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Abstract

Intragranular microshear zones within a greenschist facies calcite marble were studied to try to constrain better the processes of dynamic

recrystallization as well as the deformation processes that occur within newly recrystallized grains. Intragranular recrystallized grains within

large, twinned calcite porphyroclasts can be related to the host from which they have recrystallized and are the focus of an electron

backscatter diffraction study. Lattice distortions, low angle boundaries and some high angle boundaries (.158) in the microshears within a

porphyroclast have the same misorientation axes suggesting that deformation occurred by climb-accommodated dislocation creep involving

subgrain rotation recrystallization. Changes in the ratio of host and twin domain, as the deformation zone is entered, show that twin boundary

migration also occurred. Recrystallized grains have similar sizes (10–60 mm) to subgrains, suggesting that they formed by subgrain rotation.

However, within the intragranular microshear zones the misorientations between recrystallized grains and porphyroclasts are considerably

larger than 158 and misorientation axes are randomly oriented. Moreover recrystallized grain orientations average around the porphyroclast

orientation. We suggest that the recrystallized grains, once formed, are able to deform partly by diffusion accommodated grain boundary

sliding, which is consistent with predictions made from lab flow laws.

q 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Calcite; Electron backscatter diffraction (EBSD); Misorientation; Orientation map; Subgrain rotation recrystallization; Grain boundary sliding

1. Introduction

The process of dynamic recrystallization plays a

fundamental role in controlling the rheology and micro-

structures of rocks, especially in high strain zones (e.g. Urai

et al., 1986). However, many details remain obscure. For

example, the progressive change of crystallographic orien-

tation during formation of new grains and the development

of orientation relationships across (sub)grain boundaries

during progressive plastic strain are not yet well documen-

ted (e.g. Leiss and Barber, 1999). Analysis of misorientation

distributions is a powerful tool to quantify microstructural

features and to constrain deformation processes and history

(e.g. Fliervoet and White, 1995; Trimby et al., 1998, 2000;

Kruse et al., 2001; Spiess et al., 2001; Wheeler et al., 2001;

Prior et al., 2002). The data required for misorientation

analysis can now be obtained routinely and rapidly by

electron backscatter diffraction (EBSD). Orientation maps

constructed from EBSD data (Adams et al., 1994; Kunze

et al., 1994) have enormous potential in microstructural

studies (Prior et al., 2002) because different models for

microstructural evolution predict particular relationships

between adjacent grains. For example, microstructures

resulting from subgrain rotation recrystallization should

show a strong crystallographic relationship between

adjacent grains (Lloyd et al., 1997; Wheeler et al., 2001).

The misorientation between two lattices can be expressed by

a rotation axis and rotation angle (Randle and Ralph, 1986;

Mainprice et al., 1993; Wheeler et al., 2001). Although

the orientation mapping does not provide the orientation of

the boundary/interface plane to describe fully the geometry,

the misorientation analysis alone helps to discriminate the

role of various processes in forming microstructures

(Fliervoet et al., 1999; Leiss and Barber, 1999; Prior et al.,

1999; Kruse et al., 2001; Prior et al., 2002).
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This study focuses on the initial process of dynamic

recrystallization in calcite. Carbonate rich rocks record

ductile deformation in the upper crust and localized plastic

flow in carbonate shear zones is an important aspect of

lithosphere dynamics (e.g. Bestmann et al., 2000). Fig. 1

shows the crystallography and the known slip systems of

calcite. The most favoured sites for the initiation of strain-

induced recrystallized grains are old grain boundaries (e.g.

Urai et al., 1986), but in such cases the crystallographic

dependence of the new recrystallized grains with respect to

the two different adjacent old grains may be ambiguous. In

the current study, only intragranular (rather than inter-

granular) microshear zones were analysed. In these cases,

the new grains can be related to their host grain. The

samples are from a monomineralic calcite marble shear

zone located on Thassos Island, Greece. The microstructural

and crystallographic evolution of the greenschist facies

shear zone have been constrained by Bestmann et al. (2000).

Two different microshear zones within coarse grained

calcite porphyroclasts were analysed using orientation and

misorientation analysis based on EBSD data.

2. Methods

2.1. Sample preparation

Polished blocks of two samples from the same shear zone

profile were cut parallel to the shear direction and

perpendicular to the shear zone boundary. Sample blocks

were polished with diamond paste before a final stage of

SYTON-polishing (Fynn and Powell, 1979; Prior et al.,

1996). Reflected light microscopy was used to select

microstructures for EBSD analysis (Fig. 2). To avoid

charging effects, sample surfaces were coated with the

thinnest possible layer of carbon.

2.2. Data acquisition

Full crystallographic orientation data were obtained from

automatically indexed EBSD patterns collected in a

CamScan X500 Crystal Probe fitted with a thermionic

field emission gun and a FASTRACK stage. EBSD patterns

were obtained using a 20 kV acceleration voltage and a

beam current between 8 and 12 nA (dependent on the

carbon coating) at a working distance of 25 mm. Samples

were mapped by stage movement on a grid with a fixed step

size of 2 mm. This step size ensured that each (sub)grain

Fig. 1. Stereographic (upper hemisphere, equal angle) projection of calcite

showing the important planes and directions, including the known slip

systems (after De Bresser and Spiers, 1997). Bold letters highlight

important slip systems. Asterisk indicates a slip system proposed by Pieri

et al. (2001) but not experimentally verified. Shading illustrates trigonal

symmetry point group �3 m of calcite.

Fig. 2. Reflected light micrographs to show the microstructures of two analysed intragranular microshear zones. (a) Microstructure A shows a 200 mm thick

horizontal band (B) of patchy undulatory extinction crosscutting calcite porphyroclast. The porphyroclast shows one dominant twin set (T: dark colours) within

the host orientation (H: light colour). (b) Microstructure B contains sharp, well-developed parallel oriented bands (B) of small grains cutting through the host

grain. The porphyroclast is surrounded by a matrix of small grains (S). Boxes show locations analysed by EBSD scans.
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(d , 10–60 mm) contained several measurement points.

The stored EBSD patterns were indexed using the program

CHANNEL 4.2 from HKL technology. The centre of 6–8

Kikuchi bands were detected automatically using the Hough

transform routine (Adams et al., 1993). The solid angles

calculated from the patterns were compared with a calcite

match unit containing 80 reflectors to index the pattern.

Average measuring time per individual orientation analysis

was 0.5 s and average non-indexing (EBSD patterns that

could not be indexed) ranges between 15 and 22%. Using a

smaller number of bands in the diffraction pattern could

reduce the percentage of non-indexing but increases

dramatically the amount of systematic misindexing.

2.3. Data display

EBSD data are usefully presented as maps. In the

orientation maps (Figs. 3a and c, 4a and 5a), the colour of

every pixel is generated by superposition of three colour

channels (red, green and blue), which are assigned the

values of the three Euler angles f1, F, f2 of each

measuring point. Because of the way that Euler angles are

defined (Bunge, 1965) sudden changes of colour can occur

that do not correspond to large changes in orientation (see

blow up of Fig. 3a). In pattern quality maps (Figs. 3b and d,

4b and 5b), grey shades relate to a quantitative image

analysis parameter of the EBSD pattern. Since these pattern

Fig. 3. Raw orientation and pattern quality maps of the analysed microstructures. (a) and (c) In the orientation maps each pixel is colour-coded with respect to

its Euler angles (see text). Data are on a grid with 2 mm spacing. Light grey areas are points that were not indexed. Black lines are drawn between any two

adjacent points with a misorientation .158. The blow up in (c) shows the problem with systematic misindexing related to a particular EBSD pattern (see text).

(b) and (d) Pattern quality (band contrast) maps. Dark pixels have poor pattern quality, bright pixels show good pattern quality. Changes in grey level across

horizontal lines is related to user controlled brightness correction of the EBSD signal during the automatic run.
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quality maps reproduce surface damage and misorientation

boundaries, they are a useful tool to verify the reliability of

the orientation maps. The misorientation angle between

adjacent points was calculated by selecting the minimum

misorientation angle and its corresponding axis from all

possible symmetric variants (Randle and Ralph, 1986;

Mainprice et al., 1993; Wheeler et al., 2001). Boundaries

related to different misorientation intervals are presented as

coloured lines on the orientation maps. An angle of 28 was

chosen as a minimum misorientation that can be reliably

identified using the EBSD method (Prior, 1999; Humphreys

et al., 2001).

2.4. Data processing

Raw orientation maps (Fig. 3a and c) are processed to

provide a more complete reconstruction of the micro-

structure and to remove erroneous data (Figs. 4 and 5). Non-

indexed points are concentrated at grain boundaries because

that is where pattern quality is low (Fig. 3b and d). This will

cause an underestimation of real boundaries when mis-

orientation analysis of neighbouring analysis points is

applied (Prior et al., 2002). CHANNEL 4.2 software provides

a simple algorithm to replace these non-indexed measuring

points by the most common neighbouring orientation. The

degree of processing required to fill non-indexed data points

without introducing artefacts was tested carefully.

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

non-systematic errors can be identified as individual data

points that are different from all surrounding data points. An

automatic filter removes such points. Data points that are

incorrectly indexed in a systematic manner are more

problematic. These occur where the stronger diffraction

bands in two different patterns are sufficiently similar to be

indistinguishable by the indexing software. A system-

atically misindexed point is an incorrect solution that is

rotated about a specific angle/axis pair from the correct

solution (e.g. 103–1048 around a k 2 4401l or k 2 202 2 1l
axis relative to neighbouring points; blow up of Fig. 3c).

The most common orientation (light blue pixels in Fig. 3c)

will be used as the reference orientation towards which

misindexed pixels (yellow pixels in Fig. 3c) will be rotated.

This correction procedure will not introduce artefacts as

long as there are no significant real boundaries that have the

same angle/axis pair as the systematic misindexing (Prior

et al., 2002). The correction procedure assumes that

systematically misindexed points will be less significant

than correctly indexed points.

3. Results

3.1. Calcite microstructures

The samples examined in this paper are from a 3-m-wide

marble shear zone on the Isle of Thassos, Greece (Bestmann

et al., 2000). Both samples (C24 and C12.1; see Bestmann

(2000) for details) are monomineralic and coarse-grained

(1–3 mm) with a high density of twin lamellae and one

dominant twin set. Many of the twins are lensoid, bent or

tapered in the interior of the grains. Varying amounts of

small grains along grain boundaries, and sometimes within

porphyroclasts, indicate that these samples are proto-

mylonites. The protolith marble outside of the shear zone

contains no small grains. Therefore, these small grains can

be interpreted as new grains related to the deformation

during the shear zone evolution (see also Bestmann et al.,

2000). Coarse grains (d , 1–3 mm) with internal bands of

small grains (d , 10–60 mm) were chosen for analysis.

This microstructure guarantees that the small grains are

related to their host coarse grain and do not relate to grains

from the third dimension above or below the observed

section, as could be the case for small grains developed

along grain boundaries between two different grains. We

define these new small grains as areas surrounded

completely by high angle boundaries. The value of

misorientation chosen to define a high angle boundary is

arbitrary (Urai et al., 1986). We have chosen to define

boundaries with a misorientation angle larger than 158 as

high angle boundaries.

Within the coarse host grains, the small grains are

arranged in bands. The traces of these crosscutting bands are

oriented subparallel to the shear zone boundary that is used

as the kinematic reference plane (Bestmann et al., 2000).

The grains within these bands have sharp and straight grain

boundaries and a preferred grain shape orientation (SPO).

Long axes are between 10 and 60 mm in length and the

grains have an average aspect ratio of 1:1.8. The long axes

are preferentially oriented at around 208 anticlockwise to the

trace of the crosscutting band.

Fig. 4. Processed map of microstructure A. The map is processed to remove erroneous data (see text). (a) Orientation maps. Grey pixels are non-indexed points,

which have not been removed during processing. The pixels of the host (blue) and twin (olive green) orientation domains are colour shaded according to their

angular misorientation from the points marked as red squares, one in twin and one in host. Small grains, which are oriented within these defined orientation

ranges are colour coded in the same way. All other pixels are colour coded with respect to their Euler angles (see text). Boundary misorientations are colour

coded (see key in Fig. 5). (b) To highlight boundary misorientations, they are plotted on the pattern quality map as thicker lines than in (a) and with the same

colour code. (c)–(e) Pole figures (equal area upper hemisphere stereoplots) of the host domain, twin domain and the small grains within the intracrystalline

bands crosscutting the porphyroclasts, as marked in Fig. 1. Points in the pole figures have colours that correspond to the orientation maps. In pole figures of (c)

and (d) reference orientations for colour shading for the twin and host domain are displayed as red squares. Dispersion axes and sense of rotation are given.

Sample reference system and sense of shear of the bulk shear zone are shown (SZB, shear zone boundary; Y, kinematic rotation axis of bulk shear zone

geometry).
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Two contrasting microstructures (Fig. 2) were selected

for EBSD analysis. The porphyroclast in microstructure A

(sample C24 of Bestmann et al. (2000)) is surrounded by

other coarse grains, whereas the porphyroclast in micro-

structure B (sample C12.1, Bestmann et al. (2000)) is

embedded in a matrix of small grains, with an average grain

size of 10–30 mm. The main difference between the two

microstructures is visible under the reflected light micro-

scope. Microstructure A shows diffuse orientation contrast

in an area around the band of small grains (Fig. 2a). In

contrast, microstructure B is characterised by parallel, very

sharp bands of small grains cutting through the host grain

(Fig. 2b).

3.2. Orientation maps

The raw orientation maps (Fig. 3a and c) reproduce

reflected light (Fig. 2) and pattern quality maps (Fig. 3b and

d) microstructures accurately, apart from a small amount of

systematic misindexing (Fig. 3c). In the processed orien-

tation maps (Figs. 4a and 5a) the host grain and the twin set

within the host are colour coded to highlight gradual

orientation changes within the porphyroclasts (see figure

caption). The orientation domain that dominates the grain is

defined as the host domain.

3.2.1. Microstructure A

The orientation map of microstructure A shows that the

lattice of the porphyroclast is heterogeneously deformed

(Fig. 4a). The outer part of the microstructure shows a

gradual lattice bending towards a highly-distorted area

surrounding the crosscutting band of small grains. A high

density of low angle boundaries is observed in the highly-

distorted area of the porphyroclast. Also some individual

high angle boundaries (up to 408) are developed within the

host and twin orientation domain. The subgrain domains,

surrounded by low angle boundaries have sizes between 10

and 70 mm and show gradual changes in orientation

internally. In contrast the small (d , 10–60 mm) grains

surrounded by high angle boundaries, which occur in the

centre of the distorted area, show homogeneous intracrystal-

line orientation (orientation changes by less than the

measurement accuracy of 18). Only some of the small

grains contain low angle boundaries.

The host (Fig. 4c) and especially the twin (Fig. 4d)

domain show a strong dispersion around one of the a-axes,

located near the centre of the pole figure. Around this axis

the twin orientation (Fig. 4d) undergoes a clockwise rotation

of up to 808 from the less distorted area towards the highly-

distorted area, whereas the host orientation (Fig. 4c)

deviates only about 308 (for angles compare color reference

table; see inset in Fig. 4a). The twin domain (olive green),

dominates the highly-distorted area even though both of the

orientation domains show similar volume in parts of the

porphyroclast outside of the microshear zone. Only isolated

remnants of the host domain with concave grain boundaries

occur within this highly-distorted area (Fig. 6).

The CPO of the small grains (Fig. 4e) scatters

statistically around the orientation of the surrounding

distorted area. In detail the small grains can be described

as the superposition of a distribution centred on the twin

orientation and a weaker distribution centred on the host

orientation. The statistical average orientation of the small

grains is the same as the orientation of the twin domain in

the distorted zone, which is rotated 808 clockwise from the

orientation of the relative undeformed twin domain outside

the microshear zone.

3.2.2. Microstructure B

Microstructure B contains several distinct orientation

domains (Fig. 5a). The host grain and its twin set show some

internal distortion, especially close to the crosscutting

bands. The interiors of the small grains (d , 10–50 mm)

are crystallographically relatively homogeneous. Low angle

boundaries are rare within the small grains. Within the host/

twin domains there are a few low angle boundaries. These

lie close to the crosscutting bands, especially in the host

orientation domain. A higher density of low angle

boundaries is located in distinct areas of the band where

fewer small grains occur. The traces of these low angle

Fig. 5. Processed map of microstructure B. Processing and figure description follows those for Fig. 4. No dispersion axes are shown.

Fig. 6. SEM orientation contrast image of the highly-distorted area from

microstructure A. Black arrows mark some relicts of the host domain (H)

showing concave shaped grain boundaries with respect to the surrounding

twin orientation (T). In the upper part of the image the band (B) of small

grains is visible. A late crack (C þ white arrows) along grain boundaries of

small grains cuts through that band.
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boundaries are on average (sub)parallel to the crosscutting

bands. The few definable domains surrounded by low angle

boundaries have sizes of 10–70 mm.

The distortion of host and twin is also illustrated in the

pole figures (Fig. 5c and d). The rotation axis of the

dispersion pattern is located near the centre of the pole

figure, somewhere close to one of the a-axes of both host

and twin and the pole to one of the f-planes and/or m-planes

of both host and twin. The range of misorientation

dispersion with respect to the reference orientation is

,358 for the host domain and ,158 for the twin domain.

The small grains in the crosscutting bands show a variety

of orientations. The CPO can be described as the super-

position of a distribution centred on the host orientation and

a weaker distribution centred on the twin orientation. With

respect to the undeformed parts of the grain the CPO is

rotated by ,258 in a clockwise sense about an axis located

in the centre of the pole figures (Fig. 5e).

3.3. Misorientation analysis

3.3.1. Misorientation angle distribution

Random-pair misorientation distributions differ from the

theoretical curve for a random orientation distribution

(Fig. 7), due to the strong CPO. For both microstructures,

the neighbour-pair misorientation angle distributions are

bimodal and different from the random-pair misorientation

distributions (Fig. 7). The peak at about 75–808 is related to

the twinning system in calcite.

The distribution of misorientations measured between

small grains and neighbouring host grains is nearly bell-

shaped for both microstructures. These boundaries are

characterised by relatively high misorientation angles,

peaking at 45–658 for microstructure A and at 35–808 for

microstructure B. The lack of misorientations less than 158

is an artefact due to our definition of individual orientation

domains. For microstructure A the distribution of mis-

orientations within the population of small grains is quite

similar to the distribution of misorientations between small

grains and host grains and the random-pair misorientation

angle distribution is the same as the neighbour-pair

distribution (Fig. 7a). Therefore there is no evidence for

the existence of any preferred misorientation between small

grains and host grain, and between nearest neighbour-pairs

within the population of small grains (see also Wheeler et al.,

2001).

Fig. 7. Distribution of misorientation angles for (a) microstructure A and (b) microstructure B. Data are presented as histogram plots for the complete

porphyroclast (twin þ host þ small grains), host domain, twin domain, host vs. small grains, and within the population of small grains. The last two plots are

calculated from manually selected data, the others are calculated automatically (by using the grain reconstruction routine in the CHANNEL 4.2 software) from all

neighbouring pixels with a misorientation angle .28. Dark columns are the misorientations across boundaries between neighbouring data points (automatically

collected) or neighbouring domains (manually selected). Pale columns are the misorientations between randomly picked pairs of grains (see Wheeler et al.,

2001). The theoretical curve for a random orientation distribution is given (see Wheeler et al., 2001).
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Fig. 8. Distribution of misorientation axes for (a) microstructure A and (b) microstructure B. Data for the host and twin domains are separated into different

misorientation angle intervals. Left columns show misorientation axis related to the crystal reference frame as inverse pole figures IPF (equal angle, upper

hemisphere projection) and right columns with respect to the sample reference frame as pole figures (equal area, upper hemisphere projection). Important

crystallographic directions (white circles) and planes (grey circles) are marked in the first IPF diagram. For each plot the number of data points (pts) is given.
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3.3.2. Misorientation axis distribution

The analysis of misorientation axes was focussed on

lattice distortion patterns within the deformed porphyroclast

grains and the relationship between small grains and their

host grains. Although an individual calculated misorienta-

tion axis for misorientation angles less than 208 can contain

a significant error (.128) a statistically representative data

set is able to give reliable average misorientation axes for

angles less than 108 (Prior, 1999). Misorientation axes with

angles less than 58 should be treated with particular caution.

However, the IPF and pole figure plots (Fig. 8) of the

misorientation axes illustrate that a statistically representa-

tive data set can yield consistent misorientation axis data

even for misorientations below 108.

3.3.2.1. Microstructure A. Fig. 8a shows that the defor-

mation of the host and the twin orientation domains of

microstructure A is mainly controlled by a lattice rotations

around a misorientation axis (sub)parallel to one of the

crystallographic a-axes of calcite. Geographically

the misorientation axes plot slightly above the centre of

the pole figure, which represents the kinematic rotation axis

of the shear zone (see Fig. 4).

Misorientation profiles show that the lattice is reoriented

from the outer parts of the microstructure towards the centre

of distortion by a gradual clockwise rotation around kal
(Fig. 9, profile A). However within the highly-distorted zone

the distinct orientation sub-domains crossed by the

misorientation profiles oscillate in a clockwise and/or

anticlockwise sense around the a-axis (‘relative to first

point’ diagram of profile B). Even when high angle

boundaries (up to ,308) are crossed, the dispersion path

and therefore the misorientation axis is consistent. In

contrast, the crystallographic dispersion across boundaries

between small grains and porphyroclast is not any more

consistent (Fig. 9, profile C).

Statistically, the distribution of misorientation axes

between host and small grains, as well as between

neighbour-pairs of small grains themselves is almost

uniform (Fig. 10a).

3.3.2.2. Microstructure B. The IPFs in Fig. 8a reveal that the

distribution of misorientation axis is more heterogeneous

compared with microstructure A. Lines of orientation

measurements within the deformed porphyroclast show

small circle dispersions around different misorientation axes

(Fig. 11, profile B: rotation around kal, profile D: rotation

around f-pole, profile A þ C: rotation around m-pole). The

degree of dispersion is dependent on the location of the

misorientation profile, its orientation (horizontal, vertical or

Fig. 9. Misorientation profiles within microstructure A. Change of

orientation along lines of measurement are presented as dispersion patterns

in pole figures (equal area, upper hemisphere). Misorientation axes and

their sense of rotation are estimated from the dispersion pattern, if it was

possible (Rc misorientation axis within porphyroclast; Rc/ng, Rc/sg

misorientation axis between porphyroclast/new grain or porphyroclast/sub-

grain). Open circles mark the orientation of new grains or specific

subgrains. In corresponding graphs the continuous change of misorientation

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

For pronounced misorientation boundaries the crystallographic indices of

the misorientation axis are given. Location of profiles are given in Fig. 4.
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diagonal) and length (Figs. 5b and 11). Subgrain boundaries

crossed by individual misorientation profiles can influence

the consistency of the dispersion path (profile A).

All of the three crystallographic directions (kal, {f} and

{m}) identified as misorientation axes have three crystal-

lographic equivalent orientations related to the trigonal

crystal symmetry of calcite (Fig. 1). Whichever one is

oriented nearest to the pole figure centre (also the kinematic

rotation axis of the sample reference system) is the one that

acts as a the misorientation axis (Fig. 11). These three

specific [a ], ( f) and (m) directions all plot in approximately

in the same area, just below the centre of the pole figures

(Fig. 11).

As in microstructure A, the misorientation axes for

boundaries between small grains and host grains have

almost a random distribution (Fig. 9b). This statistical

observation is verified by individual misorientation profiles

(Fig. 11). In general there is no continuous rotation from the

host grain across high angle misorientation boundaries of

individual small grains within the crosscutting band (profile

D). The misorientation axes between neighbouring small

grains are almost randomly distributed (Fig. 9b).

4. Discussion and interpretation

The tight crystallographic control upon misorientation

axes associated with lattice distortion and boundaries within

the porphyroclasts is best explained by a dislocation creep

deformation mechanism coupled with recovery. The

mechanisms for formation of the small grains are less

obvious. This discussion is broken down into three major

elements. Firstly the geometry of deformation within the

porphyroclasts is used to place constraints on the slip

systems involved in the deformation. Secondly we discuss

the recovery and recrystallization mechanisms that may

have given rise to the development of new grains. Finally

we address the rheological implication with respect to the

concluded deformation mechanisms.

4.1. Identification of slip systems by misorientation analysis

Misorientation axes can be used to constrain important

slip systems (Lloyd and Freeman, 1991; Prior et al., 1999,

2002; Leiss and Barber, 1999). A simple way to constrain

dislocation slip systems responsible for crystal plastic

deformation is to consider two end-member models

(Trepied et al., 1980; Hull and Bacon, 1984): screw

dislocations and edge dislocations. Screw dislocations

build twist boundaries with misorientation axes perpen-

dicular to the boundary plane, which is also the slip plane of

the dislocation system. Edge dislocations build tilt bound-

aries. For minerals with orthorhombic and higher symmetry

misorientation axes lie within the slip plane and normal to

the slip direction whereas for lower symmetric minerals,

e.g. for triclinic plagioclase the angle between the

misorientation axis and the Burgers vector can differ from

908 (Kruse et al., 2001). In calcite, de Bresser (1991)

showed that for the main slip systems (r-and f-slip), the

rotation axis is expected to be perpendicular to the slip

direction when only one slip system is active. For basal kal
slip this is not verified but is likely to be the same.

4.1.1. Microstructure A

In the deformed porphyroclast (Fig. 13), gradual lattice

bending, low angle boundaries and a few high angle

boundaries all share a misorientation axis parallel to a

specific crystallographic a-axis and thus are likely produced

by the same dislocation system (see also Prior et al., 2002).

For pure screw dislocations only the slip system

a{212 2 10}k 2 2021l (see Fig. 1) satisfies the criteria

of an a-axis misorientation axis normal to the slip plane.

However, ak 2 2021l is a system of relatively minor

importance. Furthermore, to build twist boundaries by

screw dislocations two different sets of Burgers vectors have

to be simultaneously active (Hull and Bacon, 1984). This

slip system does not have two Burgers vectors.

Alternatively we can model the misorientation in terms

of edge dislocations. Two different edge dislocation systems

could give rise to the observed dispersion around kal:
r{10 2 14}k 2 2021l or f{21012}k10 2 11l. De Bresser

and Spiers (1997) reported extensive activation of both of

these slip systems in experimentally deformed single

crystals. To resolve the ambiguities in slip systems we

assess the relative activity of possible slip systems by

representing their Schmid factors in the orientation map

(Fig. 12). The Schmid factor indicates, for each point, the

critical resolved shear stress for the slip system with respect

to the local stress field (recalculated from the porphyroclast

Fig. 10. (a) and (b) Distribution of misorientation axes constrained from

manually selected (one per grain) data between host and new grains, as well

between neighbour-pairs of new grains themselves. Misorientation angle

interval is 15–1048. Misorientation axes are displayed as IPFs and pole

figures (see Fig. 8).
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twin geometry after Turner (1953)). The twin and host

orientation domains rotate from a favourable position of

easy slip outside of the microshear zone into a less favoured

orientation within the high distortion area for fk10 2 11l
slip (Fig. 12b). If slip systems approach orientations with

higher Schmid factors with progressive deformation

(Schmid and Casey, 1986) fk10 2 11l slip seems unlikely.

Since deformation in the twin domain is more intense

(Fig. 3) than in the host domain, slip on rk 2 2021l explains

in a better way a continuous crystal rotation of the twin

Fig. 11. Misorientation profiles within microstructure B. For description see Fig. 9. Location of profiles are given in Fig. 5.

Fig. 12. Schmid factor map for microstructure A related to slip on (a) rk 2 2021l and on (b) fk10 2 11l. Light shades indicates high Schmid factors (soft

orientation), dark shades low Schmid factor (hard orientation) (see also text).
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domain towards an orientation of easier slip with

progressive deformation (Fig. 12a).

Another way to produce a specific misorientation axis is

by coupled activity in two coplanar directions. If, for

example, duplex slip occurred on the basal plane c(0001) in

different but energetically equivalent 2a and þa-directions

(as inferred for the ultramylonite from the same marble

shear zone; Bestmann et al., 2000), so that the resultant slip

vector is normal to an m-plane, then a rotation around kal
could result. Production of a precisely defined misorienta-

tion axis requires equal contribution of both slip directions,

which seems unlikely.

4.1.2. Microstructure B

There are three misorientation axes identified in the

porphyroclast. Rotation normal to an m-plane can be best

explained by one type of basal-a edge dislocation.

Dispersion patterns with a misorientation axis normal to

an f-plane cannot be constrained by simple dislocation

models and a more complex model, involving a combi-

nation of screw and edge dislocation may be needed to

explain these data. Slip systems that may generate

misorientation axes around kal are already discussed for

microstructure A.

The difference in dispersion for different misorientation

profiles and the occurrence of different misorientation

boundaries within one orientation domain suggest that a

combination of different types of dislocation were active

(see also Leiss and Barber, 1999).

4.2. Deformation, recovery and recrystallization

mechanisms

Deformation involving strain localization is often

characterized by zones with smaller grain sizes than the

surrounding area (e.g. Schmid et al., 1980; White et al.,

1980; Tullis and Yund, 1985). The occurrence of intra-

granular small grains in calcite marble has been reported

from experimentally and naturally deformed samples. The

small grains develop preferentially along deformation bands

and kink bands (Schmid et al., 1980; Vernon, 1981). Grain

boundary migration and subgrain rotation are the two basic

processes that are involved in the development of new small

grains during crystal-plastic deformation of rocks (Hobbs,

1968; Urai et al., 1986; Drury and Urai, 1990).

4.2.1. Recovery, subgrain rotation and subgrain rotation

recrystallization

In microstructure A, orientation dispersion, low angle

boundaries and some high angle boundaries (those in the

porphyroclast) share the same misorientation axis (Fig. 13b).

Therefore it seems reasonable that, with increasing strain,

recovery has formed subgrain walls (low angle boundaries)

and that further strain has produced a continuous increase in

misorientations by subgrain rotation (Fig. 14b). The sizes of

the cells surrounded by low angle boundaries, in the most

deformed part of the porphyroclast, are similar to the sizes

of the new small grains, consistent with subgrain rotation

recrystallization (Fig. 14c).

Fig. 13. Schematic model of the evolution of the intragranular microshear zone of microstructure A. (a) Calcite grain with one dominant twin system, produced

by a non-coaxial deformation. (b) Intragranular strain localisation causes lattice bending and the development of low angle boundaries. (c) and (d) New small

grains develop within the centre of the deformation zone by subgrain rotation. (d) Blow up of the deformation zone. Within the highly-distorted area concave

grain boundaries of relicts of the host domain (H) indicate grain boundary migration (see arrow). The new grains show a random distribution of misorientation

axes with respect to the surrounding host grain. (e) Pole figures give schematically the orientation dispersion of the host and twin domain (þdispersion axes;

dark shaded areas represent low-strained part) of the deformed porphyroclast and the CPO of the new grains.
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The evidence for subgrain rotation recrystallization is

less clear in microstructure B. Although the slip systems

appear more complex it seems reasonable that recovery has

produced the low angle boundaries observed in the

porphyroclast and that subgrain rotation has increased the

misorientation on some of these. Subgrains are approxi-

mately the same size as new grains, again consistent with

subgrain rotation recrystallization. Compared with micro-

structure A, many of the new grains are surrounded by

relatively strain free domains of the host crystal. Thus, if our

explanation is correct, deformation, recovery, subgrain

rotation and subgrain rotation recrystallization have all

been confined into a very narrow band.

Recovery and subgrain rotation cannot be the only

deformation mechanisms in operation in these samples.

These mechanisms alone cannot explain why the twin

orientation domain dominates the highly-distorted area

around the shear band in microstructure A. In addition

recovery and subgrain rotation alone cannot explain why

most misorientation angles between small new grains and

their host are considerably larger than 158 and why

corresponding misorientation axes are almost randomly

oriented.

4.2.2. Grain (twin) boundary migration

In microstructure A, relicts of host orientation domains

with bulged grain boundaries suggest that the twin domain

has consumed the host domain by grain boundary migration

(Fig. 13d). Subgrain rotation associated with significant

grain boundary migration is commonly observed (Drury

et al., 1985; Drury and Urai, 1990; Lloyd and Freeman,

1994; Lloyd et al., 1997; Fliervoet et al., 1999).

Misorientation analysis revealed that most of the strain

was accommodated in the twin domain and only to a minor

part in the host domain. The Schmid factor map for

rk 2 2021l slip (Fig. 12a) suggests that in this case easy slip

orientations (the twin domain here) developed lower

dislocation densities than hard slip domains (the host

domain here), which provided the driving force for twin

boundary migration and the consumption of the host

domain.

The small grains in both microstructures are approxi-

mately the same size as the subgrains in the deformed host.

If the new grains have developed by subgrain rotation

recrystallization they have not undergone significant growth

by grain boundary migration.

4.2.3. Grain boundary sliding

In both microstructures, the rational misorientation axes

within the deformed porphyroclast give way to sub-random

misorientation axes when boundaries with new, small grains

are crossed. Misorientation angles between new, small

Fig. 14. Schematic model to show the development of new grains within the porphyroclast with increasing strain. (a) Gradual lattice bending around a specific

rotation axis. (b) Recovery of dislocations into subgrain walls during ongoing deformation. (c) Subgrain rotation. (d) With increasing input of dislocations into

the existing subgrain walls, the nature of the boundary changes. Ongoing strain may involve diffusion accommodated grain boundary sliding of the newly

developed grains. As a result, the new grain loses its geometrical relationship to the host grain. Thick grey lines in the lower row show lattice orientations

(schematically).
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grains and their host are large as are misorientation angles

between the new grains. Large rotation angles and randomly

oriented misorientation axes between porphyroclasts and

recrystallized grains have been reported for various rocks,

metals and ceramics (e.g. Ave Lallemant, 1985; Law, 1986;

Escher and Gottstein, 1998; Kruse et al., 2001). Such an

arrangement in plagioclase rocks has been referred to as no-

host control (e.g. Kruse et al., 2001). No-host control seems

to be inconsistent with subgrain rotation recrystallization

and has been used to suggest the dominance of grain

boundary migration recrystallization from nucleii (Ave

Lallemant, 1985). Although there is evidence of grain

boundary migration in the marble samples (Section 4.2.2),

this cannot be the only process of recrystallization because

the new grains are located in the interiors of old grains.

Jiang et al. (2000) concluded from misorientation analysis

of a low-grade albite mylonite that grain boundary sliding

could be responsible for the weakening of the initially

strong CPO, an increase in the mean misorientation angle

between neighbouring grains and random misorientation

axes.

In our study, the orientation data (see Section 4.2.1)

suggest that subgrain rotation took place during strain

localization and subgrain rotation recrystallization remains

the best explanation for the development of new grains. In

both of our microstructures the CPO of the recrystallized

grains indicates an orientation relationship between the

average new grain orientation and the host grain, even

though individual misorientation axes are almost random

(see also Hobbs, 1968). One way to explain these data is that

the new grains were initially developed by subgrain rotation

recrystallization, but as soon as new high angle grain

boundaries were formed, they were able to undergo grain

boundary sliding (Figs. 13d and 14d) (see also Fliervoet and

White, 1995). The sliding process increases the average

misorientation between new grains and host and between

neighbouring new grains, randomises misorientation axes

and weakens the CPO of the new grains. Sliding along

newly developed grain boundaries might also explain why

some of the new grains were rotated out of the pre-existing

orientation of easy slip (Fig. 12a) (see also Herwegh et al.,

1997).

4.3. Rheological implications

The possible occurrence of diffusion creep during crystal

plastic deformation is extremely important. The rheologies

associated with dislocation creep and diffusion creep are

different. The recrystallized grains in the intracrystalline

microshear zones have the same microstructure and grain

size distribution as the steady state ultramylonite of the

Thassos marble shear zone (Bestmann et al., 2000). The

mechanistic interpretation and the rheological implications

are likely to be applicable to this larger scale shear zone.

If we use the inferred deformation conditions (T ¼ 300–

350 8C; Bestmann et al., 2000) and the recrystallized grain

size with the palaeopiezometer (giving ,45 MPa;

Bestmann, 2000) and deformation mechanism maps

( _g ¼ 1025 s21 and 3 £ 10214 s21) shown by Rutter

(1995), then the recrystallized grains in this sample fall

into the grain-size-sensitive field whilst the porphyroclasts

fall in the dislocation creep/twinning fields. It seems

reasonable then that grain size reduction by dynamic

recrystallization and associated strain localization leads to

a decrease in the importance of grain-size-insensitive (GSI)

dislocation creep relative to grain-size-sensitive (GSS)

diffusion-accommodated grain boundary sliding. Whether

this change caused a discrete rheological weakening (e.g.

Rutter, 1995) is less clear. Deformation mechanism maps

are generally constructed from mechanical data, using the

assumption that the rheology is controlled entirely by the

weakest mechanism. The named mechanism is not the only

mechanism operating in any given field and the rheology of

a material with more than one operating mechanism is not

known. Specifically, we do not know whether the sharp

boundaries on deformation mechanism maps should really

be represented by bands of intermediate rheologies. This

becomes more complex when the mechanisms are not

independent: in a steady state ultramylonite, progressive

grain size reduction might be balanced by grain growth at

the boundary between GSI and GSS deformation mechan-

isms (Herwegh et al., 1997; Herwegh and Handy, 1998; de

Bresser et al., 2001). Perhaps the microstructural criteria

that we have developed in this paper can be applied to

experiments to understand better the relative contributions

of GSI and GSS deformation mechanism across the

boundaries in deformation mechanism maps.

5. Summary and conclusions

The microstructural analysis of intragranular shear zones

in calcite porphyroclasts from a protomylonitic marble

suggests that:

1. The intragranular shear zones are developed by localiz-

ation of crystal plastic deformation, with associated

recovery and subgrain rotation.

2. One porphyroclast deformed by slip on rk 2 2021l,
whereas a second one deformed by slip on a combination

of slip systems.

3. Bands of recrystallized grains in intragranular shear

zones are developed by subgrain rotation

recrystallization.

4. In one microstructure, grain boundary migration also

operated in the deformation zone and led to the growth of

the twin domain at the expense of the host domain in the

highly-distorted area around the new recrystallized

grains.

5. New, recrystallized grains have the same size as nearby

subgrains indicating they have not undergone significant

grain boundary migration.
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6. Recrystallized grains, once formed, underwent grain

boundary sliding, as evidenced by a randomisation of

neighbour grain misorientation axes and a weakening of

the CPO.

7. Misorientation analysis provides a method of studying a

microstructure that can identify a component of grain

boundary sliding, that may in turn indicate diffusion

creep. Further systematic work has to be done to use

misorientations to quantify the contribution of these

processes.
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