Reprinted from

TECTONOPHYSICS

INTERNATIONAL JOURNAL OF GEOTECTONICS AND THE
GEOLOGY AND PHYSICS OF THE INTERIOR OF THE EARTH

Tectonophysics 280 (1997) 83-106

Temperature- and strain-rate-dependent microfabric evolution in
monomineralic mylonite:
evidence from in situ deformation of norcamphor

Marco Herwegh **, Mark R. Handy °, Renée Heilbronner ©

“ Geologisches Institut, Balizerstrafie 1, Universitit Bern, CH-3012 Bern, Switzerland
b Institut fiir Geowissenschaften, Universitit Giessen, Giessen, Germany
© Geologisches Institut und Abteilung fiir Wissenschaftliche Photographie, Universitdit Basel, Basel, Switzerland

Received 27 January 1996; accepted 31 October 1996

3 %_ :

ELSEVIER



TECTONOPHYSICS

Editors-in-Chief

J.-P. BRUN Université de Rennes, Institut de Géologie, Campus de Beaulieu, Ave. du Général Leclerc, Rennes 35042 Cedex France.
Phone: +33.99.28 61 23; FAX: +33.99.28 67 80; e-mail: dirgeosc@univ-rennes1.fr

T. ENGELDER Pennsylvania State University, College of Earth & Mineral Sciences, 336 Deike Building, University Park, PA 16802, USA.
Phone: +1.814.865.3620/466.7208; FAX: +1.814.863.7823; e-mail: engelder@geosc.psu.edu

K.P. FURLONG Pennsylvania State University, Department of Geosciences, 439 Deike Building, University Park, PA 16802, USA. Phone:
+1.814.863.0567; FAX: +1.814.865.3191; e-mail: kevin@geodyn.psu.edu

F. WENZEL Universitat Fridericiana Karlsruhe, Geophysikalisches Institut, HertzstraBe 16, Bau 42, D-76187 Karlsruhe, Germany. Phone:
+49.721.608 4431; FAX: +49.721.711173; e-mail: fwenzel @gpiwap1.physik.uni-karlsruhe.de

Honorary Editors: M. Friedman

S. Uyeda

Editorial Board

D.L. Anderson, Pasadena, CA
H.G. Avé Lallemant, Houston, TX
E. Banda, Barcelona

Z. Ben-Avraham, Tel Aviv

H. Berckhemer, Koenigstein

C. Blot, Sollies-Pont

G.C. Bond, Palisades, NY

G.J. Borradaile, Thunder Bay, Ont.
B.C. Burchfiel, Cambridge, MA
K.C. Burke, Houston, TX

S. Cloetingh, Amsterdam

P.R. Cobbold, Rennes

D. Denham, Canberra, ACT

J.F. Dewey, Oxford

G.H. Eisbacher, Karlsruhe

E.R. Engdahl, Denver, CO

E.R. Flh, Kiel

K. Fujita, East Lansing, M|

Y. Fukao, Tokyo

R. Geller, Tokyo

J.-P. Gratier, Grenoble

A.G. Green, Zurich

R.H. Groshong, Jr., Tuscaloosa, AL
H.K. Gupta, Hyderabad

Scope of the journal

T.W.C. Hilde, College Station, TX
A. Hirn, Paris

F. Horvath, Budapest

E.S. Husebye, Bergen

H. Kanamori, Pasadena, CA
S. Karato, Minneapolis, MN
R.J. Knipe, Leeds

M. Kono, Tokyo

X. Le Pichon, Paris

G.S. Lister, Clayton, Vic.

R.l. Madariaga, Paris

Y. Mart, Haifa

M. McNutt, Cambridge, MA
W.D. Means, Albany, NY

K. Mengel, Clausthal-Zellerfeld
A. Nicolas, Montpellier

G. Oertel, Los Angeles, CA

A. Pérez-Estaun, Oviedo

H.N. Pollack, Ann Arbor, MI
C.McA. Powell, Nedlands, W.A.
L. Ratschbacher, Wilrzburg
E.H. Rutter, Manchester

M.P. Ryan, Reston, VA

D.J. Sanderson, Southampton

S.M. Schmid, Basel

W.M. Schwerdtner, Toronto, Ont.
C. Sengdr, Istanbul

T. Seno, Tokyo

Shi Yang-Shen, Nanjing

N. Sleep, Stanford, CA

S. Sobolev, Potsdam

C.A. Stein, Chicago, IL

P. Suhadolc, Trieste

K. Tamaki, Tokyo

M. Torné, Barcelona

C.l. Trifu, Kingston, Ont.

J. Tullis, Providence, RI

D.L. Turcotte, Ithaca, NY

B.A. van der Pluijm, Ann Arbor, M|
R. van der Voo, Ann Arbor, M|
B.C. Vendeville, Austin, TX
R.L.M. Vissers, Utrecht

J.S. Watkins, College Station, TX
H.-R. Wenk, Berkeley, CA

G. Westbrook, Birmingham

B.F. Windley, Leicester

M.J.R. Wortel, Utrecht

P.A. Ziegler, Binningen

Tectonophysics is an international medium for the publication of original studies and comprehensive reviews in the field of geotectonics and the
geology and physics of the earth’'s crust and interior. The editors will endeavour to maintain a high scientific level and it is hoped that with its
international coverage the journal will contribute to the sound development of this field.

(Text continued on inside back cover)

© 1997, ELSEVIER SCIENCE B.V. ALL RIGHTS RESERVED. 0040-1951/97/$17.00
This journal and the individual contributions contained in it are protected by the copyright of Elsevier Science B.V., and the following terms and
conditions apply to their use:

Photocopying: Single photocopies of single articles may be made for personal use as allowed by national copyright laws. Permission of the
publisher and payment of a fee is required for all other photocopying, including multiple or systematic copying, copying for advertising or promotional
purposes, resale, and all forms of document delivery. Special rates are available for educational institutions that wish to make photocopies for
non-profit educational classroom use.

Inthe USA, users may clear permissions and make payment through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923,
USA. In the UK, users may clear permissions and make payments through the Copyright Licensing Agency Rapid Clearance Service (CLARCS), 90
Tottenham Court Road, London W1P OLP, UK. In other countries where a local copyright clearance center exists, please contact it for information on
required permisssions and payments.

Derivative Works: Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal circulation within their
institutions. Permission of the Publisher is required for resale or distribution outside the institution.

Permission of the Publisher is required for all other derivative works, including compilations and translations.

Electronic Storage: Permission of the Publisher is required to store electronically any material contained in this journal, including any article or part
of an article. Contact the Publisher at the address indicated.

Except as outlined above, no part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means
electronic, mechanical, photocopying, recording or otherwise, without written permission of the Publisher.

Notice: No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability, negligence
or otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the material herein.
& The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper).

PRINTED IN THE NETHERLANDS



31“1'

TECTONOPHYSICS

EER Tectonophysics 280 (1997) 83-106

Temperature- and strain-rate-dependent microfabric evolution in
monomineralic mylonite:
evidence from in situ deformation of norcamphor

Marco Herwegh ®*, Mark R. Handy ®, Renée Heilbronner ¢

9 Geologisches Institut, Baltzerstrafie 1, Universitit Bern, CH-3012 Bern, Switzerland
b Institut fiir Geowissenschaften, Universitit Giessen, Giessen, Germany
 Geologisches Institut und Abteilung fiir Wissenschaftliche Photographie. Universitit Basel, Basel, Switzerland

Received 27 January 1996: accepted 31 October 1996

Abstract

Norcamphor (C;H,;,0) was subjected to plane strain simple shear in a see-through deformation rig at four different
strain rate and temperature conditions. Two transient stages in the microfabric evolution to steady state are distinguished.
The grain scale mechanisms associated with the microstructural and textural evolution vary with the applied temperature,
strain rate and strain. In high-temperature—low-strain-rate experiments, computer integrated polarization microscopy reveals
that the texture evolution is closely related to the crystallographic rotation paths and rotation rates of individual grains.
High c-axis rotation rates at low to intermediate shear strains are related to the development of a symmetrical c-axis cross
girdle by the end of the first transient stage (y = 1.5 to 2). During the second transient stage (y = 1.5 to 6), the cross
girdle yields to an oblique c-axis single girdle as c-axis rotation rates decrease and the relative activity of grain boundary
migration recrystallization increases. Steady state (y > 8) is characterized by a stable end orientation of the sample texture

and the cyclic growth, rotation and consumption of individual grains within the aggregate.

Keywords: experimental structural geology; rock analogue; microfabric; texture; dynamic recrystallization

1. Introduction

Over the past thirty years, microstructural anal-
ysis of experimentally and naturally deformed my-
lonite have shown that dislocation glide and creep
are intimately associated with the development of a
crystallographic preferred orientation (CPO), usually
termed ‘texture’ in the materials science literature.
Mylonitic texture yields information about both the

* Corresponding author. Tel.: +41 (31) 631-8764; fax: +41 (31)
631-4843; e-mail: herwegh@ geo.unibe.ch

physical conditions and kinematics of deformation,
but the difficulty in distinguishing the effects of tem-
perature, strain-rate and strain on texture remains
one of the basic limitations in applying textures to
interpret the deformational history of mylonite. It
appears that the relative contributions of these effects
to texture cannot be discerned without understanding
the way in which texture evolves with strain.
Although most workers now agree that texture
formation in polycrystalline aggregates involves the
rotation of intracrystalline slip systems, there is con-
siderable controversy as to the precise way in which

0040-1951/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved.
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these systems rotate. One concept, the so-called
‘stable end orientation’ concept, envisages the ro-
tation of slip systems into irrotational orientations.
Intracrystalline slip occurs parallel to the overall
shearing direction within glide planes oriented paral-
lel to the shear zone boundary (e.g., Schmidt, 1927).
This idea is supported by complete texture analyses
of naturally and experimentally deformed mylonites
and assumes that the stable end orientation maxi-
mizes the resolved shear stress on the active slip
systems (Schmid and Casey, 1986; Schmid et al.,
1987; Etchecopar and Vasseur, 1987; Law et al.,
1990; Schmid, 1994). Dynamic recrystallization is
believed to play a fundamental role in preserving
this stable end orientation by eliminating grains that
are unfavourably oriented for intracrystalline glide
(Schmid and Casey, 1986). A more recent concept,
the so-called ‘ideal orientation’” concept (Wenk and
Christie, 1991), relates texture to orientation-depen-
dent rotation rates of the active intracrystalline slip
systems. To paraphrase Wenk and Christie (1991),
ideal orientations are pole figure maxima corre-
sponding to orientations for which the rotations
of slip systems are slowest (p. 1096 in Wenk and
Christie, 1991). This rate-dependent rotation of slip
systems has been simulated in computer models us-
ing both the Taylor-Bishop—Hill (TBH; Lister et
al., 1978; Lister and Hobbs, 1980) and viscoplas-
tic self-consistent (VPSC) theories of polycrystalline
plasticity (Wenk et al., 1989). In the absence of dy-
namic recrystallization, however, no stable end ori-
entations can ever be attained in such dynamic sys-
tems. The modelling work of Jessell (1988a,b) and
Jessell and Lister (1990) shows that modifying TBH
theory to account for dynamic recrystallization can
produce startlingly realistic model quartz microfab-
rics.

Table |

So far, neither of these concepts has been ade-
quately tested because microfabrics of samples from
natural shear zones and from high-pressure experi-
ments record mostly finite strain, precluding a recon-
struction of the crystallographic rotation trajectories
of individual grains during shearing. An alternative
approach adopted below is to conduct experiments
on organic analogue materials with a relatively low
melting temperature and to monitor their microfabric
as it evolves under the optical microscope (Means,
1977, 1989). Although the crystallography of many
organic materials is not well known, previous work
has shown that the textures and microstructures pro-
duced in such materials bear a striking resemblance
to those found in naturally deformed rock (e.g.,
Means, 1989; Herwegh and Handy, 1996).

In the following, we report on a series of exper-
iments conducted on norcamphor which we com-
bined with computer-integrated polarization micros-
copy (CIP; Panozzo-Heilbronner and Pauli, 1993)
to document continuously the evolution of a steady
state texture during simple shearing. The experi-
ments were carried out at four different homologous
temperature—strain rate conditions:

(1) high homologous temperature—low strain rate
experiments (HT-LS);

(2) high homologous temperature-high strain rate
experiments (HT-HS; see also Herwegh and Handy,
1996);

(3) intermediate homologous temperature-high
strain rate experiments (IT-HS); and

(4) low homologous temperature-high strain rate
experiments (LT-HS; see Table 1 for experimental
conditions).

The c-axis rotation paths and velocities deter-
mined in norcamphor with the CIP method suggest
that texture evolution in polycrystalline aggregates

Experimental conditions: high temperature—low strain rate (HT-LS), high temperature-high strain rate (HT-HS), intermediate tempera-
ture-high strain rate (IT-HS) and low temperature~high strain rate (LT-HS)

HT-LS HT-HS IT-HS LT-HS
T (°C) 25 25 10 4
Th 0.81 0.81 0.77 0.76
Shear strain rate 40x 1073 55x%x 107 551074 5.5 % 1074
Maximum attained shear strain () 79 10.5 9 5
Experiment duration (h) 55 5.25 45 25
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involves elements of both the stable end orienta-
tion and ideal orientation concepts outlined above.
We conclude the paper with a list of criteria that
should enable geologists to distinguish the effects of
strain and temperature in quartz mylonite that has
undergone simple shearing.

2. Sample preparation and analytical procedures

We used a Means-Urai rig to deform norcam-
phor (C7H;O) in plane strain, simple shear (see
Jessell, 1986; Means, 1989; fig. la in Herwegh
and Handy, 1996 for a detailed description of the
experimental configuration). Herwegh and Handy
(1996) have found many striking similarities be-
tween the microfabric of experimentally deformed
norcamphor and that of naturally deformed, my-
lonitic quartz. Norcamphor is uniaxial negative and
probably has hexagonal crystallographic symmetry
as inferred from hexagonal dendrites formed during
sublimation on glass (see fig. 2.5 in Bons, 1993). Un-
fortunately, the high sublimation rate of norcamphor
at room temperature precludes the use of standard
X-ray goniometry to identify its crystallography and
potential glide systems.

We prepared the sample in the same way as
already described in Herwegh and Handy (1996):
Norcamphor was mixed with corundum grinding
powder prior to cold and hot pressing. In contrast to
our previous sample preparation procedure, however,
hot pressing of the current sample batch lasted longer
(96-172 h) at temperatures ranging from 35° to 45°C.
Fig. 1 depicts pole figures for the initial, hot-pressed
textures of the samples prior to the simple shear-
ing experiments. Note that coaxial flattening during
hot pressing induces c-axis point maxima parallel to
the Y direction in Fig. Ib,c (see HT-LS, IT-HS and
LT-HS columns in Fig. 1b.c). The initial texture of
the samples in the HT-HS experiments comprises
concentric c-axis small circle patterns about the prin-
ciple stress (o) direction for hot pressing (HT-HS
column in Fig. 1b.c). In contrast, the initial textures
of the other experiments contain c-axes maxima
along the periphery of the pole figures in Fig. 1b (see
also elongate maxima in Fig. Ic). These textures may
reflect sample flowage parallel to the frosted grips of
the glass slides during flattening in the Y direction in
Fig. la. Note that the incomplete small circle along

the periphery of the pole figure in the initial HT-LS
texture (Fig. 1b and Fig. 2) reflects an artefact of the
measuring method. Because the HT-LS run was the
first experiment in which we applied the CIP method
(see below), we did not realize that the tilting angle
we applied during digital imaging was too low. Con-
sequently, norcamphor c-axes with azimuths in the
220-290° range at intermediate to high inclinations
were not imaged correctly. Based on later experi-
ments, we surmise that correct measurement of the
texture would have yielded a small circle c-axis pat-
tern symmetrically disposed about the hot pressing
o, direction.

We applied two methods of texture analysis in the
analogue experiments:

(1) a modified optical ‘Achsenverteilungsanalyse’
or AVA (Sander, 1950) involving U-stage measure-
ment of norcamphor c-axes whose general orienta-
tion within the microstructure was established from
the interference colour of grains (for a detailed de-
scription of the procedure, see Herwegh and Handy,
1996); and

(2) computer-integrated polarization microscopy
(CIP; Panozzo-Heilbronner and Pauli, 1993, 1994).

Using the U-stage has a basic problem: rapid
annealing of the samples precludes deforming the
sample to higher strains after c-axis measurement.
Thus, the experiment must be repeated several times,
each time to a different shear strain, such that the
c-axes are measured in a different sample at the end
of each run. A quantitative evaluation of the rotation
paths of c-axes for individual grains can therefore
not be obtained with the U-stage. The main advan-
tage of the CIP method (method 2) is that it allows
such an evaluation and we have applied it to track
c-axis trajectories in the new experiments reported
below. The CIP software package generates a c-axis
orientation image from 22 digital infrared images
by calculating grey value images representing the
azimuths and inclinations of the c-axes at each of
the pixels of the entire grain aggregate (Panozzo-
Heilbronner and Pauli, 1993, 1994). Eighteen of the
twenty-two images are taken at 10° rotation intervals
and four images in tilted orientations (see configura-
tion in Herwegh, 1996). The c-axis orientations are
assigned characteristic colours (see colours and their
reference code in Figs. 2-4). The c-axis orientations
are then plotted in a standard c-axis pole figure using
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preparation

Fig. 1. Equal-area projections of initial textures after hot pressing during sample preparation. (a) Flattening plane is oriented east-west
in the pole figures, perpendicular to the oy direction of hot pressing (black arrows). (b) Simple shear plane is oriented east—west in the
pole figures, corresponding to the SZB at 45° to the oy direction during the experiments (white arrows). Note that the initial textures in
the first and second rows are identical: a 90° clockwise rotation about the X sample preparation axis transforms the pole figures in (a) to
those shown in (b). (¢) Specimen axes during sample preparation and simple shearing experiments. T = hot pressing temperature, 1 =
hot pressing duration.

the program ‘Stereoplot XL' (Mancktelow, 1993).
Table 2 shows the methods employed and the fre-
quency of textural analysis performed during each
of the experiments. In the HT-LS experiments, the
strain rate was sufficiently low (4 x 10~° s7') 1o
obtain seventeen orientation images without inter-
rupting the experiments. In contrast, all high strain
rate experiments had to be interrupted for 10 to 15
min in order to record the 22 digital images required
for each orientation image. To minimize sample an-
nealing during these intermissions, the number of
orientation images per increment of shear strain was
reduced (see IT-HS and LT-HS columns in Table 2).

IT-HS LT-HS

de== = —
— e —_—

experiment

The resulting decrease in temporal resolution was
compensated for by taking additional digital images
every 5 min without interrupting the experiment. The
public domain software NIH image 1.57 (Rasband,
1995) allowed us to animate these images and to
calculate changes in the areas of individual grains
and grain aggregates with strain (e.g., Fig. 5).

3. Microfabric evolution

Our previous work with norcamphor has shown
that microfabric changes involve the simultaneous
activity of several interactive mechanisms from the
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Fig. 2. HT-LS microfabric evolution. Finite strain ellipses (first column) CIP-generated orientation images (second column) and colous
reference pole figure (bottom of second column), contoured e-axis pole figures (third column). Shear zone boundary (dashed horizontal
lines) and long axis of the finite strain ellipse (line labelled Sa). Contour intervals of the pole figures are 0.25, 0.5, 1.0 (dashed), 2. 4, 8.
16, 32 times uniform distribution.



Fig. 3. IT-HS microfabnc evoluton. Fimite strain ellipses (hirst column), « | photographs of

— . mnad ] 1
microiabne (second column)

nd colour
elerence pole figure (bottom of second column). contoured c-axis pole ligure

(third column). Note that f

the reference cold figure

pole
pol
~'.'Il'~'."|‘|\. Hmagc) \\'fll".'ul.‘ll_ll- a4 scl up wi = the analyzer

polarizer and compensator are rotated 45 counterclockwise from
their standard position. Cracks (blacks arrows), shear zone boundary (dashed honzontal lines) and long axas of the finite strain ellipse

line labelled Sa) are indicated in the pole figures. Contour intervals of the pole figures are 0.25, 0.5, 1.0 (dashed), 2, 4, 8.

16. 32 times
uniform distribution
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sub- to the supragranular scale (Herwegh and Handy,
1996). We applied the concept of a mechanism as-
semblage to describe the simultaneous activity of
such mechanisms, with the term ‘mechanism’ used
in a rather broad sense to refer to any grain scale pro-
cess that involves changes in microfabric. Our new
work below indicates that textural and microstruc-
tural changes leading to a steady state microfabric
are strongly dependent on temperature and strain
rate. The recognition of different relative activities
of mechanisms with strain allowed us to discern
two transient stages in the microfabric evolution. Al-
though the nature and duration of these stages varied
with temperature and strain rate, both stages were
discerned in all of the experiments described below.

3.1. High temperature—low strain rate (HT-LS)
experiments

3.1.1. First transient stage

At y = 0 to 1.5, glide-induced vorticity (‘shear-
induced component of vorticity’ of Lister, 1982;
Lister and Williams, 1983) is manifest by the
glide-induced rotation and elongation of individual
grains. This results in an oblique shape preferred
orientation (SPO) at 60° to the SZB. Strain-depen-
dent changes in the CIP-generated colours of grains
reflect changes in grains’ c-axis orientations (Fig. 2).
These orientations can be read from the colour-coded
pole figure at the bottom of Fig. 2. The glide-induced
rotation of the c-axes as well as the simultane-
ous growth of yellow and magenta grains via grain
boundary migration leads to the rapid consumption
of grains that are unfavourably oriented for intracrys-
talline glide parallel to the SZB (e.g., appearance of
favourably oriented yellow grains and disappearance
of unfavourably oriented blue and purple grains in
Figs. 2 and 5a). The average grain size increases
(Figs. 6 and 7) and a weak domainal microfabric
develops at the end of the first transient stage. At
somewhat higher shear strains (y = 1.5), the texture
consists of a c-axis cross girdle that is symmetrically
disposed with respect to the long axis of the finite
strain ellipse (see third column in Fig. 2). The con-
centration of c-axes in the centre of the pole figure is
partly inherited from the initial texture (Fig. 1b,c) but
also reflects incipient rotation of some c-axes into an
orientation consistent with prism glide parallel to

the SZB (see discussion section below). The c-axes
point maxima of the cross girdle at the periphery
of the pole figure in Fig. 2 were generated with the
mechanism assemblage described above.

3.1.2. Second transient stage

Between y = 1.5 and y = 6, intense grain bound-
ary migration recrystallization combined with the co-
alescence of yellow grains (Means and Dong, 1982;
see fig. 9 in Herwegh and Handy, 1996) strength-
ens the domainal character of the microfabric until
the microfabric only consists of yellow and magenta
grains (Fig. 2). The average grain area increases
linearly with strain, reflecting the high activity of
grain boundary migration (Figs. 6 and 7). The same
phenomenon was observed in one of the octachloro-
propane experiments of Jessell (1986, fig. 7, run TO-
63). Progressive subgrain rotation recrystallization
(‘rotational recrystallization’ of Poirier and Guil-
lope, 1979) is especially active in yellow grains and
contributes to the complete dynamic recrystalliza-
tion of the entire microfabric at shear strains above
2.8. Interestingly, the average grain SPO already be-
comes strain invariant at shear strains of 1.5. This is
consistent with observations of SPO in octachloro-
propane (Ree, 1991) and norcamphor deformed at
higher strain rates (Herwegh and Handy, 1996). The
progressive strengthening of the domainal microfab-
ric is closely related to the consumption of magenta
grains by yellow grains (see Fig. 5a) and involves
a textural transition from a symmetrical c-axis cross
girdle to a c-axis single girdle. The latter is oriented
subperpendicular to the SZB but obliquely oriented
with respect to the main foliation (see second and
third columns of Fig. 2).

3.1.3. Steady state

At shear strains above 6, both the texture and
the relative area of yellow and magenta grains be-
come strain invariant, indicating the attainment of
textural and microstructural steady state (Fig. 2).
Although microfabric appears to be strain invari-
ant on the sample scale, the continuous activity
of high- and low-angle grain boundary migration
and subgrain rotation recrystallization replenishes
the microfabric with a steady supply of new, pre-
sumably less-strained grains (see below). The details
of this renewal process are quite complex: when
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Table 2

Chart showing the methods used to document the microstructural and textural evolution during the experiments: digital infrared pictures,
normal 35 mm photographs, CIP (computer-integrated polarization microscopy), U-St. (U-stage measurement of c-axes)

i HT-LS HT-HS IT-HS LT-HS
0 — CIP «U-St] °fiCIP] gLCIP]
LCIE | ’ 5
d CIP TSt
1 CIP 4 St 8 i
2 — &P «U-st] oHCIP §
~{CIP . g
3 CIP . g
éi CIP| o :
4 — gC'P oU-st] oHCIP] &HCIP
CIP . §
o C P o
51 fom  C :
6 — ~{CIP ~U-St] o}CIP
eClP] .
7 & CIP -
& CIP .
8 — §{CIP -St CiP
g 4 . CIP]
10 — U-St
11~ L .
o digital picture « photograph

The evolution of the microstructure in all experiments was also documented with videotape (HT-HS) or computer animation of the

digital images (HT-LS, IT-HS, LT-HS).

observing the grain boundaries of yellow and ma-
genta grains, we were surprised to find that old
magenta grains are never completely consumed by
the yellow grains. Instead, they undergo cycles of
shrinkage and growth. Burg et al. (1986) observed
similar oscillatory growth and consumption of grains
in polycrystalline ice undergoing simple shear. The
oscillatory behaviour of magenta and yellow grains
preserves a stable proportion of differently coloured
and oriented grains within the sample (Fig. 5a). A

statistically constant proportion of differently ori-
ented grains on the sample scale is also manifest in
the texture which comprises two stable ¢-axis point
maxima, one parallel to the Y specimen axis and the
other slightly oblique to the SZB normal (see bottom
two rows of Fig. 2). Note that Figs. 6 and 7 seem to
indicate that grain size increases continuously with
strain and therefore has not reached steady state.
Unfortunately, the weak colour contrasts between
similarly oriented grains at high shear strains pre-

Fig. 4. LT-HS microfabric evolution. Finite strain ellipses (first column) CIP-generated c-axis orientation images (second column) and
colour reference pole figure (top left-hand corner of each orientation image), contoured c-axis pole figures (third column). Shear zone
boundary (dashed horizontal lines) and long axis of the finite strain ellipse (line labelled Sa). Contour intervals of the pole figures are

0.25, 0.5, 1.0 (dashed), 2. 4, 8, 16, 32 times uniform distribution.

Fig. 5. Relative areal proportions of grains with a specific crystallographic orientation as a function of increasing shear strain for HT-LS
(a), HT-HS (b), IT-HS (c) and LT-HS (d) experiments. Corresponding CIP-generated colour reference pole figures are shown.
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Fig. 6. Evolution of grain area distribution with shear strain in the experiments. The grain area evolution depends on temperature and
strain rate (see text for explanation). Note that the scaling on the horizontal grain area axis and the vertical area proportion axis vary in
the different columns.
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Fig. 7. Change in grain area with shear strain for the different
experimental conditions (see text for explanation).

clude the accurate measurement of grain shape and
size, so that the estimates for the HT-LS runs at
y = 6 in Figs. 6 and 7 may not accurately reflect the
true grain size.

The HT-LS microstructures described here are
very similar to the HT-HS microstructures reported
in Herwegh and Handy (1996), indicating that strain
rate has a relatively modest effect on microfabric
evolution at high homologous temperature (compare
Fig. 2 of this paper with fig. 2 of Herwegh and
Handy, 1996). Nevertheless, there are some differ-
ences between the HT-HS and HT-LS microfabrics
that can be related to varied strain rate. During the
first transient stage in the evolution of the HT-HS
microfabrics, subgrain rotation recrystallization and
rigid body rotation are the predominant mechanisms
(Fig. 8a), whereas grain boundary migration is less
active than in the HT-LS experiments (Fig. 8a). This
is associated with a significant decrease in grain
size (Figs. 6 and 7) as well as with the develop-
ment of a c-axis cross girdle at relatively higher
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Fig. 8. Schematic diagrams showing the variation in mechanism assemblage as a function of shear strain for the different experiments: (a)
HT-LS and HT-HS, (b) IT-HS, (c) LT-HS. (d) Temperature vs. strain rate plot of the dominant grain scale mechanisms in experimental
deformation of norcamphor (see text for explanation). Note the LT-LSR (low temperature—low strain rate) experiments are not reported
in this work but they yield the same microfabrics as the HT-HS experiments.
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shear strains (y = 2) in the HT-HS experiments.
In the second transient stage, the width of the do-
mains in the HT-HS microfabric is narrower than
that of the HT-LS microfabrics (370 pum vs. 570
pm). At steady state, both experiment types have
a similar mechanism assemblage (Fig. 8a). In case
of the HT-HS experiments, however, grain boundary
mobility is lower and spontaneous nucleation of new
grains is an additional mechanism associated with
the conservation of a strain invariant microfabric
(Fig. 8a). Spontaneous nucleation is discussed below
in greater detail.

As already demonstrated in Herwegh and Handy
(1996), the high-temperature norcamphor microfab-
rics are very similar to those of naturally quartz my-
lonite deformed under upper greenschist to amphi-
bolite facies conditions (compare fig. 12 of Herwegh
and Handy, 1996 with Fig. 2 of this work). In both
norcamphor and quartz samples, the microstructure
comprises an oblique SPO and relatively large grains
with bulged grain boundaries. These features reflect
the strong component of grain boundary migration in
simple shear. In norcamphor, we observed that small
equi-axed grains originate by progressive subgrain
rotation. We infer a similar origin for such grains
in quartz. Nevertheless, differences in the positions
of c-axis point maxima between quartz and nor-
camphor textures probably reflect differences in the
relative activity of slip systems (compare fig. 12 of
Herwegh and Handy, 1996 with Fig. 2 of this work).

3.2, Intermediate temperature-high strain rate
(IT-HS) experiments

3.2.1. First transient stage

The mechanism assemblage for the first transient
stage (y < 2) at IT-HS conditions is a combination
of subgrain rotation recrystallization, glide-induced
vorticity, grain boundary migration, with subordinate
activity of spontaneous nucleation and rigid body ro-
tation (Fig. 8b). The rotation of intracrystalline glide
planes towards an orientation favouring slip parallel
to the SZB (Fig. 3) is associated primarily with pro-
gressive subgrain rotation recrystallization, leading
to a strong decrease in the average grain size (Figs. 6
and 7). Rigid body rotation of grains is unimportant
compared to the HT-HS experiments. The grain SPO
forms a similar angle with the SZB (60°) as those

observed in the high-temperature experiments and
this angle becomes strain invariant already during
the first transient stage. Herwegh and Handy (1996)
related this angle to the average 60° angle between
the SZB and dominant microshear zones within the
sample (see also Herwegh and Handy, 1997). A weak
domainal microfabric consisting of yellow and ma-
genta grains develops at the end of this stage (Figs. 3
and 5¢). As in the high-temperature experiments, a
symmetrical c-axis cross girdle forms perpendicular
to the long axis of the finite strain ellipse calculated
for the entire sample (Fig. 3).

3.2.2. Second transient stage

With progressive deformation, a combination of
subgrain rotation, glide-induced vorticity and grain
boundary migration strengthen the domainal mi-
crofabric (Fig. 3). In particular, we noticed that
noncoaxial shearing of grain boundary bulges ro-
tates these bulges into parallelism with the grain
boundaries. Renewed bulging along these sheared
boundaries contributes to the growth of domains (see
fig. 10 in Herwegh and Handy, 1996). The average
width of these domains (170 gm) is less than the
domain width in the high-temperature experiments.
The average grain size still decreases during the
second transient stage due to the continued activ-
ity of subgrain rotation recrystallization and sponta-
neous nucleation (Figs. 6 and 7). We apply the term
‘spontaneous nucleation’ to the sudden appearance
of minute grains in animated digital images of the
evolving microstructure. These grains grow rapidly
at the expense of other grains until attaining dimen-
sions comparable to those of optical subgrains. It is
unclear if their nucleation involves the progressive
rotation of TEM-size subgrains, the rotation of small
grain fragments, or even classical nucleation (Drury
and Urai, 1990). We favour the first possibility, how-
ever, because spontaneous nucleation tends to occur
together with subgrain rotation recrystallization near
the boundaries of larger host grains (e.g., Fig. 8a.b).
The microfabric is completely recrystallized at shear
strains greater than 4. During the second transient
stage, the c-axis cross girdle rapidly reduces to an
oblique single girdle (last two columns of Fig. 3).
Interestingly, several small cracks opened perpendic-
ular to the incremental stretching axis. These cracks
lengthened as they rotated synthetically into paral-
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lelism with the main axis of the finite strain ellipse
(compare with LT-HS experiments below).

3.2.3. Steady state

At y > 6, grain size, domain width, grain SPO,
and texture all become invariant with strain on the
sample scale (Figs. 3 and 5c¢). On the grain scale,
however, subgrain rotation and the cyclical growth
and consumption of individual grains or subgrains
constantly ‘refreshes’ the microfabric (see Fig. 8b).
The elongate fractures that formed and rotated dur-
ing the second transient stage remain open parallel to
the main axis of finite strain ellipse. Compared to the
high-temperature microstructures, the IT-HS steady
state microstructure shows a much smaller average
grain size (Figs. 6 and 7). a smaller domain width
(Figs. 2 and 3), a steeper SPO, a different mecha-
nism assemblage and other relative mechanism activ-
ities (Fig. 8). These pronounced differences between
high- and intermediate-temperature microstructures
are also manifest in the steady-state textures: point
c-axis maxima typical of high-temperature deforma-
tion are replaced by oblique c-axis single girdles
with a stable obliquity with respect to the SZB at
shear strains greater than 6 (right-hand column in
Fig. 3).

Natural equivalents to the IT-HS norcamphor mi-
crostructures are rather common in greenschist facies
quartz mylonites (e.g., Knipe and Law, 1987; Law
et al., 1990) and have also been generated in both
coaxial shear (regime 3 microstructures of Hirth
and Tullis, 1992) and split cylinder shear experi-
ments on quartzite (Dell’Angelo and Tullis, 1989).
In the experiments by Hirth and Tullis (1992), quartz
also begins to recrystallize along the boundaries
of host grains by a combination of subgrain rota-
tion and grain boundary migration recrystallization.
At strains corresponding to 57% axial shortening,
complete recrystallization of the sample eradicated
all vestiges of the core-mantle structure in quartz
(see fig. 6d in Hirth and Tullis, 1992). Spontaneous
nucleation and veining such as observed in the nor-
camphor experiments were not reported from any of
the quartz experiments in the literature. Identical tex-
tures to the IT-HS norcamphor textures documented
in Fig. 3 can be found in natural quartz aggregates
that were subjected to plane strain simple shearing
under greenschist to lower amphibolite facies condi-

tions (Schmid and Casey, 1986; Law et al., 1990). In
quartz, this type of texture pattern is interpreted to
reflect slip on the prism, basal and rhomb planes in
the (a) direction.

3.3. Low temperature—high strain rate (LT-HS)
experiments

3.3.1. First transient stage

An oblique ribbon grain SPO develops already
during the first increments of shear strain. This
reflects a significant component of glide-induced
vorticity (Fig. 4). Compared to the previous exper-
iments, dynamic recrystallization is strongly sup-
pressed and involves limited grain boundary mi-
gration (Figs. 4 and 8). The texture comprises a
symmetrical c-axis cross girdle (Fig. 4).

During this low-temperature crystal plasticity,
fractures develop along grain boundaries with an
initial orientation of 135° to the SZB, i.e. parallel
to the inferred o, direction of simple shear (Fig. 9).
With continued strain, the following two types of
crack evolution can be discerned:

(1) Cracks open parallel to the incremental
stretching direction and propagate parallel to the
o) direction. They then interconnect to form a big
vein that truncates the entire shear zone (white crack
labelled 2 in Fig. 9). Pinning of such veins at the
SZB prevents their rotation during the simple shear-
ing experiment.

(2) In cases where cracks do not interconnect,
they remain relatively small and rotate synthetically
into concordance with the SZB. The cracks open as
long as their long axes lie within the shortening field,
but close obliquely upon rotation into the extensional
field. Once the cracks are closed, only a few bubble
trails subparallel to the long axis of the finite strain
ellipse mark the former location of the cracks (see
bubbles labelled 1 in Fig. 9).

3.3.2. Second transient stage

Dynamic recrystallization involving a combina-
tion of subgrain rotation recrystallization and grain
boundary migration typifies this stage. This is asso-
ciated with a reduction in the average grain size and
the development of a core—mantle structure (Figs. 4,
6 and 7). The large veins continue to dilate, but no
new fractures nucleate in the norcamphor between
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Fig. 9. Crack evolution in the sample deformed at LT-HS condi-
tions. Type | cracks nucleate at grain boundaries oriented 135°
to the SZB. They then open and rotate synthetically towards the
SZB. These cracks close upon rotation into the shortening field
of the incremental strain ellipse (0-90° to SZB). Note bubbles
outlining the trace of the closed crack. Type 2 cracks nucleate
as above, propagate perpendicular to the incremental stretching
direction and interconnect to form a big vein.

the fractures. A c-axis texture develops in uncracked
regions, suggesting that intracrystalline glide and dy-
namic recrystallization are able to maintain strain
compatibility in the parts of the aggregate between
the cracks. Thus, the localized cracking does not ap-
pear to have a strong influence on texture evolution,
at least at low strains.

[t is important to note that close spatial and tem-
poral relationship of microstructures related to frac-
turing and intracrystalline plasticity is a diagnostic
criterion for the brittle to crystal plastic transition in
natural fault rocks (i.e. ‘frictional to viscous transi-
tion” of Schmid and Handy, 1991). Although synmy-
lonitic cracks have been recognized in greenschist
facies quartz mylonites (e.g., plates 4.20 and 4.22 in
Handy, 1986), the big cracks formed in the LT-HS
norcamphor experiment are probably not very real-
istic. The unrealistically low confining pressure in
our experiment favours the opening of such cracks.
Moreover, because these cracks are pinned at the
SZB, they cannot all rotate into an orientation which
would lead to their closing. Finally, the lack of a
fluid phase in the experiments inhibits sealing of the
cracks via solution—precipitation mechanisms. Un-
fortunately, the inability of the big cracks to rotate
and seal lead to disintegration of the sample, prevent-
ing us from reaching shear strains of greater than 5
in the LT-HS experiments. Therefore, steady state
was never attained.

To summarize this section, our experiments in-
dicate that microfabric evolution in norcamphor
is highly temperature- and strain-rate-dependent.
Fig. 8d shows the relationship between the temper-
ature—strain rate conditions and the dominant grain
scale mechanism inferred from the microfabrics in
our experiments. Shearing of norcamphor at high ho-
mologous temperatures favours grain boundary mi-
gration recrystallization as the dominant grain scale
mechanism accommodating glide-induced vorticity
within the aggregate. Increasing strain rate at this
high temperature tends to increase the relative activ-
ity of subgrain rotation recrystallization and, at low
strains, also to favour rigid body rotation of ‘hard
grains’ (i.e. grains poorly oriented for slip parallel to
the SZB). By comparison, microfabrics generated in
simple shear at an intermediate homologous temper-
ature are much finer grained, indicating the predom-
inance of subgrain rotation recrystallization. In ex-
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periments conducted at the lowest homologous tem-
peratures, the inability of crystal plastic mechanisms
such as intracrystalline glide and dynamic recrystal-
lization to accommodate the bulk strain compatibly
leads to the opening of tensional cracks along grain
boundaries. The aggregate deforms at the brittle to
ductile transition. In all experiments, however, the
microstructural changes are strongly linked to a tex-
tural evolution characterized by the transition from a
symmetrical c-axis cross girdle to an oblique c-axis
single girdle with respect to the long axis of the
finite strain ellipse. In the next section, we examine
the way in which the rotational history of individual
grains relates to the formation and preservation of a
steady state microfabric.

4. Crystallographic rotation paths and rates

The texture of a polycrystalline aggregate com-
prises grains with different crystallographic orien-
tations and rotation histories. Up to now, such ro-
tational histories could only be approximated by
measuring the crystallographic axes on the U-stage
once the experiments were stopped (Jessell, 1986;
Herwegh and Handy, 1996) or by inserting a Berek
compensator during experimental runs to interme-
diate shear strains (y = 1.4, in Ree, 1991). We
therefore applied the CIP method (described above)
during the HT-LS runs to record a sufficiently dense
orientation image distribution per shear strain incre-
ment to calculate the rotation paths of individual
grains.

Basically three different types of rotational path
can be observed in the pole figures in Fig. 10a,b:
type I, shallowly inclined c-axes at the periphery that
rotate synthetically with respect to the bulk sense
of vorticity; type II, steeply inclined c-axes that re-
main in the centre of the pole figures; and type
I1I, intermediate to steep c-axes in the centre of the
pole figures that rotate towards smaller inclinations.
These general c-axis paths are shown schematically
in Fig. lla. The relative rates of the orientational
changes corresponding to these three types of rota-
tional paths are best seen in those parts of Fig. 10
that depict changes in the azimuth (Fig. 10c,d) and
inclination (Fig. 10e,f) of norcamphor c-axes as a
function of shear strain. The steeper the curve, the
faster the rate of crystallographic rotation. Therefore,

grains with paths types I and II correspond to the flat
curves in Fig. 10e,f, indicating a low rate of inclina-
tional change, whereas grains with path type III have
steep curves diagnostic of high rates of inclinational
change. Interestingly, there is no general correlation
between grains’ orientational path type and changes
in azimuth in Fig. 10c,d. Some grains maintain their
azimuth (flat curves) whereas others show initially
high rates of azimuth change that decrease with
strain (concave curves in Fig. 10c,d).

This rather complex relationship between crystal-
lographic orientation and rotation rate is summarized
in Fig. 11b, which outlines fields of relative c-axis
orientational stability (= low c-axis rotation rates).
The boundaries of the stability fields in this dia-
gram derive directly from the angles corresponding
to horizontal dashed lines that separate differently
sloped curves in Fig. 10c—f. c-axes with orientations
in the white field of Fig. 11b rotate quickly toward
orientations with slower rotation rates (hatched fields
in Fig. 11b) before being eliminated by dynamic
recrystallization (short curves between dashed lines
in Fig. 10c—, e.g., grains 2, 5, 14, 18). Intersections
of the left- and right-hatched fields in the pole figure
correspond to the relatively narrow range of axial
orientations that are characterized by low azimuthal
and inclinational rotation rates. It is probably not
coincidental that these fields of relatively high axial
stability also contain the c-axis point maxima making
up the bulk texture in norcamphor at intermediate to
high shear strains (shaded elliptical areas in Fig. 11,
recall Fig. 2). Also, newly nucleated grains usually
show c-axis orientations within, or at least very close
to, the field of maximum orientational stability in
Fig. 11b (e.g., grains 19, 25, 27, 30 in Fig. 10).

The distribution of the orientational stability fields
in Fig. 11b bears implications for the evolution of
texture on the scale of the entire norcamphor sample.
The symmetrical c-axis cross girdle that forms at low
to intermediate simple shear strains in the first tran-
sient stage of the HT-LS experiments (Fig. 2; y = 2)
consists of grain orientations in the low rotational
rate fields of Fig. 11b. As mentioned above, these
rotations primarily involve glide-induced vorticity
(Fig. 8a). In analogy with quartz, slip is inferred
to occur both on the prism [m] slip system and on
conjugate basal glide planes in the (a) direction (dis-
cussion in Herwegh and Handy, 1996). This allows
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Fig. 10. c-axis rotation paths for individual grains. Equal-area pole figures showing c-axis rotation paths of individual grains (a. b).
Azimuth vs. shear strain diagrams (c. d). Inclination vs. shear strain diagrams (e, f). To aid visualization of the c-axis rotational histories,
orientations from opposite quadrants of the pole figures are combined so that only a 180° azimuth range is depicted on the vertical axes
of (c) and (d). This is justified by the symmetry of most c-axis rotational paths with respect to the centre of the pole figures. Dashed
horizontal lines in (c) to (f) delineate orientational stability domains depicted in Fig. 12 (see text for explanation).
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Fig. 11. (a) Three general types of c-axis rotation paths derived from pole figures in Fig. 10a,b. (b) Pole figures showing fields of varied
c-axis rotation rates (see text for explanation).

pure shear extension of the norcamphor aggregate
parallel to the long axis of the finite strain ellipse.
Why does such a seemingly stable cross girdle tex-
ture yield to the c-axis single girdle in the second
transient stage? A glance at the c-axis trajectories
at the periphery of the pole figures in Fig. 10ab
provides a possible explanation: grains that have at-
tained an orientation in the peripheral high stability
field (Fig. 11b) continue to rotate at a low rate syn-
thetically with respect to the bulk sense of vorticity
(e.g.. grains 4, 6, 20 in Fig. 10). As shown in Fig. 5a,
the volume proportion of such grains (violet and ma-
genta grains) decreases dramatically at shear strains
between 2 and 4 due to the increased relative activ-
ity of grain boundary migration recrystallization (see
also Fig. 8a). This slow rotation of individual grains'
c-axes in the presence of syntectonic grain boundary
migration continues, with the c-axes of most surviv-
ing grains attaining an orientation coincident with
the steady state point maxima (e.g.. grains 35, 36
in Fig. 10). Up to steady state, the crystallographic

N\ low azimuth rotation rates

@ low inclination & azimuth

rotation rates (high axial stability)

rotation of individual grains is accompanied by a
slight synthetic rotation of the single girdle skeletal
outline with respect to the SZB (textures for y = 4
to 6 in Fig. 2).

At steady state, rotation of the peripheral point
maxima with respect to the SZB stops, but the c-axes
of individual grains within the aggregate continue to
rotate. This is shown in Fig. 12, which contains an
orientation image sequence through an orientational
slice (azimuth ranges 170-190° and 350-010° at in-
clinations of 0° to 10°) corresponding to the periph-
eral c-axis point maxima for the steady state HT-LS
texture. In this figure, the grey tones correspond
to 2° intervals within this azimuth range (see up-
per left-hand corner of Fig. 12). Deformation bands
and prismatic subgrains in Fig. 12 have low-angle
boundaries (2-10°) that are oriented subperpendicu-
lar to the SZB. Both the boundaries and the c-axes
of the subgrains rotate synthetically (see deformation
band labelled 1 in Fig. 12 and progressively darken-
ing subgrain to the left of this band). This rotation
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Fig. 12. Changes in crystallographic orientation and microstructure in a steady state HT-LS experiment. Pole figure in the upper left-hand
corner shows the grey tones corresponding to 2° azimuth intervals for flat-lying c-axes within the peripheral steady state point maxima
(see text for further explanation).
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continues until the subgrains are consumed by one
of two mechanisms: (1) low-angle grain boundary
migration of adjacent subgrains whose basal planes
are oriented subparallel to the SZB (subgrain la-
belled 2 in Fig. 12); or (2) high-angle grain boundary
migration of neighbouring grains (grain labelled 4
in Fig. 12). A few grains even manage to rotate
out of the favourable slip orientation before being
consumed (see grain labelled 3 in Fig. 12). The ro-
tation path of such grains is similar to that of grain
24 in Fig. 10a. Most black grains in Fig. 12 are
favourably oriented for prism glide, as inferred from
their c-axis orientations parallel to the Y fabric di-
rection (steady state point maximum at the centre of
the pole figures in Fig. 2). The black grain cluster
labelled 5 in Fig. 12 undergoes cyclical growth, co-
alescence, grain size reduction, and dismemberment
during grain boundary migration recrystallization.
Thus, the continuous rotation of crystallographic
axes observed on the grain scale is not perceived on
the sample scale because grain boundary migration
usually consumes grains whose predominant slip
planes rotate out of an easy glide orientation. It is in-
teresting to note the similarity of this behaviour with
that predicted by the twinned fibre domain model
by Cobbold and Gapais (1986). In their model, slip
domain boundaries rotate and migrate until slip is
accommodated primarily (but not exclusively) along
planes oriented parallel to the SZB (see their com-
bined modes 1 and II). This demonstrates the im-
portance of dynamic recrystallization in preserving
steady state textures.

5. Effect of temperature and strain rate on
texture

In all experiments, simple shearing is associated
with the formation of a symmetric c-axis cross girdle
that is progressively replaced by a rotating, oblique
c-axis single girdle, which at steady state either stabi-
lizes (IT-HS experiments) or yields to a stable c-axis
point maxima (HT-LS and HT-HS experiments; see
Fig. 13). Despite the similarity of these bulk textures,
the details of crystallographic rotation histories are
inferred to vary between the experiments due to dif-
ferences in the grain scale mechanism assemblage.
The maximum density of orientation images per
strain increment in the IT-HS and LT-HS experi-

ments was (oo low to enable us to track the c-axes of
norcamphor grains, but the general similarity both of
the textures and of their strain-dependent transitions
in Fig. 13 leads us to believe that the general concept
of rotational stability fields (recall Fig. 11b) applies
to norcamphor in all of the experiments. Slight dif-
ferences in the geometry of the textures suggest that
the relative size of these stability fields varies with
the extrinsic conditions of simple shearing. For ex-
ample, Fig. 14 shows that the opening angle between
the two legs of the c-axis cross girdle (Fig. 13) is
smaller at lower temperatures and higher strain rates
than in the HT-LS experiments. Similar tempera-
ture-dependent variations in this angular relationship
have also been observed in c-axis cross girdle pat-
terns from high-grade quartz mylonites (Behr, 1968),
ostensibly deformed under coaxial conditions (Lis-
ter and Dornsiepen, 1982). This indicates that the
fields of the relatively fast crystallographic rotation
in Fig. 11b (white areas) increases at the expense of
the low rotational rate fields with increasing temper-
ature and/or decreasing strain rate. We attribute this
to the observed increase in the relative activity of
subgrain rotation recrystallization at lower tempera-
tures (compare microstructures in Figs. 2 and 3; see
also Fig. 8).

The asymmetry of the single and cross girdles
with respect both to the main foliation, Sa, and the
SZB changes as a function of shear strain in all the
experiments (Fig. 13). This is seen more clearly in
Fig. 15, where the angle B between the SZB and
the central segment of the c-axis skeletal outlines
decreases with progressive shear strain. In order to
visualize the relative rates of textural rotation and
passive material rotation within the sample, Fig. 15
also contains a solid curve representing the angle
between the short axis of the finite strain ellipse and
the SZB. The rotation rate of the c-axis cross girdles
during the first transient stage coincides approxi-
mately with that of the finite strain ellipse. During
the second transient stage (¥ = 2 to 6), however, the
textural rotation rate increases abruptly as the texture
changes from a cross girdle to a single girdle pattern.
This has also been observed during simple shear de-
formation of olivine aggregates (fig. 4 in Zhang and
Karato, 1995). Note that the cross girdle to single
girdle transition in norcamphor generally occurs at
lower strains for higher temperatures, presumably
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Fig. 13. Summary of pole figures showing sample c-axis textures for all the experiments. Equal-area contour intervals are 0.25, 0.5, 1,
4, 8, 16. 32 times uniform distribution for the HT-LS, IT-HS, and LT-HS experiments, contour intervals are 1, 2, 4, 8, 16 times uniform
distribution for the HT-HS experiments. Dashed lines represent the shear zone boundary (SZB); Sa, refers to the long axis of the finite
strain ellipse.

due to the higher relative activity of grain boundary stop rotating and the B angle stabilizes at values of
migration recrystallization in the high-temperature 86-88°. The sample textures have attained a stable
experiments (Fig. 8). At steady state, the textures end orientation with respect to the SZB.
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Fig. 14. Temperature and strain rate dependence of the opening
angle between legs of the ¢-axis cross girdles in Fig. 13.
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Fig. 15. Textural obliquity with respect to the SZB (angle B)
vs. shear strain at different experimental conditions. Solid curve
is the angle between the short axis of the finite strain ellipse
and the SZB. Filled and open symbols represent the main limbs,
respectively, of the cross girdles and single girdles. Dashed line
at 90° depicts the normal to the SZB.

6. Resolution of a long-standing debate?

The results of the textural analysis presented
above may shed some new light on the contro-
versy regarding texture evolution outlined in the
introduction. Before discussing the norcamphor ex-
periments in this context, it is important to consider
the different approaches underlying the stable end
orientation and ideal orientation concepts. Implicit
in the concept of a stable textural end orientation is
the notion that slip systems in the grain aggregate
rotate until they attain an orientation that maximizes
the resolved shear stress in the slip direction (i.e. the
easy glide orientation; Schmid and Casey, 1986). In
accordance with the modelling work of Etchecopar
(1977) and Etchecopar and Vasseur (1987), these
planes are then assumed to maintain this stable, ir-

rotational orientation with respect to the SZB during
further strain (e.g., p. 37 in Law et al., 1990). There-
fore, the stable texture of an aggregate at steady state
is believed to reflect a stationary orientation of the
individual grains making up the aggregate. In con-
trast, the ideal orientation concept involves explicit
assumptions about the way in which strain compati-
bility is maintained within the aggregate in order to
generate a model texture. As stated in the Introduc-
tion, most models that invoke the ideal orientation
concept neglect dynamic recrystallization (except for
Jessell, 1988a,b; Jessell and Lister, 1990) and as-
sume either uniform strain (Lister et al., 1978) or
average (i.e. self-consistent) strain within the aggre-
gate (Wenk et al., 1989). These assumptions lead
to discontinuously rotating slip systems. In quartz,
this is associated with point maxima whose obliquity
with respect to the SZB appears to be opposite to
that observed in nature and experiment (e.g., see fig.
9 in Wenk and Christie, 1991).

Our norcamphor experiments suggest that al-
though both approaches explain certain aspects of
texture formation, neither approach is entirely valid.
While the experimental textures certainly attain a
stable end orientation on the scale of the norcamphor
samples, the slip systems of individual grain are not
stationary at steady state and can even undergo a
limited amount of rotation out of easy glide orienta-
tions before being consumed by neighbouring grains
during dynamic recrystallization. In fact, dynamic
recrystallization plays a central role in maintaining
strain compatibility within a polycrystalline aggre-
gate deforming at high strains, as Schmid (1994)
and co-workers (Schmid and Casey, 1986; Schmid
et al., 1987) have already noted. In addition, pre-
vious experiments in norcamphor (Herwegh and
Handy, 1996) have shown that microshearing on the
supragranular scale within the aggregate contributes
to maintaining strain compatibility on the granular
scale. Both of these effects should be incorporated
into future modelling of polycrystalline aggregates.

We end this section on a semantic note by rec-
ommending that the term ‘stable end orientation’ be
applied only to bulk textures at steady state. Only on
the bulk (i.e. aggregate) scale is the crystallographic
orientation of grains statistically invariant with strain
and time. This term should be avoided, however,
when describing the crystallographic behaviour of
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individual grains or subgrains within an aggregate,
because the microfabric studies above show that
steady state on the granular scale is both hetero-
geneous and dynamic, involving the cyclic growth,
rotation and consumption of individual grains.

7. Geological applications

The microfabrics generated in the norcamphor ex-
periments described above bear directly on the way
in which quartz microstructures can be used in field
studies. Fig. 16 shows that no sense of shear can
be derived at low shear strains unless the SZB is
exposed, because the grain SPO and the c-axis cross
girdle pattern are symmetrically disposed with re-
spect both to each other and to the main foliation,
Sa. At intermediate to high shear strains, however,
the obliquity of the skeletal outline of cross or single
girdles with respect to the main foliation, as well
as the pronounced SPO in dynamically recrystallized
aggregates, are both good kinematic indicators (see

textural element

- shear
' strain
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also Burg and Laurent, 1978; Simpson, 1980: Simp-
son and Schmid, 1983). Note that symmetrical cross
girdle patterns form during the first transient stage
of simple shearing and do not necessarily indicate
an overall regime of coaxial flow (Hudleston, 1978;
Bouchez and Duval, 1982; Herwegh and Handy,
1996).

The microfabrics and mechanism assemblages
can also be used to make qualitative inferences about
temperature and strain rate, In general, a predom-
inance of grain boundary migration recrystalliza-
tion is diagnostic of high homologous temperature,
whereas subgrain rotation recrystallization indicates
relatively low homologous temperature and/or high
strain rate. A similar dependence of dynamic re-
crystallization mechanism on temperature and strain
rate has been inferred for deformed minerals (e.g.,
quartz, Schmid and Casey, 1986; calcite. Schmid
et al., 1987) and inorganic rock analogues (magne-
sium, Drury et al., 1985; sodium nitrate, Tungatt and
Humphreys, 1981).

field criteria |

[

c-axis cross girdle
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Fig. 16. Field criteria for shear sense determination in mylonitic quartz-bearing rock at different shear strains.
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Finally, we point out that the experimental de-
formation of rock analogues is no substitute for
careful experimentation on real mineral aggregates.
In particular, further studies are needed to see if our
observations and inferences also hold for hexagonal
minerals such as quartz or ice. Only the calibration
of the basic textural and microstructural relation-
ships observed in in situ experiments can improve
the application of microstructures to solving geo-
logic problems.
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