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Abstract

Intracrystalline shear zones developed in a quartz single crystal that was experimentally deformed to 26% finite strain under conditions

favourable for macroscopically ductile deformation. The crystal was uniaxially compressed parallel to hci, in the presence of 1 vol.% of added

water, at a temperature of 800 8C, a confining pressure of 1200 MPa and a strain rate of 10K6 sK1. We investigated how the shear zones initiated

and how their structure evolved with ongoing deformation. Detailed crystallographic orientation analyses were carried out with the help of the

electron backscatter diffraction (EBSD) technique and complemented by transmission electron microscopy (TEM). The shear zones appeared to

develop along planar microcracks oriented parallel to crystallographic rhomb planes. Further microcracking resulted in cataclastic shear zone

development. New grains developed by rotation of fracture fragments. The rotation of the fragments in the shear direction was probably facilitated

by the high water pressure and the relatively high porosity in the shear zone. Shear zones finally exhibit a strong crystallographic preferred

orientation (CPO). Our results suggest that cataclastic deformation processes may lead to shear zone development. The CPO developed within the

shear zones through dynamic recrystallisation, i.e. new grains with hci oriented approximately perpendicular to the shear zone boundary grew at

the cost of other new grains.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Deformation in the Earth’s crust is generally inhomo-

geneous and often localised in shear zones (Ramsay, 1980).

Shear zones are very common in quartz-rich rocks deformed in

the middle and lower crust. Their geometry, microstructures

and crystallographic preferred orientations (CPOs) often

possess clear asymmetries with respect to the macroscopic

foliation and lineation. Therefore they preserve information

about the deformation history and the relative sense of

movement.

Still little is known about how shear zones initiate and

evolve once they have formed. It has been argued that shear

zones can nucleate on grain scale brittle fractures (Segall and

Simpson, 1986; Ralser, 1990; van Daalen et al., 1999). It is not

yet clear when in the deformation history such fractures are

introduced: during a preceding phase of extension (van Daalen
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et al., 1999), during a preceding phase of compression (Segall

and Simpson, 1986; Ralser, 1990), or simultaneously by

progressive deformation and shear zone development. The

subsequent deformation accommodated by the shear zones has

mostly been assumed to be crystal-plastic, because the (small)

new grains within the shear zones exhibit a microstructure

commonly interpreted to have formed by dynamic recrystalli-

sation. Models that aimed at understanding dynamic recrys-

tallisation are mainly based on two processes: (1) subgrain

rotation, and (2) grain boundary migration (Urai et al., 1986).

However, local analyses of new ‘recrystallised’ grains in

naturally deformed dolomite and calcite shear zones have

shown that the misorientation relationships between parent and

recrystallised grains cannot easily be explained by simple

models of subgrain rotation and grain boundary migration

recrystallisation alone (Leiss and Barber, 1999; Bestmann and

Prior, 2003). Thus, other processes were discussed to be

invoked: (1) rigid body rotation, (2) nucleation, and (3)

diffusion accommodated grain boundary sliding. These

processes may exert an important control on the formation of

new grains.

This study focuses on how microscopic shear zones nucleate

in quartz deformed in the presence of water and on the role of

dynamic recrystallisation during the progressive deformation
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in these zones. We studied conjugate intracrystalline shear

zones that developed during experimental deformation at high

pressure (1.2 GPa) and temperature (800 8C) in a natural quartz

single crystal with the compression direction (s1) parallel to

hci. Various crystallographically aligned shear zones reflecting

different stages in the shear zone evolution are observed in one

single sample that was deformed at an approximately constant

strain rate of 10K6 sK1; so called (1) initial shear zones, (2)

transitional shear zones, and (3) mature shear zones. Initial

shear zones consist of single chains of (sub)grains, transitional

shear zones consist of several rows of new grains that have a

common rotation axis and mature shear zones consist of several

rows of new grains with no common rotation axis, but with a

strong c-axis maximum at 458 to s1. The shear zones were

analysed using detailed orientation and misorientation analysis

based on electron backscatter diffraction (EBSD) data that are

presented in orientation maps, misorientation profiles and pole

figures. The EBSD observations were verified by transmission

electron microscope (TEM) images.

2. Methods

2.1. Sample description

In the course of a larger study (Vernooij, 2005; Vernooij and

Langenhorst, 2005), quartz single crystal samples were

deformed in different starting orientations (s1//hci, s1//hoCi,

s1//hai and s1wt{r}) with and without added water.

Intracrystalline shear zones developed only in the sample that

was deformed parallel to hci and only in the presence of water.

This particular sample (GRZ25) is further described in this

paper. The sample was cored from a natural quartz single

crystal from Arizona, using a diamond coring tool with water

as a lubricant. The crystal was transparent, clear of fluid

inclusions and without optically visible defects. The internal

water content of the crystal was w0.002 wt% (determined by

Fourier transform infrared (FTIR) spectroscopy and calculated

using the calibration of Paterson (1982)). The ends of the

sample (measuring 5.85 mm in diameter and 12.1 mm in

length) were ground flat and parallel. The sample was weld-

sealed in a gold capsule together with 1 vol.% of distilled water

following the procedure described by den Brok (1992).

2.2. Deformation test

The deformation experiment was performed in a Tullis-

modified solid medium Griggs deformation apparatus (Vernooij

and Langenhorst, 2005). The sample assembly was brought to a

confining pressure of 1.2 GPa and a temperature of 800 8C within

7.5 h following the water isochore of 1 g cmK3 as closely as

possible. After an equilibration period of 17 h it was loaded (no

‘cold hit’) and deformed in uniaxial compression at a constant

axial displacement rate corresponding to an initial strain rate of

1.1!10K6 sK1. It must be noted here that this is an average

value and that locally different strain rates are expected in some

parts of the sample as indicated by the clearly inhomogeneous

microstructure. After deformation of the sample, pressure and
temperature were lowered in 1 h, again closely following the

1 g cmK3 water isochore. The measured axial displacement

was corrected for apparatus distortion (20 mm kNK1 at 800 8C

and 1.2 GPa). The axial load was not corrected for friction

increase during the experiment. Differential stress was

calculated using the initial cross-section of the sample. A

finite strain of 26% was determined based on the final sample

length measured ex-situ at room temperature and pressure.
2.3. Sample preparation for analysis

During deformation, the cylindrical sample developed a

slightly elliptical cross-section. To prepare the sections for

microscopical analysis, the sample was cut parallel to the long

axis of the ellipse and parallel to the compression direction.

One half of the sample was impregnated with Epofix so that a

thin section could be polished (using 0.05 mm alumina

suspension) without loosing much material. The other half of

the sample was used to prepare a 200-mm-thick section for

EBSD analysis and to prepare another thin section for TEM

analysis. The thick section was mechanically polished like both

thin sections and subsequently lapped for 8 h using an alkaline

colloidal silica suspension (particle size 25 nm). To avoid

charging, the EBSD thick section was coated with a w4 nm

carbon layer and covered around the lapped sample surface

with silver paint. The areas that were selected for TEM analysis

on the non-impregnated thin section were thinned by ion-

milling until electron transparency was reached (w0.1–0.2 mm

thickness). The TEM sample was also carbon coated to avoid

charging problems. The TEM analyses were performed with

a Philips CM20 FEG TEM, operating at 200 kV, at the

Bayerisches Geoinstitut at the University of Bayreuth,

Germany. Conventional bright-field and dark-field imaging

techniques were used to observe and characterise the

microstructures.
2.4. EBSD data acquisition and analysis

Full crystallographic orientation data were obtained from

automatically indexed electron backscatter diffraction (EBSD)

patterns (Adams et al., 1993; Prior et al., 1999). EBSD patterns

were acquired using an EDAX–TSL DigiviewFW camera

system attached to an SEM CamScan CS44LB. The EBSD

patterns were obtained using 15 kV acceleration voltage,

35 mm working distance, w3 nA beam current and 708 sample

tilt. EBSD scans were run on square grids with a step size of

0.5 mm at a typical scan speed of nine patterns per second. The

patterns were collected and indexed with the commercial TSL

software OIM DC 3.5e and analysed with OIM Analysis 3.0e

and 3.5e.

Recorded data contain the crystal orientation of trigonal

quartz (given by three Euler angles), the xy-coordinates of the

spot on the sample and an indexing reliability parameter

(confidence index (CI) between 0 and 1). The analyses show

a large number of data with a high reliability (CIO0.1). The

obtained data are presented in orientation maps, a pattern



Fig. 2. Micrograph of heterogeneously deformed sample (GRZ25) in cross

polarised light. Most strain is accommodated at the lower end of the sample

along a wedge shaped network of conjugate sets of shear zones. Some shear

zones at the sample edge reveal the sense of shear (white arrows). In the less

deformed part of the sample, zones of undulatory extinction developed

approximately parallel to hci.

Fig. 1. Differential stress versus strain curve for the deformation

experiment (GRZ25). The sample was deformed with s1//hci, at 800 8C,

a confining pressure of 1.2 GPa and an approximately constant strain rate

of 1.1!10K6 sK1.
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quality map, misorientation profiles, misorientation distri-

butions and pole figures.

In orientation maps, the colour of each pixel corresponds to

the crystal direction parallel to the compression axis (s1) in the

corresponding colour key. In pattern quality maps, grey shades

relate to band sharpness of the EBSD-pattern. Since these

pattern quality maps reproduce surface damage, fractures and

(sub)grain boundaries, they form an additional image of the

microstructure and are useful to verify the reliability of the

orientation maps.

The deformation experiment was performed close to the

transition temperature from a- to b-quartz, which is 850 8C at

1200 MPa (Bagdassarov and Delépine, 2004). Therefore it is

not clear whether the Dauphiné twins that are repeatedly

indexed are induced during deformation or during cooling (the

starting material was free of Dauphiné twins). Potentially

ambiguous results from misindexing in Dauphiné twin

orientations are avoided by treating the quartz data with

hexagonal crystal symmetry in all post-processing steps.

The raw orientation maps for hexagonal quartz still contain

a number of erroneous data, especially along (sub)grain

boundaries, on surface scratches, holes or other surface

artefacts where the pattern quality was low. The OIM software

provides a simple algorithm to clean these erroneous data by

replacing them by the most common neighbouring orientation.

Because the step-size is much smaller than the grain size,

most erroneous data can be identified as single pixels that are

different from all surrounding points. The cleaned data are

further used in all the analyses.

Misorientation profiles were drawn along lines in the

cleaned orientation maps. The misorientation angle between

adjacent points along these lines was calculated by selecting

the minimum angle that enables the lattice of one point to be

rotated into that of the other (Wheeler et al., 2001). The data

along the lines were selected, plotted in equal area, upper

hemisphere pole figures and used to specify rotation paths and

rotation axes. We developed a program to calculate the best-fit

rotation axes based on the determination of second order

moments of the orientation distributions, following derivations

by Prentice (1986) and Kunze and Schaeben (2004).

The misorientation between nearest neighbour grid points

was also determined as the rotation with the smallest possible

rotation angle in the unit triangle. The rotation axes of the

misorientations are plotted with respect to the crystal and to the

sample reference frame, respectively, for fixed intervals of

rotation angle.

3. Results

3.1. Mechanical data

The stress–strain curve (Fig. 1) shows an initial stage of

linear work hardening until a peak stress of w410 MPa was

reached at w2% bulk strain. After that there is a stage of

weakening until w10% bulk strain, followed by a stage of non-

linear work hardening until a constant flow stress was reached

(w470 MPa) beyond w22% bulk strain.
3.2. Microstructures

The sample strain is particularly concentrated at the lower

end of the sample (Fig. 2) in a wedge shaped sector containing

a dense network of conjugate intracrystalline shear zones.

These shear zones are typically up to 10 mm wide and cross-cut

the sample in diagonal directions (Fig. 3a). In general, shear

zones dipping to the right record a dextral offset (Fig. 2) and



Fig. 3. Light micrographs (crossed polarisers; gypsum plate) of experimentally produced intracrystalline shear zones in sample (GRZ25) deformed parallel to hci at

800 8C, confining pressure of 1.2 GPa and approximately constant strain rate of 1.1!10K6 sK1. The tiny new grains in the shear zones have a distinctly different

crystallographic orientation than the surrounding host material. Shear zones are traced by fluid inclusions. Grains near the shear zone boundaries are elongate

perpendicular to s1. (a) Conjugate sets of shear zones from the high strain end of the sample. (b) Shear zones dipping to the right are dextral and have a blue

interference colour. (c) Shear zones dipping to the left are sinistral and have a yellow interference colour. (d) Part of the sample with shear zones that reflect different

stages of shear zone development. Box indicates the location of the EBSD scan of Fig. 5.
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have a blue colour (Fig. 3b) under crossed polarisers with the

gypsum plate; shear zones dipping to the left have sinistral

displacement (Fig. 2) and a yellow colour (Fig. 3c). Grains in

the middle of the shear zones are too tiny to be optically

distinguishable. Grains near the shear zone boundaries and

within the matrix are optically strain-free (no undulatory

extinction) and have a sub-euhedral shape (Fig. 3b and c). They

are slightly elongated with their long axis perpendicular to the

shortening direction, i.e. at 40–458 to the shear zone boundary.

The shear zones are traced by trails of very tiny fluid inclusions

(Fig. 3a and c) and encompass blocks of the host crystal

with low strain deformation microstructures, i.e. continuous

undulatory extinction and deformation lamellae. One area with

conjugate sets of shear zones that reflect different stages of

shear zone evolution was chosen for detailed EBSD analysis

(Fig. 3d).

TEM images reveal that the interiors of the shear zones

consist of w3 mm diameter new grains (Fig. 4a). These grains

have a variety of crystallographic orientations, straight grain

boundaries and round edges. The grain boundaries are

decorated with !w0.1 mm voids. Numerous larger voids (up

to w1 mm) occupy triple junctions between the new grains

(Fig. 4a and b) indicating a high (presumably fluid-filled)

porosity within the shear zones. Within the new grains there is
a high dislocation density, especially at the grain contacts

(Fig. 4b). The dislocations are curved, tangled and sometimes

occupy straight subgrain walls.

Curved and tangled dislocations are also observed within

the host domains of the sample. The dislocation density within

the host is high (1010 cmK2). TEM images were taken with

diffraction vectors gZ10 �11, gZ10 �10 and gZ0003 in order to

determine the Burgers vectors by applying the g$bZ0

criterion. Most dislocations are out of contrast with gZ10 �10

and gZ0003 but are well visible with gZ10 �11 (Fig. 4c).

Therefore the Burgers vector of the free dislocations is mostly

bZ1=3 11 �20
� �

. Within the host domains, several straight walls

that are decorated with very tiny voids (w0.1 mm) occur

(Fig. 4c). They are oriented parallel to the shear zones and

separate areas of slightly different dislocation density.

3.3. Crystallographic orientations

3.3.1. Orientation maps

The orientation maps and pattern quality map (Fig. 5)

reproduce the optical micrograph (Fig. 3d) accurately. Several

different microstructures can be distinguished: (1) gradual

orientation changes within the host crystal, (2) aligned small

angle boundaries within the host crystal, (3) initial shear zones



Fig. 4. TEM micrographs from the shear zones. (a) Bright field TEM

micrograph of new grains and voids (marked with ‘p’) within the interior of a

shear zone in sample GRZ25. The new grains have straight as well as curved

grain boundaries; relatively large numbers of pores are present. (b) Bright field

TEM micrograph of triple junction between three new grains. A relatively high

density of tangled dislocations and subgrain walls occurs close to the grain

boundaries. (c) Dark field TEM micrograph (gZ10 �11) of straight wall within

the host domain. Tangled and curved dislocations are distributed through the

host domains. Walls that are decorated with tiny voids cross-cut the host

domains. These walls are approximately parallel to the shear zones.

M.G.C. Vernooij et al. / Journal of Structural Geology 28 (2006) 1292–13061296
consisting of single chains of new (sub)grains along oriented

subgrain walls, (4) conjugate sets of transitional and mature

shear zones with several rows of new grains, and (5) isolated

pockets of new grains.
The orientation map (Fig. 5a) marks nearest neighbour

misorientation angles for different angular intervals, thus

indicating and classifying the boundaries. These boundaries

are also visible in the pattern quality map (Fig. 5b) because the

data points on subgrain and grain boundaries have a lower

pattern quality than those in the grain interior. Away from the

shear zones, the orientation of the host crystal changes with

small spatial gradients, i.e. misorientations below 28 between

nearest neighbours. Approaching the shear zones, subgrain

boundaries with misorientations of 28 to 108 are observed,

which are either aligned more or less parallel or at w458 to the

s1-direction. Within the shear zones, tiny new grains (average

size 2.5 mm) are distinguished by high angle grain boundaries,

as classified according to White (1977) for misorientation

angles O108. The transition in orientation between the new

grains within the shear zones and the host crystal is sudden

(misorientation almost exclusively O158). Subgrains in the

host crystal are generally larger than the new grains within the

shear zones.

Another derived map (Fig. 5c) displays the angle of the

c-axes in the deformed sample with respect to the starting

orientation of the sample (hci//s1). It illustrates that (1) the

angle of rotation increases towards the middle of the shear

zone, (2) the angle of rotation is not constant along the shear

zones, and (3) the largest angles (up to 908) are observed within

the largest shear zones.

3.3.2. Zone A: initial shear zones

The orientation map of zone A (Fig. 6a) shows two host

blocks that are separated by three parallel distorted zones.

Each of these zones contains a single array of aligned

subgrains and a few new grains that are equal in size but

much smaller than the host blocks. The zones are

approximately parallel to the trace of one of the rhomb

planes in the surrounding host domain. The new grains have

homogeneous intracrystalline orientations, thus are nominally

strain-free. The subgrains display gradual internal orientation

changes, similar to gradual rotations within the host blocks.

The host crystal orientation shows gradual clockwise and

anticlockwise dispersion of up to 208 around an axis

perpendicular to s1 (Fig. 7a). The orientations of the few

new grains scatter widely around the host orientation

(Fig. 7a). The misorientation profile (Fig. 8) illustrates

gradual reorientation of the host crystal with point to point

misorientations less than 28. The pole figures (Fig. 8)

illustrate that this reorientation corresponds to an antic-

lockwise rotation around a flat lying axis that is near hai and

{m}, but deviates from common low-index crystal directions.

The misorientation axis and the sense of rotation changed

where a high angle boundary (208) is crossed (i.e. at the

transition from host crystal into a new grain within the shear

zone).

3.3.3. Zone B: dextral mature shear zones

The orientation map of zone B (Fig. 6b) shows two

mature dextral shear zones that embody several arrays of

new grains with fairly constant sizes. The shear zones are



Fig. 5. Orientation maps from EBSD scans. The raw data were processed by substitution of likely misindexed data. (a) Orientation map colour coded corresponding

to the inverse pole figure colour key (inset); colour represents the crystal direction that is parallel to s1. To highlight (sub)grain boundaries, nearest neighbour

misorientations are colour coded according to four intervals of misorientation angle. Shear zones consist of tiny grains with high angle grain boundaries (O108). The

host crystal shows gradual rotations and aligned subgrain boundaries. Boxes indicate the locations of the areas that are analysed in detail and are shown in Fig. 6. (b)

Pattern quality map. Grey shades relate to band sharpness of the EBSD pattern. The pattern quality map reproduces surface damage, fractures and (sub)grain

boundaries. (c) Orientation map, colour shaded according to the angle between hci and the starting orientation of the sample (s1//hci). The isolated new grains and the

new grains in the centres of the shear zones have c-axes that are up to 908 away from the starting orientation.
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Fig. 6. Processed orientation maps of areas that are analysed in detail. Maps are colour coded corresponding to the inverse pole figure colour key. Grain boundary

misorientations are colour coded according to misorientation angle between nearest neighbours. Straight black lines indicate the positions of misorientation profiles.

White lines correspond to traces of rhomb planes (intersection line with sample surface). (a) Zone A, initial shear zone, (b) zone B, mature dextral shear zone, (c)

zone C, mature sinistral shear zone and transitional shear zone, and (d) zone D, isolated pocket with new grains.
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again parallel to the traces of rhomb planes in the

flanking host domains. The grains within the shear zones

are elongated perpendicular to s1 at w458 to the shear

zone boundary with aspect ratio about 2:1. Near the shear

zone boundary, new grains seem to have grown into the

host domains. The host blocks next to the two shear

zones are highly deformed and contain several 2–108

subgrain boundaries, which separate subgrains with

different sizes that are generally larger than the new

grains within the shear zones. New grains are strain-free;

subgrains and host crystal show gradual lattice bending.

The host lattice spreads roughly 208 away from the

starting orientation in all directions (Fig. 7b). The new

grains show an enormous spread of up to 908 away from

the host orientation, with c-axes almost exclusively

displaced in a clockwise sense. The crystallographic

orientations of the new grains in the wider shear zone

(lower left) are scattered further away from the host

orientation than the crystallographic orientations of the

new grains in the more narrow shear zone (upper right).

The misorientation profile (Fig. 9) illustrates the counter-

clockwise rotation of the host lattice around an axis close

to the pole to {m} lying perpendicular to s1. Before

entering the shear zone, the profile crosses a subgrain

boundary, which still has the same misorientation axis as

the host lattice. The crystallographic rotation path of the

new grain, however, is inconsistent with that of the host

lattice and the subgrain.
3.3.4. Zone C: sinistral mature shear zone and sinistral

transitional shear zone

In the orientation map of zone C (Fig. 6c), a sinistral mature

shear zone (centre right) is displayed with a transitional shear

zone (upper left) parallel to it. This transitional shear zone is an

initial micro shear zone in the upper right, which develops into

a mature zone towards the left. The mature shear zone consists

of several arrays of new grains with elongated shapes and high

angle grain boundaries as in zone B (Fig. 6b). Both shear zones

are parallel to traces of rhomb planes within the adjacent host

lattice. The host lattice shows gradual orientation changes and

several subgrain boundaries near the contact with the shear

zones. The orientation of the host lattice spreads away from the

starting orientation into various directions with a maximum

rotation of w208 (Fig. 7c). In the sinistral mature shear zone,

the new grains show a large spread up to about 608 away from

the host orientation, with c-axes almost exclusively displaced

in an anticlockwise manner. Misorientation profiles show that

the reorientation in the host lattice (Fig. 10a) is gradual with

maximum point to point misorientations less than 28 and a

counterclockwise rotation around an axis that is close to the

pole to {m}. In the profile parallel to the transitional shear zone

(Fig. 10b), the new grains gradually rotate away from the

starting orientation (maximum point to point misorientation of

158) instead of the larger jumps in crystallographic orientation

that were observed in the misorientation profiles perpendicular

to the shear zones (Figs. 8 and 9). The orientations of the new

grains scatter considerably in all directions, but the calculated



Fig. 7. Pole figures (equal area, upper hemisphere) of the host domains and domains with new grains (defined by grain boundary misorientation O108 to the host).

Figures are coloured according to the colour key (e), which is the same as in Figs. 5 and 6. (a) Zone A, initial shear zone, (b) zone B, mature dextral shear zone, (c)

zone C, mature sinistral shear zone and transitional shear zone, and (d) zone D, isolated pocket with new grains.
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mean rotation axis of the new grains is close to the pole to {m}

as well, which is, however, one of the other {m}-poles than the

one in the adjacent host lattice. Both the rotation axes of the

host crystal and of the new grains in the transitional shear zone

are perpendicular to s1. The misorientation profile through the

mature shear zone (Fig. 10c) shows large angle jumps between

grains and hardly any orientation spread within the new grains,

regardless of whether this profile was taken parallel or

perpendicular to the shear zone. No common rotation axis of
the grains in the mature shear zone could be reliably inferred

because of the large spread of the data, which cluster around an

anticlockwise rotated orientation.

3.3.5. Zone D: isolated pockets of new grains

The orientation map of zone D shows a patch of isolated

new grains in a deformed host lattice (Fig. 6d). Subgrain

boundaries with angles of 5–158 are aligned parallel to the

intersection lines of rhomb planes in the host crystal. The

isolated new grains (average size of w10 mm) are larger than



Fig. 8. Profile (A–A0). Its location in zone A (initial shear zone) is given in

Fig. 6a. Top: change of orientation along the line is presented as dispersion

patterns in pole figures (equal area, upper hemisphere). Host domains are black

squares, new grains are grey squares. Grey small circles are calculated as best-

fit rotation paths, black dots mark the best-fit rotation axes. Arrows indicate the

sense of rotation from A to A 0. Bottom: the continuous change in misorientation

angles is displayed with respect to the first point and also from point to point.

The domain with the new grain is stippled.
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new grains within the shear zones and are all elongated roughly

perpendicular to s1. They contain some subgrain boundaries,

but no major orientation gradients. The host crystal rotates

away from the starting orientation in a clockwise and an

anticlockwise sense around a horizontal axis (Fig. 7d). The new

grains scatter largely (up to 908 difference in c-axes) away from
Fig. 9. Profile (B–B0). Its location in zone B (dextral mature shear zones) is

given in Fig. 6b; same presentation as Fig. 8.



Fig. 11. Profile (D–D0). Its location in zone D (isolated patches of new grains) is

given in Fig. 6d; same presentation as Fig. 8.
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the host orientation and away from each other. The

misorientation profile (Fig. 11), which crosses several subgrain

boundaries with point to point misorientations up to 98, shows

an anticlockwise rotation of the host lattice around an axis

close to hai perpendicular to s1. Subgrain boundaries have the

same rotation path as the host lattice.
3.3.6. Misorientation axes

Fig. 12a displays the distribution of the misorientation axes

for different intervals of misorientation angle with respect to

the crystal reference frame, covering the complete data set

containing the host crystal and the new grains. Especially at

low misorientation angles (!108), but even up to 408, hai and

the pole to {m} are equally favoured as misorientation axes.

Misorientation angles up to 158 have a slight preference for hai

as a misorientation axis. Above 408 there is a rather

homogeneous distribution of misorientation axes. Fig. 12b

shows the distribution of misorientation axes with respect to

the sample reference frame for the same intervals as in

Fig. 12a. The plots show that especially for small misorienta-

tion angles (!158), the misorientation axes cluster around an

orientation that is perpendicular to s1 and about 608 away from

the centre on the left side of the plot. Between 15 and 608, the

misorientation axes seem to be homogeneously distributed

within the plane perpendicular to s1. Above 608, there are too

little misorientation axes to show a clear trend.
Fig. 10. Profiles (C1–C1
0, C2–C2

0 and C3–C3
0). The locations in zone C (sinistral

mature and transitional shear zones) are given in Fig. 6c; same presentation as

Fig. 8.

3

4. Discussion

In this paper we aim at understanding how intracrystalline

shear zones nucleate and further evolve in quartz during

deformation in the presence of water. Strong CPOs and a

dynamically recrystallised microstructure are often taken as an

indication for a crystal-plastic origin of ductile shear zones (e.g.

Urai et al., 1986; Passchier and Trouw, 1998; Fitz Gerald et al., in

press). However, detailed EBSD analyses of naturally deformed

rocks have shown that the misorientation relationship observed

between parent and recrystallised grains cannot always be

explained by the mechanisms of subgrain rotation and grain

boundary migration recrystallisation alone (Leiss and Barber,

1999; Bestmann and Prior, 2003; Prior et al., 2004; Wheeler et al.,

2004). Other processes may exert an important control on the

misorientation between host and recrystallised grains. In the

following we evaluate our EBSD and TEM data with respect to

existing models and discuss conflicting observations.

4.1. Models for shear zone development

In a classical model for shear zone development including

subgrain rotation recrystallisation a gradual build-up in

misorientation along subgrain walls is expected (Poirier and

Nicolas, 1975; Urai et al., 1986). Eventually the walls become

a high enough angle to loose their internal structure and

become grain boundaries. Most new grain boundaries would

then be fairly low angle (but O108) with respect to the host

domains (Wheeler et al., 2004) and the new grains should

display a rotation path that is similar to that of the host

domains.

The rotation paths of the host domains and of the new grains

within the shear zones studied in this paper are dissimilar.

Grain misorientations are hardly related to grain or grain

boundary crystallography, and the misorientation angles

between host domains and new grains are generally large (up

to 908). Three alternative models were put forward to explain

these large angle grain boundaries between new grains and host

domains within shear zones. (1) Recrystallised grains, once

formed by subgrain rotation, deform partly by diffusion

accommodated grain boundary sliding (Bestmann and Prior,

2003). (2) New grains precipitate by growth from solution in

intracrystalline microcracks (den Brok and Spiers, 1991;

Hippertt and Egydio-Silva, 1996). (3) New grains are slightly

rotated and translated fracture fragments that were broken off

from the host grain (den Brok, 1992; Nyman et al., 1992; den

Brok et al., 1998; van Daalen et al., 1999).

The first model is based on detailed EBSD data from

naturally formed shear zones within a greenschist facies calcite

marble (Bestmann and Prior, 2003). The model describes the

development of new grains by subgrain rotation and

subsequent deformation by grain boundary sliding. It therefore

requires that subgrains have similar sizes as the new grains in

the shear zones and that new grains progressively lose their

misorientation relationship with nearby (sub)grains towards the

centre of the shear zones. The misorientation axis of the grains

at the shear zone boundaries should still be similar to that of the
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subgrains and the host domains. The new grains in our studied

sample are generally smaller than the subgrains and they have

different misorientation axes than the subgrains and the host

domains. Their CPO is much different to the orientation of the

host domains. Therefore we cannot support an origin of the

new grains from previous subgrains in the host.

The second model is based on optical observations in

experimentally deformed quartzites (den Brok and Spiers,

1991) and in a naturally deformed greenschist facies quartz

mylonite (Hippertt and Egydio-Silva, 1996). In this model,

strain-free new grains nucleate and grow by precipitation from

a solution in open microcracks. The new grains nucleate and

grow with crystallographic orientations that are not necessarily

dependent on the crystallographic orientation of the host grain.

The crystallographic data of our studied sample gave clear

evidence for progressive large angle rotation of the new grains

with the sense of shear away from the host orientation in the

shear direction, i.e. for a memory transferred from host grains

to new grains.

The third model is based on optical analysis of experimen-

tally deformed quartz (den Brok, 1992), naturally deformed

amphibole (Nyman et al., 1992), ‘in-situ’ experimentally

deformed salt (den Brok et al., 1998), as well as the combined

analysis of computer-integrated polarisation (CIP) microscopy

and EBSD-data on naturally formed shear zones within

subgreenschist facies quartz fibres (van Daalen et al., 1999).

In this model, microcracks form by slow water-assisted stress-

corrosion. The fracture fragments subsequently rotate. van
Fig. 12. Distribution of misorientation axes and angles for the whole analysed area

angle (a) with respect to the crystal reference frame (equal area, upper hemisphere pr

circles) and (b) with respect to the sample reference frame (equal area, upper hemi
Daalen et al. (1999) showed that fracturing occurred

preferentially along the rhomb planes in the deformed quartz

fibres. Further movement along these cracks caused the

material in between to break apart into fragments that rotate

in a direction that is conformable with the applied shear, much

like the so called ‘fracture hypothesis’ of CPO-development

proposed by Sander (1911). According to this model, new

grains are rotated and subsequently healed fracture fragments;

small angle boundaries that are parallel to the rhomb planes are

healed microcracks. Several observations in our experimen-

tally deformed sample support the interpretation of micro-

cracking leading to strain localisation and subsequent shear

zone formation. These observations are: the presence of fluid

inclusions between the new grains within the shear zones, the

abundance of water-filled voids at the grain boundaries and at

the subgrain walls and the rhombohedral orientation of

subgrain boundaries and of entire shear zones. A preferred

alignment of the cracks with the rhomb planes is inferred from

the repeated coincidence of the traces of small angle

boundaries with that of rhomb planes within the orientation

map (Fig. 6). These planes are also in an orientation with the

highest shear stress (w458 to s1). Intragranular shear zones

along rhomb planes were also observed by van Daalen et al.

(1999) in greenschist facies naturally deformed quartz. The

relatively high porosity within the shear zones, the angular

shape of the new grains and large jumps in crystallographic

orientation between the new grains within the shear zones and

the host domains suggest that the new grains are rotated
(Fig. 5). Misorientation axes are displayed for fixed intervals of misorientation

ojection, important crystallographic directions and planes are indicated by open

sphere projection).
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fracture fragments. The tangled dislocations at the grain

boundaries may have formed in response to crack propagation.
4.2. Shear zone development in the studied sample

Our view on shear zone formation is therefore strongly

based on the third model (Fig. 13). Because of the combined

analysis of TEM images and high resolution EBSD data we are

able to constrain the mechanisms of shear zone development in

greater detail. During the initial phase of linear work hardening

(Fig. 1), the stress increases to a relatively high value, because

the crystal orientation prevents the conventional prism, basal

and rhomb hai slip systems from being easily activated in this

sample. At the highest differential stress, planar microcracks

start to develop parallel to the rhomb planes (Fig. 13a). Some
of the cracks heal after little rotational displacement (Fig. 4c)

and are now observed as rhombohedral ‘subgrain boundaries’.

During the subsequent phase of weakening (Fig. 1), further

microcracking along the rhomb planes (Figs. 6a and 13b) leads

to shear zone development. During sliding, fracture fragments

may slightly rotate around an axis perpendicular to s1

(Fig. 12b), heal and become ‘subgrains’, as was observed, for

example, in in-situ experiments on brittle rock analogue

materials (den Brok et al., 1998). Our observations (Figs. 8,

9 and 12b) suggest that these rotations are more related to the

geometry and orientation of the shear zone than to grain or

boundary crystallography. During sliding of the fracture

fragments, the average misorientation between the subgrains

and the host domains increases and misorientation axes are

randomised. The fracture fragments become separate grains as



Fig. 13. Schematic model for the evolution of an intracrystalline shear zone in quartz. (a) Microcracks develop parallel to the rhomb planes. In the EBSD orientation

maps such microcracks could be identified as aligned small angle boundaries in cases where rotational offsets were observed. (b) An initial shear zone develops

during further microcracking. (c) Fracture fragments become new grains while rotating further in the direction of the shear zone. The rotation may be facilitated by

the high water pressure and the relatively high porosity in the shear zone. (d) A strong CPO develops within mature shear zones, because new grains with hci oriented

perpendicular to the shear zone boundary start to grow at the cost of other new grains.
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they further rotate in a direction conforming to the sense of

shear (Fig. 13c). The rotation of the new grains is probably

facilitated by the high water pressure and the relatively high

water-filled porosity within the shear zones (Fig. 4a and b; see

also Schmocker et al., 2003). The frozen microstructure of the

sample is still transitional and reflects various stages of shear

zone development. Therefore, the different microstructures

(e.g. shown in Fig. 6a–d) could impossibly be related to

different stages in the deformation curve (Fig. 1). The final

phase of work hardening in the deformation curve is most

probably an artefact, because the stress was not corrected for

friction increase during the experiment and the strain was

calculated using only the initial diameter of the sample.
4.3. Fabric development in the shear zones

The extension of new grains (with hci perpendicular to the

shear zone boundary) into the surrounding host (Figs. 3b and c

and 6b) suggests relatively fast selective growth and grain

boundary migration perpendicular to s1, which is related to

extension in this direction and to the relatively high dislocation

density in the host domains (Fig. 4c). Grain boundary

migration is strongly enhanced if water is present on the
grain boundaries (e.g. Drury and Urai, 1990; Mancktelow and

Pennacchioni, 2004). It may have caused the development of a

strong CPO with c-axes preferentially aligned perpendicular to,

and basal planes aligned parallel to the shear zone boundary

(Fig. 13d). Apparently this orientation is favoured for growth.

It is very commonly observed in quartz shear zones (e.g. Burg

and Laurent, 1978; Simpson, 1980; Schmid and Casey, 1986)

and generally interpreted to develop by preferred growth of

grains that are suitably oriented for basal slip. The elongate

shape of the new grains in these mature shear zones might be

the result of subsequent deformation by slip along the basal

plane in axial compression.
4.4. Isolated pockets of new grains

The above model for shear zone development does not

explain the development of the new grains in isolated pockets

(Fig. 6d). The geometry of the isolated pockets and the

crystallographic orientations of the new grains clearly indicate

that they did not rotate gradually out of the host orientation.

Large grain boundary misorientations (up to 908 difference in

c-axes) occur. We postulate that these new grains nucleated

with high angle misorientation relative to the host domains
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(see also Wheeler et al., 2004). The boundaries of the new

grains have then migrated relatively fast in a direction

perpendicular to s1. Our data cannot explain how the nuclei

originate. However, because of the notable effect of the water

on the deformation behaviour of the deformed sample, we

suggest that they develop by precipitation from solution in

small voids and microcracks like in the experiments of den

Brok and Spiers (1991) and in the natural deformed quartz

samples of Hippertt and Egydio-Silva (1996).
5. Summary and conclusions

This study yields the following conclusions:

(1) Uniaxial deformation of a quartz single crystal parallel to

the c-axis in the presence of water, at a temperature of

800 8C, a confining pressure of w1.2 GPa and a strain rate

of w10K6 sK1, led to the development of intracrystalline

shear zones that reflect different stages of shear zone

development.

(2) EBSD and TEM analyses complemented each other in

providing a detailed picture of the operating deformation

mechanisms in intracrystalline shear zones. The (sub)grain

boundaries that were identified on EBSD orientation maps

and image quality maps were independently verified on

TEM images as being healed microcracks.

(3) The crystal initially deformed by intracrystalline plasticity,

which became increasingly heterogeneously distributed.

At the highest differential stress, microcracks developed

parallel to the rhomb planes, at approximately 458 to the

s1-direction. These microcracks are traced by fluid

inclusions and are visible as small angle (subgrain)

boundaries in the EBSD orientation maps. They must

have healed after only little rotational displacement.

Further microcracking along the rhomb planes led to

shear zone development.

(4) ‘New’ grains developed during movement along the initial

shear zones by sliding and rigid body rotation of the

fracture fragments. Rotation took place in a direction

conforming to the shear sense of the shear zone.

(5) A strong CPO developed by dynamic recrystallisation

because of relatively fast preferred growth of new grains

that have hci perpendicular and the basal plane parallel to

the shear zone boundary. Thereby they developed an

elongated shape perpendicular to s1.

(6) New grains in isolated pockets probably developed by

precipitation and subsequent growth out of solution.
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