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Abstract A polycrystalline aggregate of anhydrite was
deformed in torsion to a maximum shear strain of
8.1 at 700°C and a maximum shear strain rate of
5x107 s7l. The crystallographic preferred orientation
(CPO or texture) was investigated as a function of
shear strain/shear strain rate in a radial profile from
the centre to the edge of the sample. A deformation
texture developed at shear strains of 1.5-2 (cor-
responding to shear strain rates of 1 to 1.3x1073 s7)
and reached a stable position relative to the kinematic
frame at a shear strain of 3.7 (2.3x10 s7!). Further
shear strain only led to a small increase in texture
strength but no change in the orientation relative to
the kinematic frame. The CPO is very similar to natu-
rally observed textures and can be explained by the
activity of the {001}<010> and {012}<121> slip systems.
Although independent mechanical data indicate that a
change of mechanism from dislocation- to diffusion-
controlled creep occurred at a shear strain of approx-
imately 1.5, the texture does not weaken, but rather
increases, in strength with higher shear strains.
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Introduction

Anhydrite (CaSOy,) is an important mineral in sed-
imentary sequences of the upper crust. During defor-
mation, anhydrite-rich layers frequently form the
weakest member of the sequence and accommodate
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the highest strains (e.g. Jordan and Niiesch 1989; Mar-
coux et al. 1987; Miiller and Briegel 1980). The devel-
opment of crystallographic preferred orientation
(CPO or texture) of anhydrite is therefore of interest
for the interpretation of the deformation fabrics in
these rocks. The following intracrystalline deformation
mechanisms have been recognized that may contribute
to the development of a CPO in polycrystalline anhy-
drite (Miigge 1889; Ramez 1976b):

1. Translation glide on {001}<010>;

2. Translation glide on {012}<121>; for this system the
positive sense of slip (towards <001>) would be
more favourable, e.g. for (012) the [121] direction;

3. Twinning on the {101} planes; due to the relatively
small shear involved (12.5°), twinning cannot
accommodate large strains but causes a relatively
large reorientation of the crystal lattice (a rotation
of 83.5° approximately [001]; Klassen-Neklyudova
1964). Under experimental conditions twinning
appears to be of significance only at temperatures
between 300 and 600 °C (Dell’Angelo and Olgaard
1995).

Studies of the texture in naturally deformed anhy-
drite rocks have yielded in most cases a uniform type
of CPO, showing a preferential alignment of the {001}
planes subparallel to the foliation and <010> parallel to
the lineation (Schwerdtner 1970; Mainprice et al. 1993).
In shear deformation environments an alignment of
{001} and <010> was found with the shear plane and
shear direction, respectively (Jordan et al. 1990; Jordan
1992). This CPO is consistent with dominant slip on
the {001}<010> slip system. The texture analysis of an
evaporite diapir consisting of coarse-grained anhydrite
by Mainprice et al. (1993) yielded a CPO which was
also consistent with slip on {012}<121>.

The texture development of anhydrite during defor-
mation in axial compression has been investigated in
numerous experimental studies (Dell’Angelo and
Olgaard 1995; Miiller and Siemes 1974; Miiller et al.
1981; Ramez 1976a) and correlated with different



deformation mechanisms. For deformations at low
temperatures, an alignment of the compression axis
with the <100> axis was generally observed, which
was interpreted to be due mainly to twinning on the
{101} planes. Increasing temperature suppressed twin-
ning and by enhancing intracrystalline glide on the
slip systems caused a preferred orientation of the
<001> directions parallel to the compression axis. At
low stresses, slow strain rates and small grain sizes,
diffusion creep accompanied by grain-boundary sliding
became the dominant mechanism (Dell’Angelo and
Olgaard 1995) and no texture developed. Lattice pre-
ferred orientations of anhydrite were also examined in
deformation experiments with two-phase mixtures (an-
hydrite-halite by Ross et al. 1987, and anhydrite—cal-
cite by Bruhn and Casey 1997). In both cases the
CPOs of anhydrite did not deviate significantly (in
strength or pattern) from the textures in single-phase
experiments in axial compression.

In the present study we deformed a polycrystalline
aggregate of anhydrite in simple shear to high shear
strains using the torsion testing technique (Paterson
and Olgaard 2000). A sample deformed in torsion
exhibits a gradient of strain from the centre of rota-
tion (theoretically zero shear strain) to the outer edge
of the sample (maximum strain and strain rate).
Therefore, it is possible to follow the texture devel-
opment as a function of these two parameters within
one sample. Due to the intrinsic heterogeneity in a
torsion sample, it is, however, necessary to probe the
texture with a high-resolution technique. This was
achieved here by employing a small synchrotron X-ray
beam (30-um diameter) to perform diffraction exper-
iments in transmission geometry.

Experimental methods
Sample

A polycrystalline aggregate of anhydrite was deformed
at 700°C and a confining pressure of 300 MPa in tor-
sion to a shear strain of 8.1 at a shear strain rate of
5%1073 s7! (both measured at the outer edge of the
sample). The development of the maximum stress in
the course of the torsion test is displayed in the stress—
strain curve for this sample (Fig. 1; Stretton and
Olgaard 1997). It shows a peak strength at a shear
strain of 1, followed by a softening of the material up
to shear strain of 3 and a constant flow stress up to a
shear strain of 8. The strain softening was shown to be
accompanied by grain-size reduction and independent
strain-rate stepping tests demonstrated a change in
dominant deformation mechanism from dislocation
(stress exponent of >3) to diffusion (stress exponent
of 1) controlled creep (Stretton and Olgaard 1997).
This reduction in grain size can be seen in a section
cut radially through a sample used in the strain-rate
stepping tests (Fig. 2). At the outer edge of the sam-
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Fig. 1 Stress—strain curve for the investigated sample. The stress
refers to the maximum stress at the outer edge of the sample

Fig. 2 Optical micrographs of the sample at low strain (a, y~1)
and high strain (b, y~7). Note the reduction in grain size with
increasing strain; radial section perpendicular to shear plane
(horizontal) and the shear direction; crossed polarizers



Fig. 3 Optical micrograph of the investigated sample; section is
perpendicular to the radial direction, shear plane is horizontal,
and shear sense is indicated. Note the grain elongation oblique
to the shear plane at an angle of approximately 25° crossed
polarizers

ple used for texture analysis, the most highly strained
part, the grain fabric in the tangential section shows
an elongation oblique to the shear plane (Fig. 3). The

Fig. 4 2 profile extracted

mean grain elongation is approximately 20-30° rotated
against the shear sense from the shear direction.

Texture analysis

The texture analysis was carried out at the Microfocus
beamline of the European Synchrotron Radiation
Facility (Riekel et al. 1992). For the measurement we
employed a monochromatic (1=0.782 A ) synchrotron
X-ray beam in combination with a two-dimensional
CCD detector. The sample was prepared as a polished
slab of approximately 100-pm thickness and measured
in transmission geometry. With the two-dimensional
detector the intensity variations along Debye-Scherrer
diffraction rings, i.e. the deviations from the ideal
powder, were utilized to determine the CPO. The syn-
chrotron X-ray beam was focused down to a size of
30 um, giving sufficient spatial resolution at high
intensity. With the two-dimensional CCD detector
numerous different diffraction rings could be recorded
simultaneously (Fig. 4). Each diffraction ring is gener-
ated by lattice planes lying on a small circle with
opening angle 90- around the incoming beam. By
rotating the sample around a single axis, a partial pole
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figure can be constructed. The sample was rotated
perpendicular to the beam up to +62.5° leading to a
lateral width of the measured volume of approx-
imately 200 pm. The measured volume was therefore
30x200x100 pm. In the experimental setup the direc-
tion with diminished spatial resolution (200 um) was
aligned perpendicular to the strain gradient (i.e. the
radius of the sample).

The details of this texture analysis method are
described in Heidelbach et al. (1999). Herein we
present just one example on how the analysis was car-
ried out at each measurement point. Partial pole fig-
ures of the following 16 lattice planes were derived
from the diffraction experiment (Fig. 5): {111}; {020}+
{002}; {200}; {022}; {220}+{202}; {212}+{103}; {131};
{301}; {230}+{123}; {040}+{004} and {232}. All 11 pole
figures (5 of them overlapped) were used in the calcu-
lation of the orientation distribution function (ODF),
which gives the complete texture information of the
measured volume. The calculation of the ODF was
carried out with the iterative WIMYV algorithm as it is
implemented in the texture package BEARTEX
(Wenk et al. 1998). The ODF was then smoothed with
a Gaussian function of 10° FWHM (full width half
maximum) in order to even out effects from the vary-
ing grain size in the different areas of the sample.
From the ODF complete pole figures were recalcu-
lated and overlapped pole figures could be separated
according to the structure factors of the different lat-
tice planes. The crystallographic setting for the ortho-
rhombic anhydrite was chosen such that lal=6.23 A,
Ibl=6.991 A and, =6.996 A . This deviates from the set-
ting often found in the mineralogy literature, but it is
the convention used in all previous papers about tex-
tures in anhydrite, so we chose it to facilitate the com-

Fig. 5 Incomplete experimen-
tal pole figures. The projection
(equal area, lower hemi-
sphere) is onto the shear
plane, the shear direction is
oriented N-S, shear sense is
top to the south; mrd = multi-
ples of random distribution

(111)

(220)+(202)

(230)+(123)

{020)+(002)

(212)+(103)

(040)+{004)

121

parison with other articles. The lattice parameters b
and c¢ of anhydrite are extremely close (6.991 and
6.999A); therefore, all measured lattice reflections
{hkl} with k+#1 were a combination of {hkl} and {hlk}.
In most cases, however, the structure factor of one of
the two lattice planes is much stronger than that of its
counterpart. A separation of the pole figures was
therefore carried out only if both {hkl} and {hlk} had
comparable intensities (within a factor of 20). The
recalculated pole figures (Fig. 6) are all consistent
with each other and reproduce the main features of
the experimental pole figures. In Fig. 7 the contribu-
tions to the overlapped pole figures are shown sep-
arated; particularly it should be noted that the pole
figures of {020} and {002} exhibit clearly distinct orien-
tation patterns.

The crystallographic preferred orientation was
measured at distances of 0.4, 0.9, 1.4, 1.9, 2.4, 3.4, 4.4,
54, 6.4 and 7.4 mm from the centre of the deformed
cylinder, corresponding to shear strains of 0.44, 0.99,
1.54, 2.09, 2.64, 3.74, 4.84, 5.94, 7.04 and 8.14. The tex-
ture of a hot-pressed sample (i.e. the starting material)
was also measured for comparison. In the figures
below it is displayed under y =O0.

Results

The results of the texture analysis are displayed in
Figs. 8, 9, 10 and 11, which show the preferred align-
ment of {002}, {020}, {012} and <121> as a function of
increasing shear strain. The hot-pressed sample (y=0)
exhibits no discernible texture. In the deformed sam-
ple, measurements close to the centre also do not
reveal any clear preferred orientation. A texture pat-
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Fig. 6 Complete pole figures,

recalculated from the orienta- CALLy (020)+(002) (200) (022)
tion distribution function. The
projection (equal area, lower
hemisphere) is onto the shear 720 mx.
plane, the shear direction is
oriented N-S, shear sense is
top to the south
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Fig. 7 Separated recalculated
pole figures (compare with
Fig. 5). Orientation and
projection are the same as in
Fig. 5

tern arises at shear strains of 1.5-2 (corresponding to
strain rates of 1 and 1.3x107 s, respectively). It
reaches a stable position relative to the kinematic
frame at a shear strain of 3.74 (strain rate 2.3x107
s7!). The texture is marked by a maximum of normals
of the {002} planes at 10-15° to the normal of the
shear plane rotated against the shear sense (Fig. 8).
The normals of the {020} planes (Fig. 9) form a girdle
which lies at an angle of 10-15° relative to the shear
plane rotated against the shear sense. The girdle has a
maximum close to the shear direction. The normals to
the {012} planes (Fig. 10) display a double maximum,
one of which is almost parallel to the shear plane nor-
mal, whereas the other is rotated approximately 40°
away from it against the sense of shear. Similarly, the
<121> directions form a double maximum on both
sides of the shear direction (Fig. 11). In the outer part
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of the sample, where the accommodated shear strains
and shear strain rates are the highest, the CPO dis-
plays only a slight sharpening and a small increase in
strength of the same texture.

Discussion

For both slip systems the glide planes ({001} and {012};
Figs. 8, 10) are in a position close to the macroscopic
shear plane of the experimental setup, i.e. in an orien-
tation with high resolved shear stress. Also the glide
directions of the two slip systems (<010> and <121>;
Figs. 9, 11) show an approximate alignment with the
macroscopic shear direction. Both slip systems are
therefore aligned close to the so-called easy slip posi-
tion, which maximizes the resolved shear stress on the



Fig. 8 Pole figures of {002} as
a function of shear strain. The
shear plane is horizontal and
perpendicular to the surface of
the page, the dextral shear
sense is indicated; lower hemi-
sphere, equal area projection

.
: ..“
=3
.@

Fig. 9 Pole figures of {020} as
a function of shear strain. The
shear plane is horizontal and
perpendicular to the surface of
the page, the dextral shear
sense is indicated; lower hemi-
sphere, equal area projection

slip system, indicating that both intracrystalline slip
systems were active during deformation. Both slip sys-
tems start to show significant alignment in the
described orientations at a shear strain of approx-
imately 2 (Figs. 8, 9, 10, 11). The higher intensities for
the {002} and {020} pole figures in comparison the the
pole figures of {012} and <121> are simply due to the
higher multiplicity of the latter in the orthorhombic
crystal structure and are therefore not indicative of a
stronger alignment of one slip system relative to the
other. Due to the lack of simulation of texture devel-
opment in this material with models of polycrystal
plasticity (e.g. Kocks et al. 1998), a more quantitative
approach to an interpretation of this texture is not
possible presently.
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Comparison with naturally occurring anhydrite
textures

The observed texture pattern corresponds well with
preferred lattice orientations encountered in natural
anhydrite mylonites. It is clearly oblique to the kine-
matic reference frame (approximately 10-15° against
the sense of shear). Relative to the long axes of the
ellipsoidal grains (Fig. 3), however, the texture pattern
appears to be rotated approximately 10-15° with the
sense of shear. A similar obliqueness of the texture is
observed in the studies by Jordan et al. (1990) and
Mainprice et al. (1993) indicating that their reference
frame for the texture analysis may have been related
to the grain fabric and not to the kinematic frame-
work. A clear difference to the CPOs shown by Main-
price et al. (1993) lies in the {002} and {020} pole fig-
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Fig. 10 Pole figures of {012}
as a function of shear strain.
The shear plane is horizontal
and perpendicular to the sur-
face of the page, the dextral
shear sense is indicated; lower
hemisphere, equal area
projection

Fig. 11 Stereographic
projection of <121> as a func-
tion of shear strain. The shear
plane is horizontal and per-
pendicular to the surface of
the page, the dextral shear
sense is indicated; lower hemi-
sphere, equal area projection

ures. In their study the girdle fabric is displayed by
the {002} pole figure and the {020} pole figure shows a
single maximum, which is the opposite of the CPO in
our case (compare with Figs. 8 and 9). Similar effects
are visible for the {012}<121> slip system. The slip
planes form two isolated maxima, whereas the maxima
of the shear directions are connected by two weak gir-
dles. The reason for this is not clear. A possible expla-
nation would be that some intracrystalline glide
occurred on the {001} planes in a direction different
from <010>.
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Correlation with the experimental stress—strain curve

The shape of the stress—strain curve in Fig. 1 describes
the mechanical behaviour of the outermost radius of
the sample. The shear strain and hence shear strain
rate decrease linearly towards the axis of the sample
cylinder. The variation of the shear strain rate spans
approximately one order of magnitude from 2.7x10*
s' at y=0.44 (close to the centre of the cylinder) to
5x107 s7! at y =8.14 (outer radius of the sample). For
this range of strain rates, the influence of strain rate
on the deformation behaviour is small and does not
induce a change in deformation mechanism (Del-
I’Angelo and Olgaard 1995). When a change in defor-



mation mechanism occurs during a single experiment,
e.g. brought about by grain-size reduction through
dynamic recrystallization (Fig.2), it is possible that
the outer and centre volumes may deform by different
mechanisms. Therefore, the assumption appears rea-
sonable that the textures in different parts of the sam-
ple can be correlated with different stages in the
stress—strain curve and different deformation mech-
anisms.

The first stage of deformation, in which dislocation
creep is the dominant deformation mechanism (up to
a shear strain of 1), seems to have produced relatively
little CPO in the sample. This slow development of a
significant CPO is possibly due to the small radius of
the sample in this area, which causes a more heteroge-
neous microstructure and texture. In our sample a sig-
nificant texture appears to have formed at shear
strains of approximately 1.5-2.6, i.e. during the transi-
tion phase where significant softening occurs and a
grain-size reduction (from 12 to 6 um) by dynamic
recrystallization took place. The grain-size reduction
led to a change in the dominant deformation mech-
anism from dislocation to diffusion-controlled creep.
At higher shear strains (>2.6) the grain size and the
texture remain constant indicating that texture and
microstructure have reached a steady state. It appears
that diffusion-controlled creep, which is the dominant
mechanism in this phase of the deformation, does not
lead to a weakening of the texture.

Similar observations were made by Rutter et al.
(1994) in axial compression and extension experiments
with calcite marbles. They found that a preexisiting
CPO in this material was preserved despite a sub-
sequent deformation in the grain-size sensitive super-
plastic flow regime. In simple shear experiments with
the analogue material norcamphor, Herwegh et al.
(1997) found a steady-state texture and microstructure
forming at high shear strains (y>8). They related this
texture to predominant grain-boundary migration
recrystallization; however, from their experimental
setup mechanical data could not be extracted so that
it is not clear if the samples reached the diffusional
creep regime.

Our results appear to be in contradiction to the
general assumption that materials deformed in diffu-
sion-controlled creep do not develop a significant
CPO (e.g. Karato and Wu 1993). A possible explana-
tion is that our sample already had a texture when it
started to deform in diffusion-controlled creep (similar
to the experiments of Rutter et al. 1994). There is no
obvious reason why diffusion-controlled creep should
obliterate a pre-existing texture in the sample, particu-
larly since the orientation of the external stresses
remained unchanged during the deformation exper-
iment. The results presented here indicate that a CPO
may be preserved or even strengthened during rel-
atively long periods of diffusion-controlled creep.
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Conclusion

The experimentally sheared sample of anhydrite
exhibits a crystallographic preferred orientation that is
very close to textures observed in naturally deformed
anhydrite. The correlation of the texture development
with increasing strain indicates that the formation of
the deformation texture starts at shear strains of
approximately 1.5-2.6. In the stress—strain curve this is
the region where significant softening of the sample is
observed after which a change in deformation mech-
anism from dislocation to diffusion diffusion-con-
trolled creep controlled creep occurs. The position of
the texture relative to the kinematic frame remains
constant up to the maximum shear strain achieved in
the sample. Although diffusion-controlled creep is the
dominant deformation mechanism at higher strains,
the crystallographic preferred orientation was not
weakened but rather increased in strength.
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