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This study discusses the fabric development in naturally sheared quartz aggregates in comparison to
results from texture modeling according to the polycrystalline plasticity theory with particular emphasis
on the formation of a single c-axis maximum. The investigated natural shear zone samples were
deformed at about 650 + 50 °C with increasing strain up to y = 14 and show dynamic recrystallization
microstructures of grain boundary migration recrystallization. Neutron diffraction texture analysis
results in c-axis pole figures with a single maximum at the periphery of the pole figure. This maximum
does not align with the shear plane normal towards higher strain, but rotates towards an inclined
orientation in accordance with the sense of shear. Such a rotation is inconsistent with the single-slip
hypothesis and suggests that the formation of this c-axis pattern is controlled by multi-slip on several
slip systems. Based on the polycrystalline plasticity theory, this quartz fabric can develop if combined
{1011}(1210) {r}<a>, {1011}(1210) {z}<a> and {1011}(1210) prism<a> slip dominates and must not
be related to the commonly proposed (0001)(1210) basal<a> slip. The multi-slip texture development is
in agreement with the shear sense interpretation from the asymmetry between well-defined quartz
fabrics and the foliation. For dominant (0001)(1210) basal<a> slip in quartz and vy > 2, numerical
simulations predict a single peripheral maximum perpendicular to the shear plane and two a-maxima
with a ~30°-inward position parallel to the shear plane. This simulation corresponds to naturally
observed CPO patterns of quartz formed at different deformation conditions and it is in agreement with
the single-slip hypothesis. Hence, our combined natural and numerical data suggest that the single-slip
hypothesis is a possible explanation for a single ¢(0001)-maximum but not universally true.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

simple shear, after shear strains of ¥ > 2, a CPO results which is
comparable to that of a single crystal favorably oriented for slip on the

The development of single quartz c-axis maxima in simple shear
deformation has been controversially discussed between researchers
from texture modeling and those who analyze textures of naturally
and experimentally deformed rocks (e.g. Wenk and Christie, 1991;
Schmid, 1994). The easy or single-slip hypothesis of c-axis orienta-
tions parallel or slightly oblique to the foliation normal was formu-
lated as an explanation for the observed asymmetry between the
orientation of the foliation plane and stretching lineation (interpreted
as orientation of finite elongation) and the crystallographic preferred
orientation (CPO; used synonymous with the term “texture” in this
contribution). According to Bouchez et al. (1983), the hypothesis
proposes that “for homogeneous deformation of a polycrystal in
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easy-glide system (i.e. slip plane parallel to the shear plane, slip
direction parallel to the shear direction)”. The hypothesis is supported
by results from complete texture analysis of naturally and experi-
mentally deformed aggregates of quartz (e.g. Bouchez et al., 1983;
Dell’Angelo and Tullis, 1989; Ralser, 1990) and also other minerals
(e.g. Bouchez and Duval, 1982; Schmid et al, 1987). Underlying
rationale of the hypothesis is that the stable end orientation maxi-
mizes the resolved shear stress on the dominant active slip system
(e.g. Schmid and Casey, 1986). Based on this hypothesis most single
maximum c-axis pole figures of quartz have so far been interpreted to
be formed by dominant slip on a specific glide plane in a specific
crystal direction (slip system), whose activation depends on P-T
conditions, strain rate, the dynamic recrystallization mechanism, etc.
(e.g. Tullis, 2002 for a recent review). Spatial variations of small-scale
CPO patterns in a single shear zone were interpreted on the basis of
the single-slip hypothesis to suggest that several active slip systems in
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fabric domains contribute to the formation of the bulk CPO (e.g. Pauli
et al, 1996; Pennacchioni et al, 2010). However, there are only
empirical concepts backing the hypothesis and no exhaustive phys-
ical theory. In addition, easy-glide failed to be simulated by computer
modeling as a steady state process (e.g. Wenk and Christie, 1991).

The choice of the right external reference system is essential for
a kinematic and also for a mechanistic interpretation of pole
figures. Textures need to be plotted with respect to the shear plane
and the shear direction in order to test whether an orientation
maximum indicative of a slip system remains stable or rotates with
respect to the shear plane. Hence, on the basis of complete orien-
tation data it may be proofed if texture maxima rotate or become
fixed along a deformation path of progressive simple shear that is
for example unclear for quartz (Burg and Laurent, 1978; Lister and
Williams, 1979; Carreras and Garcia Celma, 1982). Recent shear
experiments on quartzite showed that towards higher strain a c-
axis maximum is formed at the periphery of the pole figure, which
rotates away from the shear plane normal in accordance with the
sense of shear (Heilbronner and Tullis, 2006). Strictly speaking,
such a rotation is inconsistent with the single-slip hypothesis
predicting an alignment of the c-axis parallel to the shear plane
normal towards higher strain (e.g. Bouchez et al., 1983).

In order to further illuminate this long-term controversy we will
present the strain-dependent texture development of naturally
deformed quartz bands from a shear zone with known structural
relationships and physical conditions of deformation. Then, we will
compare the measured texture development to both the single-slip
hypothesis and predictions made on the basis of the polycrystalline
plasticity theory. Finally, the influence of dynamic recrystallization
on the formation of single c-axis maxima during shearing will be
discussed in the context of our microstructural results, computer
modeling and texture data from other studies.

2. Investigated samples

The samples come from a shear zone (Fig. 1) that was formed in
polymetamorphic metapelites from the Monte Rosa nappe (Central
Alps, N-Italy). It is part of a network of anastomosing shear zones
where only domains as wide as 10 m are unaffected by Alpine
deformation and preserve a pre-Alpine foliation (Keller et al., 2004,
their Fig. 2a). The new Alpine foliation within central parts of the
shear zone is parallel to the main foliation of the frontal part of the
Monte Rosa nappe and can laterally be traced for several hundreds
of meters (Keller et al., 2004, their Fig. 1c). Together with the
gradual deflection of the pre-Alpine foliation (Fig. 1) there is
a gradual change in mineralogy from the pre-Alpine garnet-biotite-
plagioclase-kyanite schist to a garnet-white-mica-schist in the
Alpine shear zone. Synkinematic metamorphic conditions during

Sample 4
a'=4°
Sample 3
a'=21°
Sample 2
o'=54°
Sample 1
a'=77°

texture formation were about 12.5 kbar and 650 + 50 °C and fluid
present conditions (Keller et al., 2004).

Four samples of the shear zone were analyzed: sample 1
represents the undeformed stage and samples 2, 3 and 4 document
progressive stages during shear deformation (Fig. 1). Concerning
the geometrical relationships between the measured CPOs and the
shear zone geometry we consider the pre-Alpine foliation in the
undeformed wall rock as passive marker plane, which is progres-
sively rotated into parallelism with the shear zone (Fig. 1). The
orientation of the new Alpine foliation in the center of the shear
zone is regarded as reasonable approximation of the orientation of
the shear plane (Fig. 1). The observed stretching lineation is
perpendicular to an axis around which the pre-Alpine foliation is
dragged into parallelism to the shear zone (Keller and Schmid,
2001). This indicates that the strain field of our shear zone is
close to heterogeneous simple shear and the sinistral shear sense is
in accordance with small-scale shear sense indicators (Keller and
Schmid, 2001). For simple shear, the shear strain y at constant
volume may be given by y = cot « — cot a (Ramsay, 1980), where
a is the angle between a passive plane and the shear plane prior to
deformation and «’ is the angle after deformation. Implicit in this
approach is the assumption of constant volume during deforma-
tion. Mass balance considerations related to syn-deformational
metamorphism suggest a volume loss <20% during deformation
(Keller et al., 2004). Thus, strain estimates are considered as upper
limits and the angle «"is regarded as a function of both the shear
strain v and the volume change. Because strain estimates are
affected by large errors resulting from the uncertainties in
measuring small angles, an error range of +3° for «”is assumed
(Fig. 1). Particular at higher strain the uncertainties result in large
errors and strain estimates should be treated with caution.

The investigated pure quartz bands show pinch-and-swell
structures and some boudinage indicating that the quartz bands
are rheologically stronger than the micaceous matrix of the shear
zone. Despite this rheological difference, microscale strain parti-
tioning structures cannot be observed suggesting that both, quartz
bands and matrix, were intensely deformed during Alpine defor-
mation. Furthermore, the strong increase in texture maxima as
presented below shows an increased deformation of the quartz
bands with increasing strain towards the center of the shear zone.
Hence, the deformation of the quartz bands is clearly related to the
Alpine shearing and controlled by the kinematic framework of the
shear zone.

3. Methods

Bulk textures of minerals were measured using the multi-
detector neutron time of flight diffractometer (HIPPO) at the Los
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Fig. 1. Photograph and sketch of the investigated shear zone with locations of the four quartz band samples within the metapelitic host rock. Angles between shear plane and
original respective rotated foliations are indicated as « and o’ and are used to calculate the shear strain of the samples (see text and Fig. 2).
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Fig. 2. Micrographs of the three progressively deformed quartz veins (crossed polar-
izers) from the shear zone shown in Fig. 1. Samples were cut perpendicular to the foli-
ation and parallel to the stretching lineation. Trend of the foliation/lineation is parallel to
the long edge of the image (a and c) and slightly rotated (b) in order to increase the
orientation contrast between the grains. Shear strain vy, shear sense and scale are indi-
cated for the three images. Microstructures of second phase minerals in the host rock are
ignored here. a) Quartz microstructure with an irregular and wide grain size distribution
ranging from large grains in millimeter-scale (porphyroclasts) to small grains of about
100 um (newly recrystallized grains?). The quartz band has a variable width and an
irregular boundary to the main foliation of the host rock. Large grains (stars) show
amoeboid grain shapes with lobate grain boundaries and dissection microstructures as
well as intracrystalline deformation features (e.g. some undulose and patchy extinction).
Small grains (arrows) show equant grain shapes and no internal deformation structures
(sample 2). See text for further explanation and discussion. b) Quartz microstructure
with a more narrow grain size distribution ranging from larger grains of some hundred
micrometer in diameter (relict porphyroclasts?) to small grains of about 100 pm. The
larger grains (stars) show variable sizes, irregular shapes, and boundaries as well as
intracrystalline deformation features (e.g. some patchy extinction and subgrains). Small
grains (arrows) show equant grain shapes and no internal deformation structures.
Quartz band width and boundary to the main foliation of the host rock are quite constant
and straight (sample 3). c) Quartz microstructure with a narrow grain size distribution
similar to b. Large grains tend to be a little more irregular in shape and boundary trend
than small grains. Intracrystalline deformation features are rare. Quartz band width and
boundary to the main foliation of the host rock are quite constant and straight (sample 4).

Alamos Neutron Science Center (Wenk et al., 2003). HIPPO data
were analyzed by Rietveld texture analysis implemented in the
software package MAUD (e.g. Lutterotti et al., 1999; http://www.
ing.unitn.it/ ~maud/). The analyzed samples are cubes of a size of
approximately 0.7 cm® consisting of 4—6 mm thick foliation-
parallel quartz bands of the metapelite. Quartz-rich portions were
selected or when not available were glued together so that at least
60 volume percent quartz with high grain statistics were attained.
Apart from quartz, the samples contain also micas, garnet and
accessory minerals.

4. Microstructures and textures

The deformation microstructures of the foliation-parallel quartz
bands, presumably original quartz veins, are indicative of dynamic
recrystallization of quartz at high metamorphic temperatures
(Fig. 2). With increasing strain towards the shear zone center
dynamic recrystallization is associated with an overall grain size
reduction. The weakly deformed sample 2 consists of large and
irregularly shaped porphyroclasts with lobate grain boundaries and
dissection microstructures (Fig. 2a). Second phase minerals like
mica grains are included in some of these porphyroclasts and do
not pin grain boundaries. The porphyroclast microstructure can be
interpreted as being relic of the host rock and is typical for grain
boundary migration recrystallization (GBM II of Stipp et al., 2002a).
Undulose and patchy extinction within the porphyroclasts, optical
subgrains and recrystallized grains of about the same or a slightly
larger size (~100 pm) may be related to shear zone formation
(Fig. 2a).

At intermediate strain (sample 3, Fig. 2b) the large porphyr-
oclasts with amoeboid grain shape and millimeter-size are not
present. Slightly irregularly shaped grains of a size of a few 100 pm
may be relic porphyroclasts. Some of these grains show poly-
gonization by internal subgrains (Fig. 2b). The latter are of the size
or slightly smaller than the second group of grains in the quartz
band. These fairly equant grains (~100 pm) are presumably
recrystallized by progressive subgrain rotation recrystallization.
Because of the quite continuous grain size distribution it can be
assumed that the once recrystallized grains grew by successive
grain boundary migration recrystallization. Indeed, with increasing
size the grains have a more and more irregular shape with lobate
grain boundaries proving this assumption (Fig. 2b).

The highest strain sample 4 (Fig. 2c) shows a microstructure,
which is very similar to the one of sample 3. Only the large irreg-
ularly shaped grains are further diminished and smaller in size and
there are correspondingly more small and equant grains. Micro-
structural development and grain size distribution of the three
samples suggest that sample 4 is completely or at least nearly
completely recrystallized. Boundaries of the dynamically recrys-
tallized quartz grains are locally pinned by e.g. micas indicating
grain boundary migration hindered by second phase particles
(GBM I of Stipp et al., 2002a). So, it can be concluded that dynamic
recrystallization in the shear zone is charcterized by grain size
reducing subgrain rotation followed by grain boundary migration
recrystallization.

The quartz ¢(0001), a{1120}, m(1010), r(1011}, z(1011) -pole
figures of the four samples are presented in Fig. 3. The undeformed
sample 1 shows a broad and weak maximum of c-axes. This texture
may be inherited from the undeformed host rock. The low strain
sample 2 displays a single girdle c-axis fabric with main maxima
close to the center and a secondary maximum close to the
periphery of the pole figure. Related a-, m-, r-, and z-pole figures of
samples 1 and 2 are in general accordance to the c-axis fabrics, but
very weak and diffuse and therefore not further described here
(Fig. 3). At higher strain (samples 3 and 4) the c-axis CPO develops
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Sample 1 2 3 4
y ~0.0 vy ~0.5 vy ~24 y ~14.07
error ~ +0.08/-0.08 error ~ +0.48/-0.35 error ~ +42.99/-6.1

e
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Fig. 3. ¢(0001), a{1120}, m(1010), r(1011}, z(1011), -pole figures of sheared quartz bands from the shear zone (see Fig. 1). From left to right, the samples show a quartz texture
development with increasing simple shear strain from y = 0 to v = 14. Shear plane is horizontal and shear sense is sinistral in the pole figures; the dashed and the solid lines
indicate the fabric skeleton axis and the foliation, respectively. The rotation angle, 6, of the fabric skeleton axis is given at upper right of the c -pole figures. Shear strain for the three
progressively deformed samples (2, 3, 4) is calculated by assuming an error of +£3° for o’. Pole figures are contoured in intervals of multiples times uniform distribution indicated
below each plot (equal area projection) with magnitude of maximum (CPOp,,x) at lower right. See text for further explanation.
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to an increasingly sharper and stronger peripheral maximum,
which is inclined with respect to the shear plane and shows an
apparent rotation with the sense of shear (Fig. 3). Correspondingly,
the basal plane represented by the a-axis and m-pole figures
rotates with increasing strain and sense of shear. For the interme-
diate strain sample 3, for which the c-axis maximum is approxi-
mately 30° inwards displaced, the a-axis maximum is at the
periphery and the m-pole maximum in a 30°-inclined related
position. In contrast, for the high strain sample 4, for which the c-
axis maximum is at the periphery, the m-pole maximum is at the
periphery and the a-axis maximum in a 30°-inclined related posi-
tion (Fig. 3). The r- and z-pole maxima of sample 3 indicate that the
rhomb planes are nearly parallel and perpendicular to the foliation
(20-30°-rotated). The r-pole figure of sample 4 displays three
maxima, suggesting that one r-plane is subparallel and two are
nearly perpendicular to the foliation, while the z-pole maximum is
subparallel to the stretching lineation.

5. Modeling of crystal preferred orientations

In order to simulate the measured texture development of
quartz we used the code version 7c of the viscoplastic self-
consistent model, which was provided by R. Lebensohn, Los Ala-
mos National Laboratory, USA. The VPSC model (e.g. Molinari et al.,
1987) allows the prediction of CPOs developed under different
deformation conditions. One model assumption is that the grains of
a polycrystal deform by slip only. In the VPSC model each crystal
grain is considered as an inclusion, which only maintains stress
equilibrium and strain compatibility with a “homogenous equiva-
lent medium” whose behavior is identical to the macroscopic
behavior of the polycrystal. In contrast to classical modeling
approaches that impose either strain compatibility (i.e. upper
bound; Taylor, 1938) or stress equilibrium (lower bound; Sachs,
1928) within the polycrystal, the VPSC model allows strain rate
and stress of an individual grain to differ from the corresponding
quantities of the polycrystal.

For our simulations we used an initial aggregate consisting of
2000 randomly oriented grains, which were deformed during 200
steps resulting in a final equivalent shear strain of ¥ = 4. The input
parameters are the slip systems of quartz, their critical resolved
shear stress (CRSS) and strain rate sensitivity (i.e. stress exponent).
Studies on the creep behavior of quartz indicate a low stress
exponent ranging typically between 3 and 4 (e.g. Paterson and
Luan, 1990; Gleason and Tullis, 1995; Hirth et al., 2001). The VPSC
model is not very sensitive to variations in the stress exponent
ranging between 3 and 5. An increase of the stress exponent only
increases the magnitude of the CPO maximum for any given finite
strain. Hence, the stress exponent for all considered 15 slip systems
(i.e.(0001)(1210) basal<a>, {1010}[0001] prism][c], {1011}(1210)
{r}<a>, {1011}(1210) {z}<a>, and {1010}(1210) prism<a>) was
set to 3. As pointed out below, the only sensitive and adjustable
parameter in the VPSC model is therefore the CRSS for the different
slip systems.

Regarding the VPSC concept it should be noted that no stable end
orientation is ever attained because all crystal orientations rotate at
any instant of time and with different rotation rates. Therefore,
texture evolution in terms of the VPSC concept reflects different
rotation rates: fast rotating crystals “catch up” with slow rotating
orientations and together they successively form an increasingly
stronger maximum close to the slow rotating orientation.

6. Modeling results and discussion

Insights into the relation between the orientation of crystallo-
graphic fabrics of quartz and the kinematic framework associated

with progressive simple shear can be obtained by studying the CPO
evolution of quartz in naturally formed shear zones. The CPO
evolution of quartz generally appears to follow either of two trends
(see Lister and Williams, 1979 and references therein): the CPO
remains constant (e.g., Pennacchioni et al., 2010) or it rotates with
respect to the shear plane (e.g., Law et al., 2010). The latter case is
supported by the presented natural samples (Fig. 3) and also by
shear experiments on quartzites (Dell’Angelo and Tullis, 1989;
Heilbronner and Tullis, 2006). In the experiments of Heilbronner
and Tullis (2006), the single c-axis maximum at the periphery of
the pole figure does also not align with the shear plane normal
towards higher strain, but in fact rotates with the sense of shear
towards an inclined orientation in accordance with the sense of
shear. This finding is not consistent with the single-slip hypothesis.
Consequently, an alternative explanation for the observed CPO
development must be found. Taking the large number of reported
slip systems in quartz into account (e.g., Christie et al., 1964; Baéta
and Ashby, 1969; Hobbs et al., 1972; Tullis et al., 1973; Blacic, 1975;
Twiss, 1976; Linker et al., 1984; Hobbs, 1985; Blumenfeld et al.,
1986), it is reasonable to assume that multi-slip on several slip
systems led to the observed CPO development.

In order to test this multi-slip hypothesis, we modeled the
observed texture development during simple shear of a quartz
aggregate using the VPSC model and setting the CRSS of the most
important slip systems to similar values (= model A). Alternatively,
the same modeling approach but with one preferred slip system
accommodating most of the shear strain was used to test if the
single-slip hypothesis is a possible scenario (= model B). In the case
of the presented quartz fabric it is suggested that slip occurred
predominantly along the (0001)(1210) basal < a > slip system. In
that way the consistency of the single-slip hypothesis with the
crystal plasticity theory can be proved.

To simulate the observed texture development we changed the
CRSS during repeated calculation until we obtained good agree-
ment between calculated and observed textures (model A in Fig. 4).
Good agreement was obtained by setting rhomb<a> and
prism<a> as dominant systems (CRSS = 1) and basal<a>
(CRSS = 3) and prism<c> (CRSS = 2) harder. To test the single-slip
hypothesis within the polycrystalline plasticity theory in a second
model (model B in Fig. 4), the chosen CRSS assures that basal<a>
slip (CRSS = 1) is the dominant active slip system in comparison to
the other systems (CRSS = 3). Fig. 4 presents calculated c-axis and
a-axis pole figures of quartz for the models A and B. Fig. 5 shows
a diagram displaying the relative activity of the considered slip
systems and the numbers of activated slip systems.

6.1. Results of Model A

Model A results in c- and a-axis fabrics which correspond to the
natural fabrics at higher strain (y > 2). The peripheral c-axis
maximum rotates with the sense of shear towards an increasingly
sharper maximum that is inclined with the shear plane (Fig. 4). In
addition, the peripheral a-axis maximum develops. Note, that this
maximum is not aligned with the shear direction. {1011}(1210)
{r}<a> slip and {1011}(1210) {z}<a> slip followed
by{1010}(1210) prism<a> slip are the dominant active slip
systems and the number of active slip systems (with activity of
>5%) ranges between 9 and 7 throughout the deformation history
with a decreasing tendency (Fig. 5). Such a behavior is in agreement
with the fact that the deformation occurred at relative high
temperatures of around 650 °C and that at these temperatures and
for geological reasonable strain rates, the {1011}(1210) {r}<a> and
{1010}(1210) prism<a> slip systems are similarily easy to activate
as (0001)(1210) basal<a> slip (Hobbs et al., 1972; Nicolas and
Poirier, 1976; Hobbs, 1985).
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Fig. 4. Two model results (model A and B, see text for further explanation) from viscoplastic self-consistent (VPSC) modeling showing the c(0001)-axis and a{11-20}-axis fabrics of
quartz after a shear strain vy of 1, 2, 3 and 4. Shear plane is horizontal, shear sense is sinistral, the arrow-line shows the orientation of finite elongation and the dashed line indicates
the fabric skeleton axis. The rotation angle ¢ of the fabric skeleton axis is given at the upper right of the c -pole figures. Pole figures are contoured in intervals of multiples times
uniform distribution indicated in the contours’ scale to the right of each plot (equal area projection) with magnitude of maximum (CPO,x) below the pole figures. Lowest contour

level is a dashed line.

6.2. Results of Model B to the shear plane and the alignment of the basal plane parallel to
the shear plane towards higher shear strains with a ~30° inwards

For dominant (0001)(1210) basal<a> slip, VPSC simulations position of the a-axis maxima (Fig. 4). Such a CPO of quartz has been
predict the formation of a peripheral c-axis maximum perpendicular observed for porphyroclastic ribbon grains in the Tonale mylonites
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Fig. 5. Relative activity of the considered slip systems and number of active slip systems from the VPSC models A and B of Fig. 4 plotted versus the shear strain. R-and z-rhomb
<a> and prism <a> slip are dominant in model A, basal <a> slip is dominant in model B (see text for further discussion).

(samples 13-1 and 14-5 of Fig. 6) which dynamically recrystallized
by subgrain rotation recrystallization below 500 °C (Stipp et al.,
2002a). The large ribbon grains in these samples are extremely
elongated in two dimensions with a long to short axis ratio of 20:1 or
even more. This elongation together with the strong texture
suggests a kind of single-slip or easy-glide mechanism on the basal

CIP
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a<110>
131

c[001]

plane for the ribbon grains. Strain compatibility for the ribbon grains
may be maintained by dynamic recrystallization and further defor-
mation of the newly recrystallized grains. The recrystallized grains
show girdle-type fabrics indicative of multi-slip deformation (Fig. 6;
see also Stipp et al, 2002a). Hence, easy or single-slip may be
feasible for ribbon grains in the zone of dominant subgrain rotation

X-ray textures
m(100)

r(101)

Fig. 6. Pole figures from sheared quartz veins of the Tonale line measured by Computer Integrated Polarization microscopy (CIP) and X-ray goniometry measurements (from Stipp
et al,, 2002a). Deformation temperature and dominant dynamic recrystallization mechanism are indicated. Pole figures are shaded in 0.5 intervals up to 4x uniform, magnitudes of
maxima are given below pole figures. Sections are perpendicular to the foliation and parallel to the stretching lineation (XZ sections, with X horizontal); bulk shear sense of samples
is dextral. CIP [c]-axis pole figures relate to recrystallized grains only; 13.1a represents a pole figure of a smaller section representing a more localized texture (fabric domain). X-ray
goniometry results are bulk textures. For samples 13.1 and 14.5, pole figures reflect textures of porphyroclasts (volume proportion of the porphyroclasts is more than 50%), for
sample 21.2 those of recrystallized grains (volume proportion of the recrystallized grains is more than 85%).
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recrystallization and so preferentially lower temperature shearing
than the here presented shear zone samples with GBM micro-
structures. Large porphyroclastic ribbon grains potentially deformed
by easy or single-slip are also characteristic for bulging recrystalli-
zation at even lower temperature deformation (e.g. van Daalen et al.,
1999; Stipp et al., 2002a; Stipp and Kunze, 2008).

Pole figures of shear experiments on ice and norcamphor also
correspond to the modeling results because for both materials the
c-axis tend to align perpendicular to the shear plane towards higher
strain (Bouchez and Duval, 1982; Herwegh et al., 1997). Further-
more, the simulations display an asymmetry between CPO and SPO
(i.e. finite elongation) at higher strain that is in accordance with the
sense of shear. Hence, the results of model B are consistent with the
predictions made by the single-slip hypothesis. In agreement with
previous modeling studies (e.g. Wenk and Christie, 1991), the
simulations show a single c-axis maximum with apparent rotation
against the sense of shear at low shear strain. Such a rotation is not
inconsistent with the single-slip hypothesis, which is exclusively
defined for higher strains (y > 2; e.g. Bouchez et al., 1983). However,
there is some disagreement, because two (0001)(1210) basal<a>
slip systems align at an angle of ~30° symmetrically to the shear
direction in the VPSC simulations. This suggests that in a poly-
crystalline quartz aggregate, in which deformation occurs largely
along the (0001)(1210) basal<a> slip system, the shear strain is
accommodated by two crystallographically equivalent slip systems,
whose slip directions tend to align as close to the shear direction as
possible. Indeed, the a-axis pole figures of the porphyroclastic
ribbon grains of samples 13-1 and 14-5 (Fig. 6) show a-axis maxima
not parallel to the stretching lineation but slightly inclined to it,
whereas m-pole maxima are located at the periphery of the pole
figure and parallel or nearly parallel to the stretching lineation. In
addition, the number of active slip systems in model B is always
higher than 5 even in the case when (0001)(1210) basal<a> slip
accounts for more than 70% of the shear strain above y = 2.5
(Fig. 5). Nevertheless, basal<a> slip is so predominant and
increases even further towards higher strain that the calculated
pole figures of model B at higher strain can be described by the
term ‘easy-glide on the basal plane’.
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6.3. The effects of dynamic recrystallization

While dynamic recrystallization during shear zone formation is
far from completion in the low strain sample 2, it presumably prog-
resses to near completion in the high strain sample 4. Dynamic
recrystallization occurred at water-present conditions (Keller et al.,
2004) within dominant GBM, which is indicative of high tempera-
ture and/or slow strain rate deformation (i.e. low flow stress defor-
mation; Stipp et al., 2002b). The microstructural development from
low to high strain, however, indicates that apart from grain boundary
migration, which allows grains to grow, presumably subgrain rota-
tion and subsequent recrystallization were active to attain a new
equilibrium microstructure at a smaller recrystallized grain size.
Hence, the microstructural reworking of the sample set is charac-
terized by the interaction of subgrain rotation and grain boundary
migration recrystallization, whereas subgrain rotation dominating at
early strain increments is replaced by an increasing contribution of
grain boundary migration with increasing strain.

Comparable to the c-axis pole figure change towards a strong
maximum in the center of the pole figure (Y-maximum) which
occurs at the transition from dominant SGR to GBM in Fig. 6 (Stipp
et al., 2002a) we expect the development of a Y-maximum indica-
tive of dominant prism <a>slip with increasing strain. Such
a texture development would be in accordance to what has been
observed for high temperature quartz deformation (e.g. Schmid and
Casey, 1986; Stipp et al., 2002a; Mancktelow and Pennacchioni,
2004) and to the high temperature experiments of Heilbronner
and Tullis (2006). Indeed, Y-maximum textures have been deter-
mined by Keller and Schmid (2001) in mylonites formed at the same
deformation phase and adjacent to the investigated shear zone. The
strain cannot be estimated in these mylonites because they do not
show any relationship to the pre-existing fabric. Their main foliation
is, however, parallel to the shear plane indicating the accommoda-
tion of a higher finite strain than the one of sample 4.

Not only the amount of strain but also differences in the strain
path (variable contributions of pure shear to the assumed simple
shear deformation) could be the reason why the texture develop-
ment of the investigated shear zone deviates from other natural
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Fig. 7. c-axis texture evolution up to a strain y = 8 simulated with the VPSC model and by including a recrystallization routine (see text for explanation). The critical resolved shear
stress (CRSS) values are those from model A (see text and Fig. 3). Shear plane is horizontal, shear sense is sinistral.
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examples and the switch towards a Y-maximum c-axis pole figure
in the numerical simulations and the experiments of Heilbronner
and Tullis (2006). A pure shear component in the latter experi-
ments, for example, is one possible reason for the texture differ-
ences between these experiments and the simulations with
a transition to a dominant Y-maximum (Fig. 7).

Stipp et al., 2002a interpreted their texture transition from
girdle-type fabrics to a c-axis maximum in Y as a switch from multi-
slip to dominant prism <a>slip enabled by grain boundary
migration recrystallization ensuring strain compatibility. In
contrast, the VPSC modeling inherently suggests that multi-slip
within all the grains fulfills the von Mises criterion up to the
highest strain, and our simulations predict predominant shearing
in <a>-direction on rhomb and prism planes.

In order to account for dynamic recrystallization the used VPSC
code can be modified by inclusion of a recrystallization routine. In
that routine the most strongly deformed grains split into subgrains,
when the aspect ratio between grain long and short axis reaches
a critical value (see Beyerlein et al., 2003, for the employed frag-
mentation model). Hence, this parameter represents a critical strain
dependence and controls the onset of recrystallization as dominant
process for the texture development. For our simulations the critical
aspect ratio value was arbitrarily set to 10. The simulation results
based on this value and the slip systems of model A, however, are in
agreement with the experiments of Heilbronner and Tullis (2006)
which showed that recrystallization has strong influence on the
texture for vy > 4 and shifts the c-axis to the center of the pole figure
(Fig. 7). The most strongly deformed grains accumulate in the center
of the pole figure. They recrystallize fast and/or maintain a low
internal energy via dislocation creep and related transport of dislo-
cations to the grain boundaries. During continuous deformation,
grains with low internal strain energy are supposed to consume
grains with higher strain energy from different orientations by grain
boundary migration. Hence, ongoing shearing within GBM may shift
the c-axes towards the center of the pole figure and stabilizes this end
orientation at higher shear strain. In that respect, our VPSC modeling
results are comparable to earlier work applying Taylor-Bishop-Hill-
modeling and a plastic rheology which indicates the formation of
strong point maxima (Jessell and Lister, 1990). An explanation for the
delay in texture development in our natural sample set in compar-
ison to the modeling including recrystallization is that plastic
deformation by dislocation glide is relatively easy and dynamic
recrystallization less effective when there are two or more equally
soft slip systems active (e.g. Model A, Fig. 5; Kaminski and Ribe, 2001).

Other reasons why our shear zone samples do not show the
texture transition at even higher strain values than our VPSC
simulations and the experiments of Heilbronner and Tullis (2006)
could be manifold. First of all, finite strain values bear large errors
and are difficult to correlate between nature, experiment and
numerical modeling. Second, the obliteration or rotation of the pre-
existing fabrics may require a higher amount of shear strain than
the transformation of initially random fabrics of the experimental
starting material and the numerical simulation. This is demon-
strated by the high strain sample 4 which is not yet aligned with the
shear plane. Third, additional parameters (e.g., temperature, strain
rate, water content, strain path) may control dynamic recrystalli-
zation (cf. Stipp et al., 2006) and texture development in combi-
nation with strain. Hence, it appears that much more must be
learned about the involved physical parameters and processes until
texture development can be satisfyingly understood. Nevertheless,
apart from the discrepancies in texture development at high strain
there is great agreement between the experiments of Heilbronner
and Tullis (2006), our natural samples and the VPSC model at low
strain displaying the development of a single peripheral c-axis
maximum in accordance to the sense of shear.

7. Summary and conclusions

The CPO development of quartz in a natural high-temperature
shear zone displays the formation of a single c-axis maximum at
the periphery of the pole figure. Thereby, the c-axis maximum does
not align with the shear plane normal towards higher strain, but in
fact rotates with the sense of shear towards an inclined orientation.
Regarding high-temperature shearing of quartz aggregates, such
a rotation is inconsistent with the single-slip hypothesis and
alternatively suggests that deformation involves a number of
simultaneously active slip systems. Corresponding texture
modeling on the basis of the polycrystalline plasticity theory shows
the development of the same quartz fabric if combined
{1011}(1210) {r}<a>, {1011}(1210) {z}<a>, and {1010}(1210)
prism<a> slip dominates instead of the commonly interpreted
(0001)(1210) basal<a> slip. Our new interpretation is in accor-
dance with the sense of shear and hence with the use of asym-
metric c-axis fabrics as shear sense indicator. In contrast,
a peripheral single c-axis maximum in low temperature quartz
mylonites with a large content of strongly deformed porphyro-
clastic ribbon grains implies that the related CPO development is
controlled by dominant basal glide on two crystallographically
equivalent (0001)(1210) basal<a> slip systems. According to their
simulated high predominance and the little contribution of other
slip systems this texture can further be interpreted as the result of
easy-glide on the basal plane.
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