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a b s t r a c t

Torsion experiments were performed on synthetic aggregates of calcite with a 50% volume of muscovite.
The tests were performed at 627–727 �C with a confining pressure of 300 MPa at constant shear strain
rates of 3� 10�5–3� 10�4 s�1 on cylindrical samples with the starting foliation parallel and perpen-
dicular to the cylinder axis. Both the foliation parallel and the foliation perpendicular experiments show
similar stress–strain patterns, with an initial hardening stage followed by significant strain weakening
(>60%) before a catastrophic rupture. Microstructural analysis shows that in low-strain experiments
calcite grains are intensely twinned while muscovite grains appear slightly bent and kinked. Higher
strains promote a segregation of the two phases with calcite forming thin layers of fine, dynamically
recrystallized grains, which act as localized shear bands, while muscovite grains keep their original size
and rotate assuming a strong shape preferred orientation. This strain localization of the calcite from an
initially homogeneous rock produced catastrophic failure at moderate bulk shear strains (g w 3).
Localization of the strain first involved ductile deformation to produce a new calcite layering with fine
dynamically recrystallized grains along which cavities nucleated. The orientation and kinematics of the
cavities are comparable to R1 Riedel structures. All experiments on calcite–muscovite mixtures resulted
in heterogeneous strain. In these torsion experiments chemical changes and crystallization of new
phases (anorthite and kalsilite) are observed at 627 �C. Whereas, samples hot pressed or deformed in
compression at 670 �C did not show such reactions or any localization. The effect of stress-field geometry
and pore pressure upon mineral reactions is discussed. It is concluded that deformation-induced
heterogeneous phase distributions caused local strength differences initiating strain localization in the
calcite–muscovite mixtures, eventually leading to plastic failure.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In naturally deformed marbles, sheet silicates are the predom-
inant minerals that form the foliation (Herwegh and Jenni, 2001;
Leiss and Molli, 2003) but in many cases marbles are dominated by
a strong compositional layering where the mineral phases are
differentiated into a fine compositional layering (Molli et al., 2000)
through a process of strain localization. The strength of these
composite marbles also depends on the strengths of the constituent
phases and their geometric arrangement, all of which may change
with progressive strain. Experimental studies suggest that strain
localization rarely occurs in a mono-phase material even after
deformation to very large shear strains (e.g. gmax¼ 50, in the case of
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Carrara marble Barnhoorn et al., 2004). Only few experimental
deformation studies have been performed on two-phase aggre-
gates, for example those on quartz–muscovite (Tullis and Wenk,
1994) and on calcite–anhydrite (Bruhn and Casey, 1997; Bruhn
et al., 1999) showed that there is no strain localization at the sample
scale in small strain, compression experiments. In contrast large-
strain experiments on calcite–halite (Jordan, 1985), calcite–quartz
aggregates (Rybacki et al., 2003), and calcite–anhydrite aggregates
(Barnhoorn et al., 2005) strain localization from initially homoge-
neous rocks has been described.

There have been numerous experimental studies of the
deformation of single crystals of various mica compositions
(Etheridge et al., 1973; Mares and Kronenberg, 1993), demon-
strating that they are able to undergo basal slip. Mariani et al.
(2006) experimentally deformed fine-grained aggregates of
muscovite up to shear strain of 2 at temperatures between 300
and 700 �C at pore pressure conditions suppressing the onset of
dehydroxylation reaction. The authors inferred deformation to
have occurred by a mixture of brittle/frictional and crystal-plastic

mailto:claudio.dellepiane@csiro.au
mailto:cjlw@unimelb.edu.au
mailto:cjlw@unimelb.edu.au
mailto:luigi.burlini@erdw.ethz.ch
www.sciencedirect.com/science/journal/01918141
http://www.elsevier.com/locate/jsg


C. Delle Piane et al. / Journal of Structural Geology 31 (2009) 1084–1099 1085
processes with a distinct switch of mechanical response from
strain rate independent to linearly viscous, below a shear strain
rate of 1.4�10�5 s�1. In addition, there have been several
experimental studies of the effect of the mica volume percentage
and orientation on the deformation of schists and gneisses under
conditions where the micas are crystal-plastic but the other
minerals (mostly quartz and feldspar) are brittle (Gottschalk
et al., 1990; Shea and Kronenberg, 1993; Holyoke and Tullis,
2006). For instance the experiments of Shea and Kronenberg
(1993) are all coaxial, at room temperature, 200 MPa confining
pressure, and showed that after small amounts of axial short-
ening strain was localized in the mica rich zones with cataclasis
of the quartzo-felspathic stronger phases. Similar features are
described in the shear experiments of Holyoke and Tullis (2006)
undertaken on gneiss at high temperatures (745 �C and 800 �C)
and high confining pressures (1500 MPa). This produced an
interconnection of the weaker biotites and stress concentrations
and brittle failure in the stronger framework grains of quartz and
feldspar. However, there is a paucity of experiments of two-phase
aggregates that identifies the behaviour of the individual phases
at high strains.

Many of the previous experimental studies on calcite aggre-
gates, particularly Carrara marble, were obtained from coaxial
compression and extension deformation experiments (e.g. Rutter,
1974, 1995; Schmid et al., 1980) where the maximum strains
reached in the experiments are too small to result in steady-state
deformation behaviour. Whereas, Pieri et al. (2001) and Barn-
hoorn et al. (2004), in large-strain torsion experiments, have
achieved mechanical steady-state flow in Carrara marble. This
involved deformation in the dislocation creep field with dynamic
recrystallization starting at moderate strains (g w 1). The accom-
panying strain weakening involves cycles of both subgrain rota-
tion and grain boundary migration at approximately constant
stress levels.

The important mechanical influence of a weak phase that may
control creep during dynamic recrystallization has also been sug-
gested as a mechanism for flow localization in crustal rocks (Rutter
and Brodie, 1992; Handy, 1994; Handy et al., 1999). In this study we
will investigate the mechanical influence and microstructural
aspects related to strain localization using two-phase samples
prepared from Carrara marble and a muscovite powder. Another
mechanism that has been identified in this investigation is dilatant
plasticity. Dilatant plasticity is known from deformation of metals
and ceramics (Kassner and Hayes, 2003; Chokshi, 2005), where it
limits the life of components that are subjected to high-tempera-
ture creep. The micromechanism for the generation of high-
temperature dilatant pore spaces, which, in the ceramic literature
are called microcavities, is related to diffusional grain boundary
sliding. Here we present evidence for cavity nucleation, also known
as cavitation, which accompanies a chemical reaction involving the
muscovite and calcite.

This paper focuses on the rheology and microstructural
evolution of a synthetic calcite rock where there is the addition of
muscovite deformed to moderate temperatures of 600–727 �C
and 300 MPa. Maximum bulk shear strains of about 4.5 were
achieved before sudden shear failure and abrupt stress drop.
Prior to failure strain localization and mechanical softening can
be correlated to the formation of zones of reduced grain size and
ductile deformation in the calcite. Using microstructural obser-
vations it will be shown that calcite is the weak phase. However,
the rheology of the polyphase aggregate is significantly influ-
enced by the addition of the muscovite and at large strains, phase
transformations and void formation produce a mechanism of
dilatant plastic flow. Finally, we address the question as to the
role of muscovite in producing the mineralogical segregations
that we see in many natural marbles. For it is often inferred, that
the presence of sheet silicate minerals is one of the factors that
contribute to the localization of deformation in zones of high-
strain in natural rocks.

2. Experimental procedures

2.1. Starting material

We performed deformation experiments on 10 synthetic two-
phase aggregates containing 50% volume muscovite and
50% volume calcite prepared following the procedure described
by Schmidt et al. (2008). The calcite powder had a grain size
ranging from 0.3 to 60 mm (average 10 mm); it was obtained from
a block of Carrara marble described by Pieri et al. (2001). The
muscovite, obtained from Minas Gerais, Brazil, was purchased as
fine-grained platelets with average lengths ranging from 50 to
100 mm and with length to width aspect ratios of approximately
10:1. The powders were mechanically mixed and oven dried at
120 �C for 24 h and then cold pressed in stainless steel cylinders
by stepwise filling and pressing of small portions (ca. 20 g) at the
same load to achieve a homogeneous compaction. The pressing
was done with an Enerpac-H-Frame 50-t-press up to a maximum
stress of 400 MPa. The cold pressed samples were then annealed
by hot-isostatically pressing (HIPing) at 170 MPa and 670 �C for
3 h to generate firm samples. The initial porosity of the HIPped
material was calculated by difference between the geometrical
volume of each sample and the volume measured with a helium
pycnometer (AccuPyc 1330) and resulted in an average value of
porosity of 20% (see Fig. 1(c)). The specimens used in the
experiments were precision-ground from the larger sized HIPed
sample (S27) to produce cylinders 12 mm in diameter and
approximately 10 mm in length.

The calcite fraction in the starting material shows a wide
grain size distribution ranging from w10 mm to 80 mm. The
different grain size fractions are homogeneously distributed.
The larger calcite grains are frequently strongly twinned, and
overall no significant shape preferred orientation can be
observed (Fig. 1(e)). The muscovite fraction also shows a wide
grain size distribution with maximum grain sizes of 100 mm. The
grains have their basal planes oriented normal to the
compression direction and are often bent and kinked (Fig. 1(a)).
The texture of the muscovite fraction was probably produced
from rigid body rotation during compaction prior to the HIPing
process.

2.2. Deformation experiments

Deformation experiments were performed in a Paterson-type
gas medium apparatus (Paterson and Olgaard, 2000) in torsion
and in compression testing at 300 MPa confining pressure,
temperatures between T¼ 627–727 �C (Table 1) under undrained
conditions. The samples were constrained between alumina
spacers and zirconia end pistons within an iron jacket of 0.25 mm
wall thickness and 15 mm diameter. The temperature during an
experiment was monitored using a K-type thermocouple placed at
about 3 mm from the top of the sample and the gradient along the
sample axis was �1 �C. Two type of stress configuration were
tested in order to assess the role of the three principal stresses
orientation on the high temperature, high pressure chemical
stability of the aggregate.

2.2.1. Torsion experiments
Torsion tests allow simple shear deformation configuration with

s1 and s3 inclined at 45� to the axis of the cylindrical sample



Fig. 1. Starting material microstructure and c-axis fabrics. (a) Photomicrograph in crossed polarized light of ultra-thin section showing distribution of calcite grains in muscovite
matrix. (b) AVA image illustrating typical distribution of twinned calcite grains in a matrix of muscovite. (c) BSE image of the calcite–muscovite aggregates. Light grey is calcite, dark
grey is muscovite, black is porosity. (d) The colour code relates to the three-dimensional c-axis orientation, namely the azimuth and plunge of the c-axis at each pixel seen in the
AVA image of the calcite grains. (e) Lower hemisphere equal area stereonet plot showing the distribution of c-axes and number (N) of data points analysed. (f) Histogram showing
frequency of grains whose c-axes occur at angle q to the c-axis of adjacent grain, the curve represents a random distribution of c-axes.
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(Paterson and Olgaard, 2000). A comprehensive description of the
theoretical basis lying behind torsion testing can also be found in
Handin et al. (1960).

Constant displacement rate experiments were performed with
shear strain rates between 3�10�5 s�1 and 3�10�4 s�1 (Table 1).
Due to strain-induced jacket failure, it was not possible to attain
bulk shear strains higher than g w 4.5. Thus the examination of
microstructural evolution with strain was conducted comparing
samples deformed at low and moderate strains with respect to
highest strain attained.



Table 1
Sample geometry and experimental conditions of the calcite–muscovite experiments performed in torsion and compression. Values of strain rate are expressed in terms of
bulk shear strain rate, and axial strain rate for the torsion and the compression experiments respectively. t¼ initial foliation perpendicular to the specimen cylindrical axis;
//¼ initial foliation parallel to the specimen cylindrical axis.

Sample # Diameter (mm) Length (mm) T (�C) Confining pressure (MPa) Bulk Strain Strain rate (s�1) Comments Experiment type

PO752 11.99 11.33 727 300 w2.5 3� 10�4 t Torsion
PO753 12.03 12.53 727 300 0.5 3� 10�4 t

PO754 11.99 12.62 727 300 4.5 3� 10�4 t

PO778 12.03 11.95 627 300 1 6� 10�5 t

PO781 12.01 11.97 627 300 1 6� 10�5 t

PO782 12.01 11.96 627 300 0.1 6� 10�5 t

PO783 12.01 12.26 627 300 3 3� 10�5 t

PO785 11.88 9.88 727 300 1.5 1� 10�4 //
PO876 11.92 9.79 627 300 20% 4� 10�4 t Compression
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2.2.2. Compression experiments
In axial compression experiments s2¼s3¼ confining pressure

while the maximum compressive principal stress s1 is oriented
parallel to the cylinder axis.

Samples were shortened at nearly constant axial strain rates.
Strain and strain rates were determined from measurements of
axial displacement normalized to the original length of the spec-
imen. Axial loads during compression were measured with an LVDT
based internal load cell. The measured values were corrected taking
into account the jacket strength, the rig distortion, the change in
section size during deformation and then converted into differen-
tial stress (see Paterson and Olgaard, 2000).

2.3. Microstructural analysis

Microstructural analyses were carried out using light and elec-
tron microscopy. Optical thin sections (ca. 10 mm thick) were
prepared mainly from cuts parallel to the torsion axis and
tangential to the cylindrical surface (the ‘‘longitudinal tangential’’
position of Paterson and Olgaard, 2000). Such sections contain the
direction of shear displacement and best illustrate the effects of the
maximum shear strain. Crystallographic preferred orientation of
the calcite grains were acquired using the Fabric Analyser described
by Wilson et al. (2007), which allows a fast collection of high-
resolution spatial c-axis orientation data from a set of digital
polarized light images.

Backscatter electron (BSE) images obtained using a CamScan CS-
44 LB scanning electron microscope (SEM) (acceleration voltage
15 kV, 20–13 mm working distance, and w4 nA beam current), were
used to visualize the pore and phase distribution and eventual
reaction products in the deformed specimen. In addition character-
istic X-ray radiations were collected and displayed as elemental maps
to reveal the spatial distribution of specific elements. Elemental maps
were acquired using an electron probe microanalyser (Jeol JXA-8200)
at Institute of Mineralogy and Petrology of ETH using the following
conditions: 11 mm working distance,15 kV acceleration voltage, 4 nA
probe current, 40 ms dwell time. Before the analyses each sample
was ground and polished with diamond paste down to 1 mm and
carbon coated to improve its electrical conductivity.

Ground powders of the deformed samples were analysed trough
X-Ray Diffraction (XRD) to identify reaction products formed
during the high-temperature experiments using a Powder X-ray
diffractometer (Bruker, AXS D8 Advance), equipped with a Lynxeye
superspeed detector.

3. Results

3.1. Mechanical data

The stress–strain curves relative to the torsion tests are illus-
trated in Fig. 2. All the experiments performed under torsion
configuration showed a similar pattern: a quasi-linear elastic
loading was followed by yielding and primary creep with strain
hardening behaviour until shear strains of about g¼ 0.6. With
increasing shear strains the aggregates showed a remarkable
weakening of up to 60% with respect to the peak torque. At bulk
shear strain greater than g¼ 2 the strength of the deforming
aggregate shows minor fluctuations around a quasi-steady value of
ca. 18 Nm. Large-strains experiments usually ended with cata-
strophic jacket failure.

The value of peak torque does not appear to be significantly
affected by variation of displacement rate and temperature; this
consideration and microstructural observation reported in the
following section, led us to choose a high value of stress exponent
(n¼ 10) when converting the measured torque M into shear stress
(s) as illustrated by Pieri et al. (2001), and Barnhoorn et al. (2004).
The calculation was done following the equation reported by
Paterson and Olgaard (2000):

s ¼
ð3þ 1

n

�
M

2pR3

with R being the radius of the specimen.
The reproducibility of the torque for experiments performed at

the same conditions of temperature, shear strain rate and pressure
is within 3 Nm, which for a specimen of 12 mm diameter corre-
sponds to 6.8 MPa.

The sample deformed in axial compression also showed a non-
linear elastic loading followed by yielding at a differential stress of
ca. 150 MPa. With increasing shortening the aggregate continu-
ously hardens up to a maximum differential stress of 270 MPa
reached at an axial strain of about 20%. The experiment was arbi-
trarily stopped at a maximum strain of 20% to avoid excessive
distortion of the stress-field due to end-friction effects.
3.2. Strain gradients on the outer surface of the sample

Passive strain markers are drawn on the outer surface of the iron
jacket containing the specimen to be deformed, in the form of
straight thin scratches parallel to the cylinder axis. These lines are
used to visualize eventual slip episodes at any of the interfaces
between the different loading pistons, and also to picture the
overall strain distribution at the outer diameter of a deformed
specimen.

Low- to medium-strain torsion (g� 1) experiments display
a constant inclination of the reference scratches along the sample
length. The angle between the normal to the cylinder axis and the
strain markers, corresponds to the value of angular shear expected
for the imposed shear strain.

Higher shear strain experiments show a significantly different
pattern: the strain markers are inclined towards the sense of shear
but their linear geometry is dissected by various discrete, thin



Fig. 2. Summary of the mechanical data for the performed experiments. (a). Shear stress versus bulk shear strain for experiments performed at 627 and 727 �C at various shear
strain rates. Comparison with pure calcite Carrara marble (b). Mechanical behaviour in compression: differential stress in plotted as a function of the axial strain.
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zones of concentrated shear, forming an acute angle against the
shear direction (Fig. 3). The overall geometry of the intersecting
linear features resembles that of an S–C0 mylonite with the S-foli-
ation defined by the reference scratches, and the C0 folia corre-
sponding to the planes of concentrated shear. Failure of the iron
jacket systematically occurred within the latter.

3.3. Optical microstructures

At low- to medium-strains (g� 1) and at T¼ 627 �C calcite
grains show widespread microstructural evidence of intracrystal-
line plasticity and there is no sign of obvious shear band develop-
ment (Fig. 4(a)). The larger grains are intensely strained and display
prominent undulose extinction, they are also twinned with twin
lamellae exhibiting tapering edges and bent shapes; grain bound-
aries are normally straight or slightly curved (Fig. 4(a) and (b)).
With increasing shear strain (g¼ 3) calcite grains become elongate
or form elongate aggregates with some large relic grains exhibiting
microfractures, preferentially oriented at ca. 45� to the sense of
shear. Grain boundaries start to show lobate geometry. There is also
a dramatic reduction in grain size of the calcite, by dynamic
recrystallization, to form narrow trains and aggregates of finely
recrystallized calcite (Fig. 4(b)). These become interconnected thin
layers (thickness 10–100 mm) of small calcite grains that cross-cut
the sample forming discrete bands oriented at small angles (ca.
45�–30�) with respect to the shear direction (cf. Fig. 4(c) and (d)).
Some of these interconnected bands show anastomosing geome-
tries (Fig. 4(d)) they appear to develop where the maximum strain
accrued and are not necessarily in the centre of the sample (cf. Fig. 3).
Along the margins of the more prominent bands of recrystallized
calcite are small microfractures (white arrow in Fig. 4(b)).

Muscovite crystals between the calcite rotate to orient their
c-axes towards the shear direction, defining a clear S-foliation at the
sample scale (Fig. 4). At lower strains the muscovite is extensively



Fig. 3. Photographs of three deformed specimens inserted in the iron jackets. The large arrows indicate the sense of shear, the bulk shear strain and experiment numbers are given
for each sample. S-planes are parallel to the inclined strain markers (highlighted in white); small black arrows indicate the orientation of the C0 folia. Note the hole in the iron jacket
(PO754) occurring within one of the C0 planes.
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bent and kinked and defines an imperfect foliation (Fig. 4(a)).
Kinking is common in the lower strained portion of the samples
with kink-bands having wavelengths on the order of 5 mm, with
their axial traces at w40� to the foliation trace and overturned
in a manner consistent with the shear sense. At higher strains
the muscovite can be tightly folded and individual grains,
particularly those lying in the shear direction, can be boudin-
aged (Fig. 4(f)). The boudins necks and the margins of the
muscovite appear to be covered by a reaction product that is
probably akin to the dehydroxylation-breakdown of muscovite
described by Mariani et al. (2006).

At T¼ 727 �C and bulk shear strains g> 2, similar microstruc-
tures were observed in all samples to the 627 �C experiments
despite slower strain rates (Fig. 5). However, a slight increase in the
grain size of the recrystallized calcite that defines the foliation was
observed. Comparing specimens from g¼ 2.5 (Fig. 5(c) and (d))
with those deformed at higher shear strains (Fig. 5(e) and (f)) there
is also a noticeable increase in shear band development and the
muscovite becomes intensely kinked (Fig. 5(e)) and folded. There is
also a noticeable increase in the number of fractures adjacent to the
zones of finely recrystallized calcite (Fig. 5(f)).

Catastrophic failure systematically occurred in all specimens
where the shear strain was exceeded by g> 2. This failure is also at
sites that correspond to the zones of strongest calcite localization in
the shear bands and to sites where the brittle fractures were
observed in the microstructure; with an orientation resembling
that of R1 Riedel shears (Logan et al., 1992). However, the location of
these dilatant fractures was difficult to identify in thin section but
can be clearly seen on polished sections of the specimen or in SEM
images (Fig. 8). The microstructural features imply that both
crystal-plastic and brittle processes are occurring together and
contributed to the overall deformation of these specimens. Dilation
is associated with the creation of openings parallel to (001) planes
in muscovite (Fig. 8(a) and (b)) and fracturing along the planes of
calcite localization (Fig. 8(b)–(e)),

3.4. Crystallographic preferred orientation (CPO) in calcite

The calcite CPO of representative calcite–muscovite samples
was analysed using the microfabric analyser described by (Wilson
et al., 2007). The CPO of the starting material is weak (Fig. 1(b) and
(c)) as is illustrated by the cumulative misorientation angle of the
c-axes, displayed using a histogram that shows the deviation of the
c-axes from a random c-axis distribution (solid line in Fig. 1(d)).
There is also a slight tendency to have c-axes spread around the
shortening direction, which is perpendicular to the mica fabric. The
latter is assumed to be created by twinning during cold-pressing,
which rotates the c-axes towards the maximum shortening direc-
tion. The subsequent hot isostatic pressing does not change the
principal shape of the texture (e.g. Barnhoorn et al., 2005).

At shear strains of g¼ 1 (Fig. 6), the foliation begins to become
curved as shear bands or C0 planes begin to initiate (Fig. 6(a)) and
two obvious calcite grain populations are observed. Large elongate
(20–150 mm in length) old calcite grains with aspect ratios of
approximately 1:5 that display extensive subgrain development
and undulose extinction. Bounding the margins of these grains are
small recrystallized grains (<15 mm) that become particularly
abundant where the foliation is bent (Fig. 6(a)). The CPO of the large
old grains generally reflects that of the starting material, a spread of
c-axes at a high angle to the foliation (Fig. 6(b)). On the other hand
the c-axes orientation of the recrystallized grains are broadly
scattered, but with a marked concentration at a high angle to the C0

planes and perpendicular to the foliation S (Fig. 6(c)). There is also
a non-reproducibility of data between the large grains (Fig. 6(b))
and adjacent finer grained areas (Fig. 6(c)).

In the higher strained samples, where there has been extensive
localization (segregation?) of the calcite (Fig. 7(a)–(c)) the CPO
begins to deviate markedly from a random pattern (Fig. 7(d) and
(f)). This strengthening of the pattern is particularly noticeable in
areas of higher strain (Fig. 7(g) and (h)) with distinct double
maxima inclined at about �45� to the shear direction and at �60�

to the shear plane and an overall orthorombic symmetry of the
distribution (Fig. 7(d)). In isolated shear bands (Fig. 7(f)) pop-
ulations of recrystallized grains have a distinct CPO with the
maxima aligned normal to the shear direction and at �60� to the
shear plane (Fig. 7(g)). This pattern is typical of the CPO identified
in similar torsion experiments performed on Carrara marble
(Barnhoorn et al., 2004; Pieri et al., 2001).

3.5. Porosity evolution

The initially high porosity (20%) of the starting material is
dramatically reduced during the cold pressurization of the samples
to approximately 240 MPa preceding the temperature ramping to
target conditions in the Paterson rig. Few specimens were unloaded
right after pressurization due to gas leaking problems and analysed



Fig. 4. Microstructures at T¼ 627 �C, shear strain rate 6� 10�5 s�1 and shear strains of g¼ 1 (a, sample PO778) and g¼ 3 (b–f, sample PO783). The sense of shear is dextral in all
micrographs. (a) At low shear strains there is extensive twinning and subgrains formation within calcite grains and elongation into lens shaped aggregates defining the foliation.
Muscovite grains are iso-aligned with the long axis defining the foliation (polarized light image). (b) The relict calcite in the regions adjacent to the zones of strain localization has
twins with lobate boundaries and is transitional into subgrains and a mantle of recrystallized grains (polarized light image). Transecting the foliation are zones of finely recrys-
tallized calcite that may be bounded by dilatant fractures (white arrow) (c and d). Microstructure typical of the central region of the specimen where the foliation becomes curved
into spaced zones of finely recrystallized calcite that is localized as elongate lenses in the shear bands (c) or bifurcates into anastomosing shear bands (d). (e) Polarized light image
illustrating the elongate and recrystallized calcite with the preferentially aligned muscovite grains defining the foliation. (f) Plane polarized light image of the same area as (e) that
illustrates the folded muscovite grains between the calcite. The muscovite is boudinaged (white arrows) and reaction products are observed in the boudin necks and adjacent to the
muscovite.
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under the SEM. A first order analysis of the BSE images revealed
a residual porosity of approximately 5%. Furthermore specimens
which underwent deformation but were recovered before cata-
strophic failure show an even smaller porosity of the order of 3–4%.
With this analysis we could not find a relationship between the
amount of strain witnessed by the sample and the resulting
porosity.

3.6. Reaction and phase identification

Samples prepared by hot pressing at high temperature (670 �C)
and deformed under axial compression (627 �C) show no micro-
structural evidence of reaction between the calcite and muscovite.
This was supported by SEM imaging and microprobe investigations
that revealed there was no variation in composition with respect to
the staring material (Fig. 8).

On the contrary, all specimens deformed in torsion (627–727 �C)
analysed under the SEM show the presence of some reaction
products. The new phases mainly occur at the interfaces between
calcite and muscovite and in dilational sites within the muscovite
grains, such as boudin necks or in hinges of folded grains, where
adjacent (001) cleavages become widely spaced (Fig. 8(a) and (b)).
The reaction products were recognized by identifying X-ray
diffraction peaks obtained from small quantities of ground powders
of the deformed samples (Fig. 8(c)). The analysis revealed the
coexistence of the reactants calcite and muscovite with the prod-
ucts anorthite and kalsilite in agreement with what is predicted by
phase equilibria calculated using Perplex (Connolly, 1990) and the
published thermodynamical database (Holland and Powell, 1998).
Elemental mapping based on the characteristic X-ray radiation was
used to visualize the spatial distribution of selected elements. The
images show minor zonation in terms of Al and K in the muscovite
crystals with the highest concentrations at the inner part of the
grains. In addition the elemental maps clearly show that the C0

oriented shear zones are mainly composed of calcite as Ca is the
only traceable element within such planes (Fig. 9).



Fig. 5. Microstructures at T¼ 727 �C, shear strain rate 3�10�4 s�1 and g¼ 0.5 (a and b, sample PO753); shear strains of g¼ 2.5 (c and d, sample PO752) and g¼ 4.5 (e and f, sample
PO754). Photomicrographs in crossed polarized light, the sense of shear in all micrographs is dextral. (a and b) At low strains calcite grains are twinned and tend to assume a weak
shape preferred orientation with the long axis inclined towards the shear direction. Muscovite grains are gently bent or kinked and preferentially aligned with the long axis defining
the foliation. (c) The initiation of shear band localization in a lower strained section of specimen that contains coarse recrystallized calcite. (d) Shear bands from a marginal region of
the specimen composed of fine recrystallized calcite transecting a foliation defined by elongate aggregates of recrystallized calcite. On its margin there is also a dilatant fracture
(white arrow). (e) Sample with larger shear strain (g¼ 4.5) where shear bands separate zones of deflected foliations that contain highly deformed and kinked muscovite aggregates
(Mu). The axial surface for the majority of the kinks is aligned in the direction of the shear bands. (f) A prominent shear band, dominated by fine recrystallized calcite that also
contains a dilatant fracture on its margins (white arrow).
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4. Discussion

4.1. Mechanical evolution and deformation mechanisms

The torsion experiments show a rather complex stress–strain
pattern that can be correlated with the microstructural evolution
that progressively develops during shear strain. The initial quasi-
linear elastic loading can be attributed to pore collapse of the
aggregate. Samples that underwent small shear strains showed
a homogeneous volume reduction and increase in density of up to
20% respect to the non-strained material. It has been shown else-
where (Corkum and Martin, 2007) that closure of existing porosity
results in an unusual non-linear mechanical response at very low
strain and stress levels. This could explain the lower porosity of the
strained samples with respect to those pressurized at isotropic
conditions.

The post yielding-hardening region of the stress–strain curves
microstructurally corresponds to the rotation of the mica crystals,
which tend to be reoriented towards the imposed flow direction
and become folded and kinked. Many of the muscovite grains are
intensely kinked with microfracturing and dilation parallel to (001)
and kink band boundaries; therefore dislocation glide on (001)
must be active as described by Bell et al. (1986).

Whereas, intragranular deformation takes place within the
calcite grains in the form of twinning, subgrain formation, with
dynamic recrystallization and grain boundary migration. Disloca-
tion movement along the activated slip systems results in a crys-
tallographic preferred orientation at high strains. The main features
of such fabric in terms of c-axis measured on the deformed calcite–
muscovite aggregates, are comparable (Fig. 7) with those observed
on pure calcite marble and can be explained with the activity of the
high temperature slip systems {c} <a> and {r} <a> (Pieri et al.,
2001; Barnhoorn et al., 2004; Romeo et al., 2007).

High-temperature experiments performed on pure muscovite
(Mariani et al., 2006), showed that in absence of recovery processes
the semi-brittle behaviour of muscovite, accompanies heteroge-
neous plastic deformation (kinking, folding and fracturing) leading
to significant strain hardening that prevented the specimen
reaching a mechanical steady-state. A similar but less pronounced
behaviour is also observed during large-strain experiments on pure



Fig. 6. AVA image and c-axis fabrics related to experiment PO778 (g w 1; T¼ 627 �C). (a) AVA map that illustrates a microstructure dominated by the foliation defined by old calcite
grains aligned in the muscovite foliation (S) that is deformed along C0 planes. At the bottom right of the map is a colour code that relates the three-dimensional c-axis orientation,
namely the azimuth and plunge of the c-axis at each pixel seen in the AVA image. (b) Lower hemisphere equal area stereonet plot showing the distribution of c-axes and number (N)
of large old grains analysed. The corresponding histogram shows frequency of grains whose c-axes occur at angle q to the c-axis of adjacent grain, the curve represents a random
distribution of c-axes. (c) Lower hemisphere equal area stereonet and histogram plot showing the distribution of c-axes and number (N) of large recrystallized grains analysed.
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Carrara marble; for relatively small shear strains calcite shows
pervasive intracrystalline deformation that is linked to a slow
hardening of the marble as it undergoes deformation (Pieri et al.,
2001; Barnhoorn et al., 2004). Given that in both calcite and
muscovite high-temperature dislocation creep may be active at the
investigated temperatures, we attribute the strain hardening
behaviour observed in our torsion experiments, to the numerous
phase boundaries present in the aggregate acting as obstacles to the
dislocation motion and thus preventing recovery processes.

The following weakening (up to more than 60% with respect to
the peak stress) during the high-strain tests is concomitant with
the onset of recovery processes in the calcite crystals: dynamic
recrystallization of the internally strained grains and the nucleation
of small strain-free grains, which tend to align and interconnect
forming thin and continuous planes oriented at small angles
against the shear direction. Ultimately the strength of the aggregate
is only controlled by that of calcite deforming via dislocation creep.
This is strongly suggested if a comparison is made of the stress–
strain curves obtained from pure Carrara marble and calci-
teþmuscovite aggregates experimentally deformed at the same
temperature and strain rate conditions (Fig. 2(a)). After significant
weakening the shear strength of the synthetic aggregate reaches
a quasi-steady-state value that overlaps the high-strain strength of
pure Carrara marble.
4.2. Strain localization and competence contrast

Several microstructural features indicate that at the experi-
mental conditions investigated here a significant competence
contrast exists between calcite and muscovite. As illustrated above
several, muscovite grains are boudinaged, indicating that mica is
more competent than calcite with the latter being able to plastically
accommodate strain in an easier fashion. Moreover the high-strain
experiments show that dynamic recrystallization of the calcite
grains results in the formation of an interconnected network
forming a continuous compositional layering where shear strain
localizes. The localization process results in the formation of S–C0

fabrics. The foliation plane (S) is defined by the long axes of the
muscovite grains. The shear plane (C0) becomes evident at large
bulk strain (g> 1) and is characterized by zones of fine-grained
dynamically recrystallized calcite crystals. Sample- and micro-scale
examination reveal that the foliation (S) is displaced by the C0

shears indicating that the latter formed in a later stage than the first
in agreement with field-based observations in mylonitic rocks
(Platt and Vissers, 1980).
4.3. Cavitation at high strains

The samples deformed in torsion at shear strains greater than
g w 2.5 show the development of abundant pores and cavities that
are initiated in different ways. An intergranular set of voids adja-
cent to the recrystallized calcite grains or small-scale fractures
grows in length and connects to become larger fracture sets.
Ongoing deformation promotes the interconnection of pores and
voids into straight open cavities that eventually rotate into a stable
orientation and develop fractures oriented at small angle against
the sense of shear (Fig. 10(c) and (d)). The dilatant fractures
proliferate in the regions of calcite localization and truncate the
pre-existing fabric (Fig. 10(e)). Catastrophic failure eventually
occurs in the specimen as a result of the development of major
fracture cutting through the outer surface of the specimen
(Fig. 10(f)).

Intracrystalline cavities also form within the deformed musco-
vite grains undergoing basal slip (Fig. 10(a)) similar to the obser-
vations of Bell et al. (1986). Intragranular fracturing must also be
occurring in the muscovite to produce the fracture boudinage



Fig. 7. AVA image and c-axis fabrics related to experiment PO783 (g¼ 3; T¼ 627 �C). (a) AVA map that illustrates a localization of the new recrystallized calcite grains into shear
bands that cross-cut the foliation (S) defined by the alignment of large relict calcite grains. The colour wheel relates the three-dimensional c-axis orientation, namely the azimuth
and plunge of the c-axis at each pixel seen in the AVA image. (b) The same area as (a) viewed in plane polarized light. (c) Steel jacket of deformed sample and approximate location
of area shown in (a). Lower hemisphere equal area stereonet plot showing the distribution of c-axes and number (N) of data points analysed. (d) Histogram showing frequency of
grains whose c-axes occur at angle q to the c-axis of adjacent grain, the curve represents a random distribution of c-axes. (f) AVA image showing distribution of orientations across
a zone of calcite localization. (g and h) Distribution of c-axes and frequency distribution of the small recrystallized grains measured in (f).
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observed in the muscovite. Cavitation, formation of submicroscopic
cavities is driven primarily by glide on one slip system and the
generation of dislocations that leads to kinking and dilatancy to
accommodate deformation in the muscovite (Bell et al., 1986). This
must represent a localized positive volume change. Moreover
micropores along the (001) planes probably represent a dehydra-
tion reaction in the muscovite; a relatively high porosity can be
observed in the SEM images of the highly strained specimens at the
phase contacts between calcite and muscovite (Fig. 10(b)). A close
examination of individual calcite grains also revealed the presence
of sets of thin, almost rectilinear, regularly spaced intragranular
fractures. Those fissures occur preferentially in an orientation
oblique to the shear direction, roughly parallel to the direction of
the maximum principal stress s1. Since they do not show any
evidence of rotation or strain sensitive orientation we interpret
them to be late features likely associated with the sudden pressure
drop arising from the catastrophic failure of the specimen.

According to the proposed models (Kassner and Hayes, 2003;
Chokshi, 2005; Zavada et al., 2007) cavitation results from the
coalescence of intergranular microvoids and intragranular fractures



Fig. 8. (a) BSE SEM images of a sample deformed in torsion (PO754) showing Cc¼ calcite (light phase) and Mus¼muscovite (dark phase). Muscovite grains are folded and kinked.
White arrows indicate the occurrence of mixed reaction products (anorthite and kalsilite) in intracrystalline dilational sites and adjacent to the muscovite. (b) Boudinaged muscovite
(dark grains) with reaction products in the boudin necks (see arrow). (c) BSE SEM image of microstructure from the axially compressed specimen (PO876) characterized by a lack of
reaction products. The insert shows the deformed sample within the iron jacket. (d) High magnification image showing no reaction between Cc and Mus in compression
experiment. (e) X-ray diffraction peaks from a specimen deformed in torsion indicating the presence of coexisting anorthite, calcite, muscovite and kalsilite.
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Fig. 9. X-ray elemental maps of the outer surface of a deformed specimen (PO752) obtained for selected elements (Al, Ca, K); BSE image in the upper left corner for reference. Sense
of shear is dextral. In each map the warmest colours indicate a highest concentration of the mapped element. The dashed white lines highlight the occurrence of a C0 plane of
localized strain, enriched in Ca but lacking of K and Al. Muscovite grains display a weak zonation of Al with the highest concentration towards their inner zones. K appears to be
concentrated at the boundaries between calcite and muscovite grains reflecting the occurrence of reaction product kalsilite.
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and produces local underpressures. The volume of the system
increases due to creation of voids in muscovite and the grains
support the voids as a load bearing framework, which soaks up the
H2O produced from the dehydroxylation reactions. We consider the
‘‘cavitation’’ model to be the most likely mechanism explaining
the dilation, microfracturing and preferential distribution of reac-
tion products to the highest strain areas and dilation sites within
the specimens.

4.4. Mineral reactions at higher temperatures

Our observations suggest that there are complex interactions
between deformation and mineral reaction particularly when
there are positive volume changes that accompany the dilation.
The densification of the starting materials, and accompanying
negative volume change, was done at a temperature of 670 �C and
170 MPa and no reaction could be observed during the subsequent
microstructural investigation (cf. Schmidt et al., 2008). In this
study the samples were deformed at an even lower temperature
(627 �C) with reactions producing new phases (ca. 10% volume)
identified by XRD analyses as anorthite and kalsilite in agreement
with thermodynamically calculated phase equilibria (Connolly,
1990). SEM images (Figs. 8 and 10) reveal that the new phases
formed during torsion experiments, preferentially nucleated in
dilation sites within muscovite grains such as hinges of folds or
boudins necks in agreement with what is observed in naturally
deformed muscovite (Wilson and Bell, 1979). Several interpreta-
tions could be put forward to explain these observations: the
semi-brittle behaviour of the muscovite eventually results in the
breakage of chemical bonds that releases water, which acts as
a catalyst for the exchange reaction. It has also been suggested
that deformation itself may add a component of kinetic energy to
the system that could overstep the energy barrier of a chemical
reaction (e.g. De Ronde and Stunitz, 2007). Here we also consider
the role of the magnitude of the three main stress values and their
evolution during torsion.

Fig. 11 illustrates the experimental conditions in a P–T diagram
of muscovite and calcite in excess of water calculated using the



Fig. 10. Features associated with the distribution and evolution of dilatant fractures. Shear sense is dextral in all images. (a–e) SEM micrographs from PO754 (g¼ 4.5). (a) The
muscovite (darker phase) is kinked and folded. The hinges of the folded muscovite crystals show dilational sites and voids (white arrows) and the edges are surrounded by
a reaction phase (light phase). (b–d) Muscovite surrounded by reaction phases and presence of small dilatant fractures (white arrows). (c) Note also the presence of small
intragranular fracture within the calcite crystals preferentially oriented at about 45� against the shear direction. (e) Micrograph illustrating elongate trains of fractures that cross-cut
the pre-existing fabric. (f) Fractures in tangential section (parallel to twist axis) sample PO752 after a shear strain g¼ 2.5.
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Perplex software (Connolly, 1990). The experiments conducted at
627 �C are in the stability field of calcite and muscovite, while those
at 727 �C are in the stability field of anorthite, kalsilite, leucite and
corundum. During compression and hydrostatic tests at 627 �C no
reaction occurred, but during torsion testing, the muscovite reacted
to produce anorthite and kalsilite.

We propose that during torsion, the minimum principal stress is
controlling the conditions of reaction rather than the mean stress,
because in torsion the mean stress remains unchanged with respect
to hydrostatic conditions.
During creep deformation of rocks obeying a von Mises type of
constitutive behaviour the magnitude of the three principal
stresses will differ depending on the geometry of deformation (e.g.
Paterson and Olgaard, 2000). In the case of torsion s1¼ pþ s; s2¼ p
and s3¼ p� s; while in axial compression s1¼ sþ p; s2¼ s3¼ p;
where p is the confining pressure, s the shear stress and s is the
differential stress (s1–s3). The peak shear stress during torsion
experiments performed at 627 �C was about 120 MPa. This means
that the maximum compressive stress was equal to the confining
pressureþ the shear stress (300þ120 MPa), whilst the minimum



Fig. 11. (a) Mohr diagram illustrating the position of the maximum and least principal
stresses in torsion and axial compression experiments performed at 627 �C. The
magnitude of the stresses is derived following Paterson and Olgaard (2000) (see text
for details). (b) Phase diagram calculated using Perplex (Connolly, 1990), overlayed are
the conditions attained during torsion, axial compression and hydrostatic experiments.
Note that during the torsion experiments at 627 �C, the least principal stress (s3) plots
at the boundary between the fields defining the stability of the muscovite.
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was 300�120¼180 MPa. These conditions corresponds roughly to
the reaction muscovite¼Anþ Kals (Fig. 11(a) and (b)).

This interpretation is in agreement with previous experimental
evidence of growth of cristobalite fibers parallel to the direction of
s3 in extension experiments (Brodie and Rutter, 2000) and in
torsion tests (Schmocker, 2002) at conditions where the mean
stress was well within the quartz stability field. No theoretical
explanation yet exists to describe this behaviour. Based on micro-
structural observations we can argue that under dynamic condi-
tions extension sites are preferential loci that favour the mobility of
elements and the growth of minerals. Dilation sites act as surfaces
where surface energy and tendency of anisotropic growth of the
new phases overcome the influence of pressure difference between
the mean stress and s3.

Equilibration of this new mineral assemblage can only be ach-
ieved by intracrystalline volume diffusion, with recrystallization
and mineral growth (Worley et al., 1997). However, as these
experiments have demonstrated, pressure rather than tempera-
ture, appears to be a factor that controls whether volume diffusion
will be a significant process. Also critical is the magnitude of the
shear strain as the changing chemical and decreasing stress
conditions only become obvious at shear strains greater than 2. At
this stage grain boundary fluids related to dehydroxylation reac-
tions and the breakdown of muscovite release water contempora-
neously with the crystal-plastic deformation. This is accompanied
by the neocrystallization of the new phases that are localized along
(001), boudin necks, grain boundaries and voids in the muscovite.
5. Geological implications

Even though strain partitioning is commonly observed in
naturally deformed rocks, the mechanisms through which
deformation localizes and phase segregation is attained are not
well understood (e.g. Platt and Vissers, 1980; Passchier, 1991:
Worley et al., 1997). From our experiments we infer that a strong
foliation is a prerequisite for the formation of the secondary C0

type shear band. The development of the latter is contempora-
neous with the onset of dynamic recrystallization and the
attainment of a new fabric in the calcite grains which in turn
induces a strain softening in the deforming aggregate. It there-
fore appears that the development of an S–C0 foliation is
a mechanically favourable arrangement during the deformation
of polyphase material exhibiting competence contrast between
the two phases.

Since calcite and muscovite possess very different crystallo-
graphic structures, and slip systems, their rate in accommodating
deformation will be different. It has been experimentally shown
that pure Carrara marble deforms up to extremely large strains
(g¼ 50, Barnhoorn et al., 2004) without any evidence for strain
localization. In the current experiments localization occurred in the
calcite at bulk shear strains as low as g¼ 2 with the subsequent
development of dilatant fractures at these sites. The genesis and
growth of such fractures are associated with the presence of
microvoids due to the dehydration of muscovite, and to the
differential rate of movement and deformation of the two phases.
Eventually the evolving dilatant fractures produced a catastrophic
loss of cohesion in the aggregate. A similar process has been
observed in aggregates of anorthite–diopside (Dimanov et al.,
2007) experimentally deformed to large strain during linearly
viscous creep and in various studies on metals, ceramics and alloys
(Pilling and Ridley, 1989; Nieh et al., 1997; Kassner and Hayes,
2003). All these previous studies suggest that the cavitation process
would lead to a shortening of the ‘‘ductility’’ in the investigated
material.

The question arises whether the cavitation process could be
active in nature during deformation of rocks and what its conse-
quences would be? Several field-based studies of mylonitic rocks
have reported the presence of voids, vugs or cavities within highly
strained portions of the rock body. Behrmann and Mainprice (1987)
recognized small elliptical voids decorating quartz grain bound-
aries in an orthomylonite deformed under amphibolite grade
conditions; the voids were interpreted as tensional grain boundary
failure. Fine isolated intergranular pores and millimetre scale vug-
like cavities have been recognized in retrograde quartz mylonites
preferentially concentrated in extension surfaces (Mancktelow
et al., 1998). Also a microstructural investigation of a fine-grained
plagioclase shear zone from the Abukuma Mountains, Japan
revealed the presence of intergranular voids and the development
of a ‘‘crush zone’’ within layers of strong plastic deformation (Shi-
gematsu et al., 2004). On a larger scale, finite element modelling
was used to infer that in the tensile domain of the Alpine collision
(Eifel volcanic zone), a small amount of dilatancy is created along
shear bands in the upper mantle and lower crust in conditions were
dynamic recrystallization and ductile deformation are active
(Regenauer-Lieb, 1999).
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All the examples cited above, suggest that a localized tensile
behaviour of the plastically deforming rocks, has potential impli-
cations for deep fluid flow in the deforming lower crust and upper
mantle, and may dictate the pathways for fluids, melts and gases
and subsequent alterations and metasomatism of deeply seated
rocks. Moreover plastic failure observations indicate that dynamic
instabilities may nucleate at lower-crustal depth and may be
responsible for deep earthquake nucleation.

The onset of reaction at conditions in which the pressure equals
the s3 rather than the confining pressure or the mean stress poses
serious questions on the utilization of mineral phase equilibria to
syn-tectonic growth. It is possible that P, T estimations of meta-
morphic rocks underestimate real depths in cases similar to our
experiments. Moreover a more general question may arise on the
interpretation of P, T conditions in static versus dynamic conditions,
since it is possible that dynamic conditions are totally different. Our
experimental observations can be interpreted in two different ways:

1. Mineral reactions are displaced by differential stress
2. Minerals may grow in extension sites in ‘‘underpressure’’

conditions and hence be in equilibrium with s3 rather than
with the mean stress.

The latter may imply that other minerals possibly form at sites
of ‘‘overpressure’’ and hence be dominated by the s1 rather than by
the confining pressure and the mean stress. More focused experi-
ments are required to elucidate these possibilities that might shed
new light on the interpretation of geothermobarometry.
6. Conclusions

We performed a set of large-strain experiments on a synthetic
aggregate composed of equal amount of calcite and muscovite. Our
observations suggest that:

� The mechanical strength of a highly sheared polyphase rock is
ultimately controlled by the weakest phase forming contin-
uous layers along C0 surfaces for simple shear.
� A starting material with a random distribution of the phases

will reach this ideal low strength configuration by a mechanical
redistribution and microstructural transformation of the pha-
ses during the initial transient stage of the deformation. During
this initial period the strength is higher than the strength of the
final textured rock.
� The mechanical characteristics, and the ultimate bulk strength

of the material is predominantly a function of the mineral
composition of the rock and the strength of each phase, and is
strongly influenced by the deformation mechanisms in each
mineral. Once a foliation has developed, the strain is concen-
trated within the calcite shear zones and the muscovite
domains are not deformed further but rather passively rotated.
� The layers of highly localized strain show a distinct fabric

suggesting that the dominant deformation mechanism did not
change during strain partitioning; the deformation behaviour
of the aggregate at large strain is therefore controlled by the
dislocation creep of calcite.
� Void nucleation and interconnection is an active process during

high-temperature plastic creep and may lead to loss of cohe-
sion of the deforming material, with potential implication for
enhanced fluid flow and earthquake nucleation.
� Phase equilibria are strongly affected by deformation: we

observed that at the same conditions of temperature and
confining pressure the onset of reaction was governed by the
magnitude of the least principal stress s3.
� Microstructures related to intracrystalline deformation, indi-
cate an increasing importance of volume diffusion and diffusive
equilibration of mica with calcite at pressures where the least
stress is less than the mean stress.
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