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a b s t r a c t

Some features of natural shear zones formed under non-coaxial strain geometries, including some effects
of transpression, can be simulated in the laboratory by using the direct shear experimental configuration.
Slices of w1 mm thick Solnhofen limestone were deformed in direct shear between two stronger forcing
blocks of cores of Tennessee sandstone pre-cut at 45� to the cylinder axis. Experiments were run dry at
600 �C, 200 MPa confining pressure and bulk shear strain rates of w5� 10�3 s�1, at which conditions
Solnhofen limestone deformed by dislocation creep with a stress exponent of 4.7. When loaded, strain
concentrates in the limestone band, producing non-coaxial deformation as one pre-cut block slides past
the other. The orientation and intensity of the shape fabric developed in calcite grains indicate that strain
is heterogeneous across the specimen, with the formation of two high-strain shear bands close to the
limestone–sandstone interface, separated by a central zone of low strain. Crystallographic preferred
orientation patterns in the calcite grains measured by electron backscatter diffraction are consistent with
a switch in deformation geometry from flattening-dominated in the middle of the specimen towards
shear-dominated in the high-strain bands. From tests on thin slices of the same material compressed
axisymmetrically (without shearing) normal to the layer, heterogeneous thinning of the slice develops,
from a maximum in the centre of the slice to zero at the edges. The formation of the paired shear zones
observed in the sheared experiments is interpreted in terms of superposed strain fields, with shearing in
the centre of the slice being inhibited by the strain hardening that accompanies the higher flattening
strain in the centre of the specimen.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The direct shear experimental configuration has often been used
in experimental rock deformation studies to simulate a natural
shear zone. In a conventional ‘triaxial’ testing machine it uses two
cylindrical forcing blocks of a strong material cut at an angle such as
45� or 30� to the maximum compression direction, and sand-
wiching a thin slice of weaker ‘target’ homogeneous rock material
in-between (e.g. Jaeger and Cook, 1976; Fig. 1). A length/thickness
ratio sufficiently large to resemble a tabular geometry (>10:1;
Fig. 1) makes the experimental configuration somewhat analogous
to shear zones in nature (Ramsay and Graham, 1970; Ramsay and
Huber, 1983, 1987). Axisymmetric loading along the length of the
specimen assembly at high confining pressure will make one of the
forcing blocks slide pass the other. By using rigid forcing blocks and
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ensuring that slippage at the interfaces is prevented, all strain will
be accommodated in the tabular specimen. This procedure has
previously been used successfully in a number of seminal papers
that reproduced structures and microstructures characteristic of
shear zones in naturally deformed rocks, particularly those
microstructures indicative of non-coaxial deformation (e.g. Shi-
mamoto and Logan, 1981; Schmid et al., 1987; Dell’Angelo and
Tullis, 1989; Logan et al., 1992; Post and Tullis, 1999). It has also
been used to infer rheological properties of natural and synthetic
rocks fabricated by hot-pressing, although it has the major disad-
vantage that attainable bulk shear strains are limited, e.g.
maximum bulk shear strain g in the w1–5 range can be attained,
according to how thin the specimen can be made (Schmid et al.,
1987; Mariani et al., 2006).

Despite the finite lateral extent of the thin, tabular form of
specimens deformed using this geometry, it has been common to
neglect any effects of thinning and lateral extrusion of sample
material, particularly when initially non-porous samples of intact
material are used. Shearing deformation accompanied by lateral
extrusion and thinning of the specimen corresponds to tectonic
transpression, that has often been invoked to explain complex
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Fig. 1. Specimen assembly in direct shear (a) before and (b) after deformation.
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shape fabric geometries in natural high-strain zones (e.g. Sander-
son and Marchini, 1984; Robin and Cruden, 1994; Dewey et al.,
1998; Schreurs and Colletta, 1998) although severe problems of
compatibility of regional strains and displacements can arise from
such an interpretation.

Except for deformation in the brittle regime (Dresen, 1991;
Logan et al., 1992; Gu and Wong, 1994), little attention has previ-
ously been given to the development of strain heterogeneities
within a single sample deformed using this arrangement and how
they affect locally the microstructure, microfabric and the rheology.
By using a fine-grained rock material, Solnhofen limestone, we
have been able to observe development of strongly localized high-
strain domains across the width of the specimen during high
temperature plastic flow. These domains were defined on the basis
of the microstructure using both optical and electron microscopy
(electron back-scattered diffraction – EBSD), which allowed varia-
tions in the grain shape fabric and crystallographic preferred
orientation patterns to be observed. We interpret their develop-
ment in terms of strain hardening effects arising from the particular
boundary conditions imposed by this experimental configuration,
leading to the superposition of heterogeneous strain distributions,
and discuss the implications of these results for deformation in
natural shear zones.

2. Experimental approach

2.1. Starting material

The starting material, Solnhofen limestone, has been widely
used in experimental deformation studies and has several advan-
tages for this and a related previous study (Llana-Fúnez and Rutter,
2005). The average grain size is 4–5 mm, with rare larger grains
dispersed throughout the rock. This allows local microstructural
analysis to be made on a sufficiently large number of grains at key
sites within heterogeneously deformed specimens, despite the
requirement of the deformation apparatus to use small diameter
specimens (w10 mm). The initial porosity of the rock is approxi-
mately 5% (Rutter, 1972) and it comprises more than 97 wt% calcite.
Rare quartz grains (<0.1% volume) of ca 20 mm diameter are present
as a secondary phase throughout the rock. Other impurities, mostly
organic matter and clay minerals, occur along grain boundaries
(Schmid et al., 1987). Such impurities in limestone act to impede
calcite grain growth at high temperatures (Robinson, 1971; Walker
et al.,1990; Rutter et al.,1994; Herwegh and Kunze, 2002). The grain
size and its limited range, together with the low mobility of grain
boundaries, leave this material able to deform plastically at the
conditions given below without interference from other processes
that might alter grain shape or crystallographic preferred orienta-
tion (CPO) (Schmid et al., 1987; Llana-Fúnez and Rutter, 2005).

In experimental studies prior to Llana-Fúnez and Rutter (2005),
combined measurement of CPO patterns and their spatial distri-
bution in heterogeneously deformed Solnhofen limestone samples
were not possible. The grain size in Solnhofen limestone is too
small to measure the complete CPO by optical microscopy and
X-ray texture goniometry does not provide directly observable
relationships between crystallographic and shape fabrics on a
sufficiently small scale. X-ray texture goniometry requires a
homogeneous fabric over a scale of several mm to obtain a mean-
ingful CPO pattern. These limitations can now be circumvented by
using EBSD techniques on selected areas within polished surfaces
of deformed specimens (e.g. Prior et al., 1999).

2.2. Experimental procedure

Experiments were performed in a ‘Nimonic’ testing machine, so
named for the Nimonic 105� nickel-based alloy (75% nickel and 25%
molybdenum) from which the pressure vessel is fabricated. This
alloy is mechanically strong and corrosion resistant to tempera-
tures above 700 �C, so that it can be used with water as a hydraulic
confining medium. The pressure vessel is heated externally and can
operate leak-free for experiments of many weeks duration. Varia-
tion in specimen temperature parallel to the cylinder length was
less than 3 �C. Axial load was measured with a semi-internal load
cell with a stress resolution for the specimen diameter used of
better than 1 MPa. Before assembly, specimens were pre-dried at
80 �C for several days, and were tested jacketed within 0.25 mm
wall-thickness annealed copper sleeves. More detailed specifica-
tions of the testing machine can be found elsewhere (Walker et al.,
1990; Covey-Crump, 1992).

Experiments were run at 600 �C, a confining pressure of
200 MPa and a constant displacement rate of 5�10�6 m s�1, the
latter implying a bulk shear strain rate of about 5�10�3 s�1 in the
specimen geometry used. Bulk shear strains of up to 3 were
attained. At these conditions, Solnhofen limestone deforms
predominantly by intracrystalline plasticity, well within the dislo-
cation creep (power-law creep) regime, where strain rate is
proportional to stress to a power n of 4.7 (regime 2 in Figs. 2 and 14
of Schmid et al., 1977).

Slices of Solnhofen limestone between 2 and 1.5 mm thick were
cut at 45� to the axis of cylindrical cores 9.5 mm in diameter, and
the elliptical slices were ground down to wafers of between 1.8 and
0.9 mm (�0.1 mm) thickness (Table 1). Forcing blocks were fabri-
cated from cylinders of 7% porosity Tennessee sandstone, cut at 45�

to the cylinder axis. The elliptical surfaces were only ground, not
polished, to preserve some roughness to inhibit slip against the
limestone surfaces. The angle of the cut implies that the original
bedding orientation in the limestone is always perpendicular to the
bulk shortening direction in the sample assembly inside the testing
machine. When assembled, the total length of the specimen
assembly (sandstone and limestone) was approximately 20 mm



Table 1
Deformation tests on dry Solnhofen limestone at 200 MPa confining pressure and
600 �C

Test Dimensional data Bulk strain

Thickness, mm Thinning, 3 Shear strain, g

Initial Final

Direct shear
sf09 1.78 1.46 0.18 1.30
sf10 0.91 0.81 0.12a 2.66
sf24 1.46 1.30 0.11 0.76
sf25 1.42 1.19 0.16 1.39

Long cylinders
sf16 19.37 15.03 0.22 –
sf37 21.09 15.53 0.26 –
sf38 22.23 15.07 0.32 –
Ten02 21.07 20.44 0.03 –

Short cylinders
sf02 4.11 2.4 0.42 –
sf03 4.14 2.6 0.37 –
sf04 4.11 2.1 0.49 –
sf05 4.37 2.4 0.45 –
sf08 4.25 2.4 0.44 –
sf11 3.19 1.95 0.39 –

a Consistent with a finite change in length from 13.42 to 14.32 mm.
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(Fig. 1). In addition to acting as forcing blocks, mimicking wall rocks
in a fault/shear zone, the sandstone pieces also allowed venting of
specimen pores to atmosphere via the hollow upper loading piston.

The base of the lower sandstone forcing block was painted with
colloidal graphite paste to reduce friction and facilitate its lateral
displacement (Fig. 1). This inhibits bending of the sample assembly,
which would otherwise lead to an additional component of
apparent strain hardening. Mechanical data were corrected for the
elastic axial distortion of the machine plus sandstone forcing blocks
and for the load supported by the copper jacket (Fig. 2). The jacket
strain hardens considerably, supporting an apparent shear stress of
up to 10 MPa (about 5% of the total stress supported) by a shear
strain of ca 3 (Mariani, 2002).

As shearing occurs in a vanishingly thin specimen, the effective
area of the specimen supporting the load becomes smaller as the
two elliptical surfaces are displaced against each other. The effec-
tive area is the projection of one ellipse into the other following the
direction of the loading axis. In this case a correction would have to
be applied for the effective area change in the calculation of shear
stress. If the specimen used is thicker, it is to be expected that the
area correction will become smaller, because axial stress
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Fig. 2. Shear stress versus. shear strain curves in direct shear experiments. Test
numbers correspond to those in Table 1.
trajectories will refract across the specimen layer, so that load is
supported even by that part of the specimen displaced beyond the
overlapping ends of the forcing blocks, provided the deformed ends
of the specimen do not detach from the forcing blocks. Stress
refraction is required because the outer surface of the jacketed
specimen assembly must be parallel to principal stress trajectories
owing to the zero shear stress boundary condition imposed by the
hydrostatically pressurized confining medium. Even apart from this
contributing factor, elastic contrasts between the specimen and
forcing blocks, and the progressive development of CPO in the
specimen cause stress refraction effects at the interface (Casey,
1980; Dresen, 1991; Gu and Wong, 1994). Shimamoto and Logan
(1981) and Post and Tullis (1999), for example, deforming finite
thickness specimens in direct shear, did not apply any apparent
area reduction correction with progressive shear displacement at
all. Given the complexity of attempting to resolve this issue from
a theoretical point of view, we deformed prismatic specimens of
metallic lead (0.9 and 3.2 mm thicknesses, and 1.5 and 3.0 mm
length in the shear direction) to shear strains w3 all at the same
shear strain rate. Within experimental uncertainty these tests
showed that with progressive shear, load continues to be trans-
mitted across the almost full initial area of the specimen. We have
therefore not applied any area correction to our direct shear data.

An additional set of standard axisymmetric shortening tests on
long cylinders of Tennessee sandstone and Solnhofen limestone
was carried out to establish that at the experimental conditions the
sandstone is much stronger than the limestone at the imposed
pressure/temperature conditions, and hence that all measured
deformation occurred only in the limestone slices. These experi-
mental data were corrected for cross-sectional area increase with
shortening in the conventional way that assumes homogeneous
deformation at constant volume. We will also make reference to
our earlier experimental data (Llana-Fúnez and Rutter, 2005) on the
axisymmetric compression of thin discs of Solnhofen limestone to
help to evaluate the influence of the component of flattening
normal to the sheared limestone slab that inevitably occurs with
this specimen geometry and which causes deviation from what
would otherwise be a simple shear deformation geometry.

2.3. Microstructural analysis

Microstructural observations were made on the profile section
parallel to the axis of symmetry of the cylinder and perpendicular
to the slice of limestone, through the central part of the specimen
slice (Fig. 1). The sections were cut parallel to the transport direc-
tion of one forcing block with respect to the other, equivalent to the
‘tectonic transport direction’ in naturally deformed rocks.
Deformed specimens were prepared as polished blocks to a surface
finish of 0.05 mm gamma-alumina. EBSD analysis required further
Syton�-polishing. EBSD patterns were collected automatically
using a step size of 1 mm, slightly smaller than the starting grain
size, to allow adequate mapping of CPO in calcite both in high- and
low-strain areas. Rates of successful identification of crystal
orientation by the CHANNEL� software were in general on the
order of 50% for most EBSD maps (rates depend on pattern quality,
in most cases in relation to surface quality).

The grain shape fabric in micrographs was observed using
reflected light in a conventional optical microscope (e.g. Bestmann
et al., 2000; Llana-Fúnez and Rutter, 2005).

3. Experimental results

3.1. Stress/strain behaviour

Test conditions and mechanical data for all tests reported are
given in Table 1. For the direct shear tests, plots of shear stress
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versus bulk apparent shear strain resolved parallel to the plane of
the specimen are shown in Fig. 2 and show reasonable reproduc-
ibility of general mechanical behaviour. Apparent variability in
strength between different tests (Fig. 2) appears to be attributable
to differences in the starting thickness of the limestone specimens
(see Table 1), which results in different amounts of thinning of the
specimen normal to the slice thickness. Limited slip along the
limestone–sandstone interface did occur in some experiments, but
with no significant effect on strength, making it difficult to establish
the exact strain accumulated in those specimens, which are not
reported here. More commonly, the rupture of the copper jacket (in
six other experiments not all reported in Table 1) that isolates the
specimen from the confining medium resulted in brittle failure by
the sudden reduction of effective pressure.

The block of Solnhofen limestone from where the specimen
cores were obtained shows yielding to permanent strain at similar
stresses to those reported previously (Schmid et al., 1987). Beyond
the yield point, all stress/strain curves show substantial strain
hardening.

Stress/strain curves for several conventional axisymmetric
shortening experiments on 20 mm long cylinders of Solnhofen
limestone compressed normal to bedding at 600 �C and 200 MPa
confining pressure are shown in Fig. 3 for comparison with the
stress/strain behaviour of Tennessee sandstone. The limestone
deformed plastically with a small initial amount of strain hardening
from a yield stress of 210 MPa, whereas the sandstone continues to
deform elastically to stresses above 500 MPa. Failure of the sand-
stone forcing blocks is therefore not expected to contribute to
apparent strain in the direct shear experiments.

Fig. 3 and Table 1 also show stress/strain data for short cylinders
(initially nominally 4 mm long) deformed at the same temperature
and pressure and the same initial strain rate. These data are pre-
sented using a function for cross-sectional area correction that
corresponds closely to the assumption of homogenous strain at
constant volume at small strains (<15%) but which becomes
smaller at higher strains, when the outermost extruded part of the
specimen supports progressively smaller fractions of the total load.
These specimens are characterized by a higher yield stress than the
long cylinders, followed by a longer period of strain hardening. The
flow stresses and apparent hardening rates at strains above about
25% shortening are not considered very reliable. The hardening
observed at low to intermediate strains is considered attributable
to the effects of heterogeneous deformation and strain rate
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hardening. The average instantaneous strain rate alone increases
almost twofold during the experiment as the specimen thins, hence
stress increases according to the material rheology. The heteroge-
neous deformation that occurs results in even greater local strain
and strain rate variations.

3.2. Shape fabric in calcite

During loading, the asperities in the sandstone intrude into the
limestone so that the open pore space at the sandstone surfaces
becomes filled with plastically intruded asperities of limestone,
helping to inhibit slip. During progressive deformation, the calcite
grains developed a shape fabric, observed on the shear-parallel
profile section of the specimen (Fig. 4). In every deformed sample
this fabric was seen to be continuous from each of the contacts with
the sandstone towards the middle of the limestone slice and has
a sigmoidal trace (Fig. 4a). The shape fabric varies in intensity, from
very intense close to the sandstone blocks (grains showing aspect
ratios over 10:1, see Fig. 4b) to very weak or barely recognizable in
the middle of the specimen (Fig. 4c). Thus these tests characteris-
tically developed two localized shear bands symmetrically
disposed about the centre line of the limestone slice. Tests carried
out to increasing bulk shear strains in different samples indicated
that the high-strain bands nucleated almost at the edge of the
boundary asperities and widened with progressive strain towards
the centre of the limestone slice with increasing bulk strain.

A map of the shape fabric, made by hand drawing the orienta-
tion of the calcite grains in a mosaic of micrographs covering
a whole specimen (sf10), shows that the sigmoidal shape of the
foliation is present everywhere with the exception of the edges of
the limestone slice where sample extrusion and limited injection of
copper along the sandstone/limestone interface occurred (Fig. 5).

From the centre of the specimen towards the planar edges there
is initially a continuous increase in the apparent aspect ratio of
calcite grains. Grain boundaries are initially sharply defined and
relatively straight. Calcite grains that were stretched to an aspect
ratio of w10:1 have grain boundaries that developed a wavy
appearance, showing a regularly spaced pinch-and-swell profile to
the point of isolating new, smaller grains (Fig. 4b). The width of
stretched grains in the profile section examined, around 1 mm, also
corresponds to the spacing of the pinch-and-swell and the size of
the resulting new grains. The elongated grains also show undulose
extinction that makes it harder to identify individual grains clearly.

3.3. Crystallographic preferred orientation (CPO)

Crystallographic preferred orientation patterns produced in
direct shear are presented both as pole figures of crystallographic
axes and planes as well as inverse pole figures (IPFs) (Fig. 6). The
crystallographic elements used correspond to slip directions and
slip planes of major slip system families in calcite at relative high
temperatures: cC11�20D, r{10�14}C02�21D and f{01�12}C10�11D (based on
De Bresser and Spiers, 1997). For the description of pole figures of
various crystallographic elements two reference frames will be
used: the structural reference frame (Xi, Yi, Zi) refers to the orien-
tation of local shape fabric and the experimental reference frame
(X0, Y0, Z0) refers to the orientation of the sandstone–limestone
interface, which coincides with the general bulk shear plane, its
normal and the ‘tectonic transport direction’. The latter is also the
reference frame used in the EBSD pole figures. IPFs were con-
structed for each of three orthogonal directions, nominally parallel
to the local extension and shortening directions, and normal to the
other two, i.e. perpendicular to the plane of measured section. The
first two directions are almost parallel to the orientation of the
shape fabric (the departure from parallelism increases with non-
coaxiality of the strain).



Fig. 4. Reflected-light micrographs taken from a traverse across deformed specimen sf10 from the upper to lower sandstone forcing block in the central part of the sample. (a)
Shows the shape fabric in calcite (left-lateral shear sense). The few grains with higher relief within the limestone are isolated grains of quartz. (b) Higher magnification image from
one of the high-strain bands. (c) Detail of the low-strain area in the middle of the specimen. (b) and (c) have the same magnification and orientation.
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The initial calcite CPO in Solnhofen limestone in the block we
used is characterized by a broad girdle of c-axes parallel to the
bedding plane with a maximum intensity of 1.9 times uniform
distribution (Llana-Fúnez and Rutter, 2005), which is modified by
the deformation imposed upon the specimen.

In the sheared specimens, CPO patterns in the low finite strain
domain differ from patterns in the high-strain bands. c-Axes in the
low-strain domain either concentrate in a broad great-circle girdle
parallel to the shape fabric or define incomplete double or cleft
minor-circle girdles, centered around the local extension direction
(map m1 in Fig. 6). The c-axis girdles are symmetric with respect to
the structural reference frame (the shape fabric), and have no clear
internal asymmetry (corresponding to difference in density or
intensity of c-axis preferred orientation from left to right or from
top to bottom of the upper hemisphere shown; see Passchier and
Trouw, 1996). The preferred orientation of known calcite slip
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Fig. 6. Upper hemisphere stereoprojections showing crystallographic preferred orientation (CPO) patterns in three contiguous EBSD maps, both located as per the top left
micrograph and upper shape fabric map. The middle map has been split into two maps of similar size (m2 and m3) to the neighbouring maps (m1 and m4). Contoured pole figures
(contour spacings are indicated in the top right corner as multiples of a uniform distribution) of the main three slip system families in calcite at high temperature conditions (based
on De Bresser and Spiers, 1997) are shown: c(0001)C11�20D (cCaD), r{10�14}C02�21D and f{01�12}C10�11D. To the right are inverse pole figures corresponding to local shortening and
extension directions in the pole figures. CHANNEL 5� software was used for contouring.
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great-circle girdle component parallel to the foliation to a single
maximum following the stretching direction (which almost
disappears in the highest strain domain, m3). All slip directions
aC11�20D, C02�21D and C10�11D, show an asymmetry with a rotation axis
parallel to Z0, following the externally imposed sense of shear.
a-Axes are arranged in poorly developed double small-circle girdles
and in one stronger maximum. All are oblique synthetically with
the sense of shear to the shape fabric. Slip direction C02�21D defines
a strong maximum (rotated with the sense of shear) and a crossed
girdle, which is not only rotated but has an internal asymmetry
with one long arm being almost straight and the other showing two
kinks. The kinks, located at w45� at either side of the bulk shear
plane (normal to Z0) show similar pattern to main slip directions in
quartz at high temperature, i.e. c-axis (see Schmid and Casey, 1986).
CPO patterns in relation to f{01�12}C10�11D are poorly developed.

Planes r{10�14} and f{01�12} define minor and great-circle girdles
that centre around the main slip direction in C02�21D and are
symmetric with respect to it. In inverse pole figures, the orientation
patterns of the directions parallel and perpendicular to the shape
fabric are also typical examples of extension and shortening
directions. The Z direction is not well developed in either EBSD map
2 or in map 3 (Fig. 6).

4. Analysis of strain

4.1. Bulk strain

The specimen sf10 was initially the thinnest slice of Solnhofen
limestone tested and hence reached the highest bulk strain of all
direct shear experiments run successfully (Table 1). The existence
of measurable thinning of the limestone slice in direct shear tests
implies that the experimental deformation was not strictly in plane
strain conditions. In specimen sf10, bulk finite thinning measured is
about 12%. This is consistent with the lengthening of the specimen
along the profile section, which was estimated from Fig. 5 to be
6.7%, the reminder of the thinning being compensated by lateral
extrusion normal to the plane of observations.

Finite strain associated with the shape fabric can therefore be
considered to comprise two components that probably developed
simultaneously: a coaxial (irrotational) component related to the
thinning of the limestone slice, and a non-coaxial (rotational)
component related to the shear produced by the relative lateral
movement of the forcing blocks (Fig. 7). The observed grain shape
variations imply variations of up to �10 in the amount of strain
within and without the localized shear zones. These two strain
components are considered below.

4.2. Orthogonal thinning strain component

From the orientation of the finite shape fabric alone it is not
possible to determine the relative contributions of both shear and
flattening components at any one part of the traverse across the
width of the specimen. It is, however, helpful to make certain
inferences about the nature of the contribution of the less domi-
nant component overall, which is the thinning component. There
are two possibilities; the first would be to assume that shortening is
homogeneous across the specimen slice, and the second that it is
heterogeneous (by analogy to numerical modeling of transpression
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in shear zones, Robin and Cruden, 1994). The observed lack of slip
along the limestone–sandstone interface rules out homogeneous
shortening completely. Thinning strain 3Y0

must be zero at the
interface and may reach a maximum in the middle of the specimen.
To characterize the gradient of the thinning (and concomitant
lateral extension) across the limestone slice, we used as a proxy the
extrusion profiles obtained from axisymmetric compression tests
on short cylinders of Solnhofen limestone, deformed at similar
conditions (Llana-Fúnez and Rutter, 2005). Based on the latter
study, and having measured the initial and final thicknesses of the
specimen slices, the simplest assumption we can make is that the
distribution of radial extensional strain will be the same in the
direct shear tests, and also that it would be isotropic in this plane. In
this way we have made a best-estimate of the distribution of strain
3Y0

across the slice (Fig. 8). Fig. 8b shows that in the case of the
direct shear tests, the maximum shortening strain in the middle of
the specimen would have reached almost 20%, decreasing
progressively to zero at both interfaces with the forcing blocks.
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4.3. Rotational strain component

The angle of the shape fabric in the calcite rock with respect to
the limestone–sandstone interface was measured in specimen sf10
in a series of traverses across the deformed slice (Fig. 5). It did not
prove feasible systematically to measure grain axial ratios owing to
the development of undulating and pinched grain boundaries in
the more highly strained grains. If the deformation were only by
simple shear the grain long axis orientation could be related
directly to distortional strain. In these experiments the deformation
is demonstrably more complex than this, on account of the
superimposed thinning strain. However, it is qualitatively clear
(Fig. 5) that the more rotated grain long axes tend to belong to the
more highly strained grains, therefore we can use grain long axis
orientation as a qualitative index of the amount of distortional
strain by shearing.

The orientation of the long axes of the calcite grains in all these
traverses is shown in Fig. 9. A polynomial fit of fourth degree was
applied to the raw data to describe quantitatively the variation in
orientation. The maximum angle of the shape fabric with respect to
the sandstone–limestone interface is 35–40� decreasing to about
10–15� in the high-strain areas. There is a marked angular
maximum in the central section of the specimen, where the long
axis angle is 30� 5�.

The pattern of development of orientation of strain ellipsoid long
axes and finite strain ellipsoid shape when two homogeneous strain
fields are superimposed depends on the order of superimposition,
and the situation becomes more complex still when the super-
imposed strain fields are heterogeneous (Ramsay and Huber, 1983).
For example, a given amount of simple shear followed by a given
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amount of flattening normal to the shear plane produces a finite
strain ellipsoid whose shape is more flattened and whose long axis is
more rotated towards the shear direction than when the flattening is
applied first followed by the shearing. When a heterogeneous flat-
tening of the type expected in these Solnhofen limestone slices is
combined with homogeneous simple shear, irrespective of the order
of imposition of the strains, a single sigmoidal shear zone should be
produced in the centre of the slice, with maximum finite strain and
maximum rotation of the ellipsoid long axis towards the shear
direction in the middle of the slice. The order of imposition of the
strains only affects the details of the shapes and orientations of the
long axes, not the overall pattern expected, but these considerations
mean that we cannot separate the progressive simple shear
components from the heterogeneous flattening components by
means of analysis of the finite shapes of grains. Further complexity
arises from the need to consider the compatibility of the layer-
parallel extensional strains across the width of the layer. On the
other hand, because the overall amount of thinning of the slice and
the apparent total shear offset are known from direct measurements
(Fig. 7), we can deduce these to be, respectively, a bulk thinning of
12% and a bulk shear strain, g, of 2.7 in specimen sf10, for example.

The occurrence of a strain minimum in the central region of the
limestone slice, rather than a maximum that might be expected,
suggests that the strain heterogeneity arises from rheological
inhomogeneity, i.e. the low finite strain tract is stronger than the
tracts on either side, so that only smaller shear strains can accu-
mulate there.

4.4. Distribution of strain and relation to CPO

The geometry of the orientation distribution of the long axes of
grains and the correlation with degree of grain flattening allow two
planar domains of high-shear strain to be defined in a typical
specimen, with a central zone of lower shear strain in which
thinning strain is expected to be maximized, by analogy with the
results reported by Llana-Fúnez and Rutter (2005). This arrange-
ment of coaxial and non-coaxial strain and the progressive switch
in deformation geometry is also reflected in the geometry of CPO
patterns (Fig. 6). In map 1, located in the middle of the specimen, c-
axes show a pattern characterized by a great-circle girdle following
approximately the shape fabric and two small-circle girdles
centered on the location of the local shortening direction. This
geometry resembles the CPO patterns in Solnhofen limestone
undergoing flattening in axisymmetric shortening experiments
(Llana-Fúnez and Rutter, 2005). Towards the high-strain bands
(map 4), there is a progressive disappearance of the single great-
circle girdle centered on the compression axis and a strengthening
of double small-circle girdles (cleft girdles) centered on the local
extension direction X1. There is an additional increase in the
asymmetry of C02�21D direction patterns (corresponding to
predominant slip direction along r planes) in maps 2 and 3 (where
shear strain is highest). The development of cleft girdles around the
extension direction and the increase of asymmetry suggest
a predominant role of the extension direction in non-coaxial
deformation, matching what is inferred from the analysis of the
shape fabric.

5. Evolution of strain and rheological behaviour

In a material of simple rheology, deformation occurs at constant
stress, constant strain rate and constant temperature, and the
rheological properties do not evolve with strain. However, Sol-
nhofen limestone at 600 �C displays significant strain hardening.
Fig. 3 shows stress/strain curves for short cylinders of Solnhofen
limestone (from Llana-Fúnez and Rutter, 2005). During 50% short-
ening, apparent strength increases almost twofold and is
particularly rapid in the early post-yield stages. Even long cylinders
show substantial rates of strain hardening (Fig. 3) during the first
10% of strain. Short cylinders show apparent hardening not only
due to CPO development and the evolution of dislocation
substructure, but also due to the twofold increase in strain rate that
accompanies shortening at constant bulk displacement rate and the
marked heterogeneity of the flow that is forced by the geometry of
the thin specimen (Fig. 8). At 600 �C, Solnhofen limestone is also
characterized by a very non-linear stress/strain rate relationship
(power-law with a stress exponent of ca 5, Schmid et al., 1987). This
means that small changes in stress (at a given strain) produce large
changes in strain rate. We therefore suggest that the development
of two separate shear zones separated by a zone of low shear strain
in these experiments can be explained through the effects of the
heterogeneous strain on rheology through strain and strain rate
hardening.

Fig. 10 shows qualitatively that in the central part of the spec-
imen, owing to its inhomogeneity, the flattening strain may be
commensurate with the rotational shear component, whereas
towards the edges the shearing strain dominates. The hardening
associated with the higher thinning strain in the centre likely
inhibited the development of shear strain in that region, forcing the
shear strain to localize closer to the forcing blocks into two separate
bands. The most extreme manifestation of such an effect would be
if the flattening strain were imposed first, producing maximum
strength variation across the thickness of the slice, followed by the
shearing displacements. In reality, increments of flattening and
shearing probably proceed together. The ways in which strain is
partitioned into the shear zones and into producing the flattening
profile will then be sensitive to the relative rates of hardening
produced in the two flow modes, but comparing Figs. 2 and 3
implies that the flattening strain produces more rapid hardening.
This will be influenced further by the progressive development of
plastic anisotropy through the formation of different CPOs, but this
will additionally complicate the strain evolution by permitting
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stress refraction, so that local strain rate variations will develop
depending both on hardening evolution and development of local
variations in stress intensity. That hardening also progressively
develops in the areas dominated by rotational strain is testified by
the observed tendency for the strongly sheared bands to widen
towards the centre of the specimen as shear displacement
increases.

To illustrate the development of paired shear zones in a strain
hardening material approximating to Solnhofen limestone we
carried out a simple numerical simulation of incremental shear
parallel to the layer with intercalated increments of flattening
strain normal to the layer, corresponding to the situation in the
central part of the specimen from which the measurements for
Fig. 5 were made. The result is shown in Fig. 11. The layer was
divided into 20 slices of equal thickness. The rate of thinning in
each slice was made to vary linearly, from zero at the margins of the
layer to a maximum in the centre, such that overall thinning during
the shearing was 10%, to correspond to specimen sf10, with
a maximum thinning in the central slices of 17%. Based on strain
hardening data for the compression of thin cylinders of Solnhofen
limestone (Fig. 3), this causes almost twofold strain hardening
relative to the yield stress. Total shear displacement for the layer
was divided into 25 increments, with small shear and flattening
increments being applied alternately. The reduction of shear strain
rate with incremental hardening caused by the flattening strain was
calculated assuming a power-law rheology with a stress exponent
of 5. A total bulk shear strain of 1.83 was applied (broadly compa-
rable to specimen sf10), and this led to a maximum shear strain in
the outermost layers of 3.9. For simplicity, no allowance was made
for compatibility of extensional strains between the layers. This
means that the layers are not mechanically coupled. However,
because the flattening is axisymmetric in the central part of the
specimen, the difference in layer-parallel extensional strain
between layers is less than 1%. Therefore this assumption is not
expected to have a marked effect on the local strain magnitudes
and orientations.

The computed strain pattern (Fig. 11) reproduces quite well the
main features of the experimentally produced pattern (Figs. 4 and
5), in terms of the orientations of the principal strains and their
magnitudes, and supports the interpretation proposed above to
Fig. 11. Simulation of the production of paired shear bands as a result of strain
hardening arising from coaxial flattening strain normal to the specimen slice being
greatest in the middle zone of the specimen. Ellipses show the orientation and
magnitude of local strains. The specimen is divided into 20 parallel slices, each orig-
inally the same thickness. Total thinning of the layer is 10% and bulk shear
strain¼ 1.83. Maximum shear strain¼ 3.9. The middle layers are thinned by 17%,
resulting in local strain hardening by �x2, in approximate correspondence with data
shown in Fig. 3. Strain rate reduction in the middle layers corresponds to a power- law
rheology with stress exponent of 5.
explain the formation of paired shear bands. The local reduction in
shear strain immediately adjacent to the forcing blocks is not
reproduced, however. We suspect that in the experiments this
arises from local hardening effects associated with the irregular
form of the surfaces of the forcing blocks at the grain scale (Fig. 4a)
and the requirement for the outermost calcite grains to deform to
infill the surficial irregularities when confining pressure is applied.
Also, the model predicts a rotation of the principal strains in the
centre of the slice towards normality and parallelism with the
length of the slice, as the thinning strains dominate in the middle.
This should cause a small local increase in the shape preferred
orientation (SPO) angle on Fig. 9 in the centre of the slice, super-
imposed on the minimum observed. Such an increase is not
resolved on the data, perhaps because of the angular spread of the
data coupled with the difficulty of sketching the grain long axes
when the local grain shape aspect ratio is close to unity.

6. Relevance of direct shear experiments for natural
deformation

Unlike the torsion test, the direct shear test as used in triaxial
testing machines has stress boundary conditions. Before load is
applied, there is no difference in stress between the hydraulic
confining pressure applied radially to the elliptical specimen and
the stress normal to the plane of the specimen. As differential load
is applied, the stress normal to the specimen plane increases in
proportion to the shear stress resolved along the plane of the
sample. The limited lateral extent of the specimen allows material
to be extruded laterally. In nature, the classical shear zone is
inferred to have (a) undeformed wall rocks and (b) a large lateral
extent in the plane of the shear zone relative to its thickness, so that
lateral extrusion is prevented. These conditions mean that simple
shear alone, or simple shear plus shortening normal to the shear
zone accompanied by compensating volume loss are the only
possible strain pathways (Ramsay and Graham, 1970).

It seems likely that only in special circumstances will geological
situations arise in nature that are directly comparable to the
experiments described here, and which might by implication give
rise to comparable structures. The main requirement is the pres-
ence of a region where ‘‘sheared’’ rock can be extruded to. A
possible scenario might arise at great depth in a migmatite
complex, where the conditions of laterally infinite extent of a shear
zone may be relaxed where partially molten regions bearing shear
zones are bounded laterally by melt bodies. The evolution of
hardness within a shear zone can in such circumstances be deter-
mined by movements and segregations that cause variations in
melt fraction and hence strength.

Another scenario is that of crustal transpression zones. That is,
subvertical or inclined strike-slip faults and/or shear zones, where
the shear zone core may be extruded vertically or towards the
foreland (Sanderson and Marchini, 1984; Robin and Cruden, 1994;
Jones et al., 1997; Dewey et al., 1998). Compare also the kind of
scenario envisaged for mid-crustal extrusion in the Himalayan
orogen (Beaumont et al., 2002). Dewey et al. (1998) show that
different patterns of superposition of flattening and shear strain,
and hence different fabric patterns can develop in transpression
zones, according to how strains are superimposed, with fabric
patterns varying not only across a transpression zone but also along
it, as the amount of extrusion-associated transport varies. One of
their suggested fabric patterns (their Fig. 6c) is very similar in form
to that which we report here, although Dewey et al. (1998) consider
only finite strain superpositions and not how they may be influ-
enced by evolving rheological behaviour. In the context of strain
variation along a transpression zone, it should be noted that the
observations we describe were made in the centre of the specimen
slice, from where the extrusion flow diverges and hence where the
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flattening strain remains closest to irrotational (e.g. Llana-Fúnez
and Rutter, 2005). On either side of the point of flow divergence,
progressively greater shearing strains develop by viscous drag
adjacent to the margins of the specimen slice. Hence the detailed
pattern of strain superimposition should vary along the edge of the
specimen, differently in either direction away from the divergence
point because in one direction the boundary-parallel shear strains
are co-operative whilst in the opposite direction they are coun-
teractive. We have presently not attempted to study such varia-
tions. These effects are not immediately apparent in the observed
fabric orientation patterns (Fig. 6), perhaps because in these
experiments flattening strains are dominated by the much larger
superimposed shear strain components.

A commonly observed pattern of heterogeneous strain in nature
is in a multilayer in which schistosity refracts between layers of
contrasting amounts of deformation. These have been studied from
the theoretical point of view (Treagus, 1981, 1988, 1993) and also
experimentally using analogue models (Treagus and Sokoutis,
1992). In these models, strain localization is related to stress
amplification generated due to the boundary conditions and the
difference in effective viscosity, or competence contrast, between
competent sandstone and incompetent shale layers (viscosity
ratios up to 62 times). The scale and range of the stress amplifica-
tion in high-stress areas to be expected depend on the rheology of
the weak layer, its thickness and the mechanical contrast with the
stiffer layers. In these models, linear and power-law rheologies
were assumed for adjacent layers, with material properties
remaining constant with time and/or strain. Similar structural
features developed as in our experiments, although in our case the
effective development of rheological layering is attributable to
strain dependence of the rheology coupled with substantial non-
linearity, rather than to lithologic contrasts or effects arising from
metamorphic or chemical changes.

Finally, paired high-strain shear zones have recently been
described on either side of aplite dykes intruded into granodiorites
in the European Alps by Mancktelow and Pennacchioni (2005).
Coaxial low-strain concentrates in the granodiorites, that only
develop shows substantial shearing in the vicinity of the contact
with stronger aplite dykes or alteration haloes around veins. Note
that the relative arrangement of strong versus weak materials is
opposite to that in our experiments. The stronger and stiffer rock,
the aplite, has a tabular shape and it is embedded in the more
deformable granodiorite. Elastic properties for both materials
(aplite and granodiorite) are similar, since late fracturing cuts
across the aplite–granodiorite contact without deviation. It is only
under amphibolite facies conditions that both rocks differ in
effective viscosity and Pennacchioni and Mancktelow (2007)
argued that this is the explanation for the observed strain
concentration close to a boundary between two distinct rheologies.

7. Conclusions

Thin slices of dry Solnhofen limestone were deformed experi-
mentally in the direct shear geometry in a triaxial testing machine
at 600 �C, 200 MPa confining pressure at a bulk shear strain rate of
w5�10�3 s�1 between rigid forcing blocks. The development of
paired zones of high-shear strain parallel to the specimen boundary
was observed, with a central zone of low shear strain. Electron
backscatter diffraction was used to quantify the patterns of CPO
development within and without the localized high-strain zones.
CPO development was consistent with a large non-coaxial (shear)
strain component in the shear zones and a dominantly flattening
deformation with radial extension in the central, low-strain zone.

The strain distribution was interpreted in terms of superimpo-
sition of a heterogeneous strain due to flattening normal to the
plane of the sample plus a shearing deformation parallel to the
planar boundaries of the sample. Flattening deformation with
associated lateral extrusion was possible owing to the limited
lateral extent of the sample, despite its thinness. The flattening
strain was zero adjacent to the forcing blocks, rising to a maximum
in the centre of the specimen.

The inhibition of the development of a high-shear strain in the
central part of the sample is attributed to the strain hardening that
accompanies the enhanced flattening strain developed in the
central region. A small amount of strain hardening can be very
effective in this respect, owing to the markedly non-linear rheology
of Solnhofen limestone under the conditions of temperature and
strain rate imposed. Where the flattening strain is low, close to the
edges of the limestone slice, there is insufficient strain hardening to
prevent the non-coaxial deformation from dominating. This inter-
pretation of the origin of paired shear bands in these experiments
was supported by a numerical simulation that reproduced the main
features of the strain distribution in the experimental samples.

Complex strain patterns are known to be able to be produced
through different types of strain paths developed in spatially
distinct parts of zones of crustal transpression. This study shows
that these forms of complexity may be further compounded by
taking into account rheological variations that may arise with
strain.

In a natural shear zone of sufficiently great lateral extent away
from free boundary surfaces so that deformation by simple shear is
predominant, or in a material displaying no dependence of flow
stress on strain, and/or in a material of more linearly viscous
rheology, this type of strain partitioning would not be expected.
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