slope of the early linear curves differed among
samples, being highest for the two-phase aggregate with calcite
and lowest for the single-phase halite.

In all samples at 200 �C (Fig. 2c and d), yield was followed by
steep hardening till about g z 0.5. After this stage, the two-phase
aggregates underwent gentle hardening, although a bit steeper for
the 4 ¼ 90� aggregate. Comparison of the present results with
previous experiments, under similar conditions and 200 �C, with
one-phase halite and two-phase aggregates with 70% halite þ 30%
calcite (Marques et al., 2010b) shows that the single-phase halite
aggregate was by far the weakest, which flowed steadily below
10MPa after gz 0.5, and that the two-phase aggregatewith calcite
was the strongest.

The stress may be related to strain rate (SRS data) by either an
exponential or a power law; however, the best fit is the power-law
curve, which is shown in Fig. 3. From the best fit equations, stress
exponents nz 12 and nz 10 were determined for 100 and 200 �C,
respectively.

3.2. Microstructure

Despite the 20 volume% of muscovite in the aggregate, the
experiments were characterized by homogeneous deformation at
the sample scale (Fig.1b), and at all tested temperatures. At the grain
scale, however, deformation was heterogeneous and occasionally
localized in ductile micro shear bands. Halite grains deformed
plastically and homogeneously away from, and plastically but
heterogeneously around muscovite clasts. Muscovite behavior
depended on aspect ratio and initial orientation: (1) 4 ¼ 0� e

muscovite folded (Figs. 4, 5 and 6), or stabilized (at least transiently)
dipping opposite to shear sense (typical of mica-fish), or slipped
along {001} planes, or fractured; (2) 4 ¼ 90� emuscovite stretched
and all initial kinks were flattened, and many mica-fish formed
(Fig. 4). At high strain (Figs. 4, 5a,b and 6b)mostmica grains seemed
to have attained a stable or transient metastable orientation at low
angle to the shear foliation. At high strain a strong foliation formed
that was made of halite ribbons and aligned muscovite flakes. At
lower strainmanymuscovite grains could be observed at high angle
to the shear plane, indicating synthetic rotation of thick, rigid mica
grains toward the shear plane (Figs. 5c,d and 6a). Quartz grains
typically showed signs of rotation (Figs. 4, 6 and 7). Fracturing of
quartz grains was most likely inherited from cold pressing.

The microstructures experimentally produced were very similar
at all temperatures, and find their counterparts in natural mylonites
(Fig. 8) (e.g. Lister and Price, 1978; Berthé et al., 1979; Burg et al.,
1981; Choukroune et al., 1987; Gaudemer and Tapponnier, 1987;
Marques et al., 2007). This is the case of: (i) Mica-fish (Lister and
Snoke, 1984) e between g ¼ 3 and 5 a strong foliation had
formed by alignment of halite ribbons and muscovite flakes; many



Fig. 2. Torque/strain curves for the two-phase aggregate with coarse muscovite at 100 (A and B) and 200 �C (C and D). Also in the graphs and for comparison are the curves for
single-phase halite and two-phase aggregate with halite and calcite. The addition of coarse calcite or muscovite to halite significantly increased the strength of the aggregate. A e

Note similarity of shape of the curves for single-phase halite and composite aggregate with muscovite. Also note that, at high strain, the composite aggregate with muscovite was
the strongest. B e The plastic yield is sharper for the single-phase halite aggregate, and the slope of the initial straight varies among samples; it is highest for the composite
aggregate with calcite and lowest for the single-phase halite aggregate. C e Note that all curves at 200� C show strain hardening (although gentle) till the end of the run, except for
single-phase halite. Also note that the composite aggregate with calcite was the strongest, and that the aggregate with muscovite with initial 4 ¼ 0� was the weakest. D e At 200 �C,
the plastic yield is sharper for all samples when compared to the experiments at 100 �C; the slope of the initial straight is highest for the composite aggregates with calcite and
muscovite with initial 4 ¼ 90� .
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of these looked like the mica-fish described in the literature (e.g.
ten Grotenhuis et al., 2003). (ii) Rolling structures (e.g. van den
Driessche and Brun, 1987; Marques and Coelho, 2001; Bose and
Marques, 2004; Taborda et al., 2004; Marques and Burlini, 2008)
e synthetic rotation of muscovite and quartz clasts deduced from
drag tails of small calcite grains, mica dust and fluid inclusions,
from distortion of halite grains around muscovite and quartz clasts,
and from the high angle of many elongated clasts relative to the
shear foliation (not observed in the starting material). (iii) s-Por-
phyroclast systems (e.g. Passchier and Simpson, 1986; Marques and
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Fig. 3. Strain rate stepping curves used to deduce the stress exponent n. The data are
well fit by a power-law curve (R2 ¼ 0.996), with n z 10 and 12 at 100 and 200 �C,
respectively.
Coelho, 2001; Bose and Marques, 2004; Taborda et al., 2004;
Marques et al., 2005a and b) e stair stepping of tails associated
with mica-fish. (iv) Muscovite folding associated with rigid inclu-
sions (rotating or not, Marques and Cobbold, 1995; Rosas et al.,
Fig. 4. Transmitted light micrograph image showing general features of sample
deformed to g z 5, at 100 �C, and initial 4 ¼ 0� . Highly stretched halite grains with
boundaries marked by (mostly) mica dust and fluid inclusions; boudinage when the
mica grain was long and elongated in the extension quadrant (e.g. top center-right);
folding when the mica grain was long and elongated in the contraction quadrant (e.g.
top center); mica-fish tilted opposite to shear sense and stair stepping tails (e.g. inside
dashed circle); mica folding atop a low aspect ratio and strong composite grain
(marked by dashed arrow); rotation of rigid quartz grains (bottom left).



Fig. 5. Transmitted light micrograph image showing rotation and deformational behavior of muscovite flakes with different initial 4, and at different temperature and strain. Note
that many mica grains at high angle to the shear plane are typically associated with low strain (C and D), and that folding/kinking is typically associated with initial 4 ¼ 0� (A, C and
D) no matter the temperature. B e Kinking is very rare when initial 4 ¼ 90� . Top to right sense of shear.
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2002). (v) Boudins e breaking and separation of muscovite and
quartz grains healed by flow of the plastic halite matrix. (vi) Grain
size reduction of muscovite by fracturing.

Original folding/kinking could be amplified and flattened
because halite in the core of the kinks underwent great plastic
flattening. Favorably oriented thin and long muscovite grains fol-
ded to an isoclinal geometry, again because of halite behavior.

4. Discussion

The present experiments show that halite deformed plastically
in torsion, and muscovite rotated rigidly, or folded/kinked or frac-
tured. We could not find evidence for plastic deformation of the
muscovite grains besides slip on {001} cleavage. Therefore we infer
that muscovite was stronger than halite under the experimental
conditions. Plastically deforming halite crystals had to contour the
strong muscovite clasts and were dragged along with their
synthetic rotation.

The experimental results raise several questions:

1. Why was the composite aggregate stronger than the single-
phase halite aggregate?

The percolation theory considers that the behavior of a two-
phase aggregate is dominated by the phase that is connected
(insulator/conductor analogy) (e.g. Stauffer and Aharony, 1992;
Gueguen and Palciauskas, 1994, for a review of the percolation
theory). However, although the mica did not show connectivity (no
percolation), the strength of the specimens in the present experi-
ments was greatly influenced by the presence of mica. Therefore
other explanations must be sought. Einstein (1906) showed that the
viscosity of a fluid increases with the amount of suspended rigid
inclusions, which could be an explanation for the increase in
strength in the two-phase aggregate. Comparing experimental
results with mathematical models, Rybacki et al. (2003) concluded
that the strengthening of a soft plastic matrix (in their experiments
calcite with dispersed quartz) can occur on a finer scale than the
grain scale. They suggested that strengtheningmay be related to the
reduced mobility of dislocations through diffusion of silicon into
dislocation cores. The present studydoes not allowverification if this
process happened. Besides the well-known effect of rigid inclusions
on the viscosity of a suspension, what we could observe was that: (i)
the strongmuscovite grains hampered free plasticflowage of the soft
halite grains, thus increasing strength of the halite matrix; (ii)
muscovite dustwas present along halite grain boundaries,which can
make the aggregate significantly stronger because it hampers halite
plastic strain (e.g. Karato, 2008 and references therein).

At 200 �C, the two-phase aggregate was much stronger than the
single-phase halite, and the latter reached a constant flow stress
much earlier in contrast to the strain hardening of the two-phase
aggregate. At this temperature, the shape of the torque/strain
curves is no longer that of single-phase halite; we thus infer that
temperature played a role in the mechanical behavior of the
aggregates and that the shape of the curves at 200 �C reflected
muscovite behavior (which made the aggregate stronger). Since we
were not able to measure any change in muscovite strength with
temperature, we infer that the strength contrast between halite
(exponentially weaker with temperature) and muscovite greatly
increased with temperature. It seems therefore that the weak
resistance of single-phase halite at 200 �C was not matched by
softening due to easy internal slip in muscovite or easy intergran-
ular slip.



Fig. 6. Transmitted light micrograph image of samples deformed to g z 3 (A) and
g z 6, with initial 4 ¼ 0� . A e Thick mica porphyroclasts at high angle to the shear
plane indicate grain rotation. Also quartz clast at top center with associated drag tails
indicates clockwise rotation compatible with applied shear. B e Almost complete
absence of mica flakes at high angle to foliation, which is made of halite ribbons (like in
stripped quartz mylonites) and aligned muscovite flakes.
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The effect of the muscovite clasts on the mechanical properties
of the composite aggregate was also reflected on the slope of the
torque/strain curves in the very early stages (elastic behavior);
higher for the composite aggregates and lower for the single-phase
halite. We attribute this increased elastic resistance to the role of
muscovite porphyroclasts in strengthening the bulk behavior of the
aggregate. Slip along {001} was mostly observed associated with
mica folding, and more seldom in grains sub-parallel to applied
shear. This means that slip along {001} was not easy and so did not
make the aggregate weaker by easy slip along {001}.

2. At 100 �C, why was the 4 ¼ 0� aggregate the weakest below
g z 2.6 and the strongest above this value?
A possible explanation could be the shape change of the mica
megacrysts with strain; more planar at low strains and kinked at
higher strains, thus offering greater resistance to halite flow.
However, at this stage we do not have enough data to support
a better explanation for this behavior.

3. At 200 �C, why was the strength of the aggregate with musco-
vite and initial 4 ¼ 0� significantly lower than that of the two-
phase aggregate with calcite? Why was the aggregate with
muscovite and initial 4 ¼ 0� weaker than that with 4 ¼ 90�?

Although it seems clear from the experiments that inclusion
shape and initial orientation played a role, at this stage we do not
have enough data to support an explanation for this behavior.

4. Why was there a large increase in the stress exponent in the
composite aggregate in comparison with the single-phase
halite aggregate?

Three explanations are possible, and likely complementary: (i)
the stressestrain rate relation was affected by the behavior of the
strong phase (mica). In fact, if the stressestrain rate relation of
(001) slip of muscovite single crystals is fit to a power law, the
effective n for muscovite slip is ca. 30 (Mares and Kronenberg,
1993). Therefore, haliteemuscovite aggregates had a greater n
likely because any deformation of mica would affect the n value of
the aggregate. (ii) Given that haliteehalite contacts were decorated
bymica dust, the inhibition of boundary processes (Karato, 2008) in
the plastic deformation of halite could also in part justify the
observed large increase in the stress exponent in comparison with
pure halite aggregates. (iii) Strong clasts immersed in the halite
matrix inhibited free plastic flowage of halite, therefore halite
deformation mechanisms were likely affected, with a consequent
increase in n. However, with the present experimental results we
cannot go further with the explanation for the observed variations
in the stress exponent.

5. Why was there clear yielding at 200 �C in comparison to the
100 �C experiments?

A possible explanation is that, at low temperature, the elastic
component predominated for longer because the strong muscovite
clasts hampered plastic flowage. At 200 �C the elastic component
vanished earlier, most probably because at this temperature halite
was very weak. Also work hardening at 100 �C was steeper than at
200 �C, which makes the yielding point less conspicuous. We
observed that muscovite was strong, but we could not quantify its
contribution to the bulk behavior or the difference in muscovite
strength at 100 and 200 �C. Anyway, sharp yield points are char-
acteristic of plastic behavior, which suggests that at 200 �C the bulk
behavior was more plastic than brittle. Plastic behavior has well
defined strain rate sensitivity expressed by the stress exponent of
power-law behavior, whereas dry brittle behavior is insensitive to
strain rate (e.g. Rutter and Mainprice, 1978). Therefore the stress
exponents determined in the present work should reflect the
cumulative effect of halite plastic behavior and flow hampering
imposed by muscovite clasts.

The present experiments show that a very strong foliation made
of halite ribbons and aligned muscovite flakes (shape preferred
orientation e SPO) can form before g ¼ 5. The present experiments
also show that the muscovite flakes rotated towards the shear
plane, and fast because they were aligned and sub-parallel to the
shear plane before g ¼ 5. This was to be expected for an aggregate
made of halite (viscous behavior) with immersed strong inclusions
(muscovite grains)(e.g. Jeffery, 1922; Ghosh and Ramberg, 1976;



Fig. 7. Transmitted light micrograph image of samples deformed to g z 5, at 100 �C, and initial 4 ¼ 0� . Note the inhomogeneous character of deformation in the plastic halite
matrix, at the grain scale, where halite was plastically stretched and distorted to conform to the more rigid quartz and muscovite clasts. Drag and distortion of tails made of small
muscovite grains and distorted halite grains indicate synthetic rotation (marked by arrowed open circles in A and B). Drag tails associated with quartz clast in A indicate that it
rotated clockwise by approximately 140� , from an orientation with longest dimension parallel to the applied shear plane. C and D eMica folding at the rear of rigid quartz clast, very
similar to the analogue experimental results of Marques and Cobbold (1995) and Rosas et al. (2002). Fold amplification of muscovite was accommodate by slip along basal cleavage
(visible at the right edge of the mica kink zoomed in D) and fold flattening was possible due to strong flattening of halite in the core of the fold. Top to right sense of shear.
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Means, 1977; Wilson, 1983; Marques and Coelho, 2003). What the
present experiments could not show is whether this muscovite
alignment is transient or stable; we needed higher shear strains to
check if muscovite grains would continue rotating (transient SPO)
or not (stable SPO). A common feature in mica-rich mylonites is the
existence of mica-fish, which seems to imply that mica tilting
opposite to shear sense is stable. Mica-fish were also common in
the present experiments, which can help us constrain the mecha-
nism responsible for the stable orientation of mica flakes. Accord-
ing to Jeffery (1922), all rigid inclusions rotate indefinitely under
simple shear; therefore it cannot explain stable orientations.
However, it has been shown that (1) associations of pure and
simple shears (Ghosh and Ramberg, 1976; Marques and Coelho,
2003), or (2) confinement (e.g. Marques and Cobbold, 1995;
Marques and Coelho, 2001; Taborda et al., 2004; Marques et al.,
2005a), or (3) slip at the matrix/inclusion interface (e.g. Ildefonse
and Mancktelow, 1993; Marques and Coelho, 2001; Mancktelow
et al., 2002; Ceriani et al., 2003; Marques and Bose, 2004; Schmid
and Podladchikov, 2004; Marques et al., 2005b) can be respon-
sible for a stable SPO. The first hypothesis is ruled out in the present
experiments, because there was no axial contraction or extension.
The confinement hypothesis can also be ruled out because thewalls
were far apart (compared to grain size) and there was no rheo-
logical layering (stronger layers confining weaker layers). We are
therefore left with slip at themica/halite interface. In nature, a great
deal of the mica in mylonites derive from the retrograde break-
down of k-feldspar to quartz þmuscovite by addition of water; this
means that there were fluids percolating along grain boundaries,
which can make interfaces to slip. In the experiments there was no
such chemical reaction, but there was a porosity mostly (air)
concentrated on grain boundaries, which could trigger slip along
mica/halite interfaces.

The present mechanical results in torsion using very soft poly-
mer jackets cannot be compared with previous results using metal
jackets, which mask the behavior of halite based aggregates
(Marques et al., 2010b). However,we candiscuss some results on the
relationship betweenmicrostructure and strength of the aggregate.
Jordan (1987) concluded that the strength of the bulk aggregate
decreases as the foliation intensifies. The present experiments do
not showsuch behavior either for composite aggregateswith coarse
muscovite or for single-phase halite aggregates. Despite the devel-
opment of a mineral foliation that progressively rotated toward the
shear plane in both types of aggregate, the torque/strain curves
showed strain hardening, at least to g z 5. Regarding the micro-
structure and simple shear experiments, Jordan (1987) also warned
that the shear sense could be erroneously deduced from s- and d-
clasts. In the present experiments we found that all shear criteria
were consistent with the applied torsion. However, the shape of
muscovite grains seems to have controlled the type of porphyroclast
system; rolling-clasts developed mostly from low aspect ratio
grains, and s-clasts developed mostly from high aspect ratio grains.
High aspect ratio grains can stay for longer with the longest axis
sub-parallel to the shear plane (e.g. Marques and Coelho, 2003) and
so be more prone to develop into s-clasts.



Fig. 8. Comparison of typical experimental microstructures with natural structures in a mylonite from high strain shear zone in the Swiss Alps. Here a meter thick dyke and the host
granite were affected by a ductile shear zone at high angle to the dyke, which was sheared and thinned out by the high shear strain. In A note s mica system very similar to the
natural s feldspar system in C. Also note the similarity of back tilting and associated ductile micro shear bands in B and D.
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5. Conclusions

From the results of the present experimental investigation we
conclude that:

1. The two-phase aggregate was always much stronger than the
pure halite aggregate despite the low volume content of
muscovite and absence of connectivity of the strong phase
(muscovite).

2. The presence of rigid, rotating inclusions hampered stress
relaxation and was responsible for the increased strength and
high stress exponents. In both single-phase halite and two-
phase aggregates, the stress exponent dropped with tempera-
ture, which means that the active deformation mechanisms
were essentially temperature sensitive.

3. Shear strain did not localize at the sample scale despite being
a two-phase aggregate and having mica.

4. The development of a strong foliation made of halite ribbons
and aligned muscovite did not make the composite aggregate
weaker than single-phase halite.

5. Inclusion orientation and shape can play a role in the strength
of a composite aggregate.

6. SRS tests indicate a power-law viscous behavior of the two-
phase aggregate, with a stress exponent n z 12 or n z 10 at
100 or 200 �C, respectively, which is significantly lower than
the n values determined for aggregates with calcite under
similar experimental conditions (n z 19 or n z 13 at 100 and
200 �C, respectively).

7. The mechanical data in this study represent actual rheology
because we used soft polymers as jackets.

8. The microstructures of the twisted samples are similar to
microstructures observed in natural mylonites.
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