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Almtraet--Quartz c-axis fabrics in high-grade coarse-grained layered gneisses reveal a distinctive pattern, with 
three perpendicular maxima, which can be interpreted in terms of syntectonic recrystailization and growth. 
Mapping of the distribution of c-axes within a single thin section demonstrates that the fabric is domainal. Fabric 
domains are on the scale of millimetres and are associated with individual quartz-rich patches. No single domain 
exhibits the overall fabric of the complete thin section. Within each domain, weighting of the c-axis fabric by the 
area of each quartz grain demonstrates that the largest grains have their c-axes preferentially at the maxima. 

A model is presented to account for the development of this fabric. Grains which can keep their stored strain 
energy to a minimum by the use of a single glide system, oriented approximately parallel to the plane and 
direction of maximum resolved shear stress, grow at the expense of other grains. The largest, most successful 
grains deform by glide on only one of either the basal (a) or the prism (a) systems, depending on the 
crystallographic orientation of the grain. Each domain develops its own glide direction by co-operation of the 
glide systems of its constituent grains. The successful grains in a domain are those which can accommodate that 
direction. The bulk strain of the rock is achieved by the addition of the strains distinct to each domain. 

INTRODUCTION 

QUARTZ c-axis fabrics are a powerful tool for the in- 
terpretation of the deformation of quartz-rich rocks. 
Classical models for the development of such fabrics 
have been based on the rotation of grains as a result of 
glide (Etchecopar 1977, Lister et al. 1978); these models 
predict girdle concentrations on spherical nets. Recent 
workers (e.g. Burg et al. 1986, Urai et al. 1986, Jessell 
1988) have recognized the importance of recrystalliza- 
tion in fabric development. A number of workers (e.g. 
Eisbacher 1970, Sander 1970, Garcia Celma 1982, Knipe 
& Law 1987, Law et al. 1990) have also observed that 
fabrics are often domainal rather than homogeneous on 
the scale of a thin section. 

The purpose of this paper is to present a model of 
fabric development in high-grade gneisses. The model is 
based on a detailed analysis of two specimens of gneisses 
from the Proterozoic-aged Thompson Belt, Canada. 
These gneisses are composed of alternating quartz-rich 
and quartz-poor layers and have c-axis fabrics that 
commonly show two or three mutually perpendicular 
maxima. The model specifically incorporates recrystalli- 
zation and accounts for the domainal nature of the fabric 
as well as for the occurrence of point maxima rather than 
girdles. 

Similar patterns have been reported from Saxony 
granulites by a number of workers (Sander 1970, Hoff- 
man 1972, 1975, Starkey 1979, Behr 1980, Lister & 
Dornsiepen 1982). The positions of the maxima are 
numbered I and III (Fig. 1). This terminology, which 
follows that of Lister & Dornsiepen (1982), is modified 
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Fig. 1. Position of kinematic axes (X = lineation, Z = normal to 
foliation) and c-axis fabric maxima. 

after Behr (1961) and originates from Fairbairn (1949) 
and Sander (1970). Maximum I lies at the Yposition, i.e. 
in the plane of foliation and perpendicular to the linea- 
tion. The two Maxima III lie in the X Z  plane, which 
contains the lineation but is perpendicular to the plane 
of foliation; they are positioned 45 ° away from the 
lineation and therefore bisect the X and Z axes. In an 
equal-area projection parallel to X Z  (Fig. 1), each 
Maximum III appears as a concentration on diametric- 
ally opposed sides of the net, and Maximum I lies in the 
centre of the net. 

In the Saxony granulites, the origin of c-axis fabrics 
dominated by these maxima has been explained in 
several ways. Hoffman (1972) interprets such patterns 
by the 'fracture hypothesis' and notes a relationship 
between the development and sharpness of Maximum I 
and the presence of micas. Starkey (1979) attributes 
Maximum I to slip on the prism (a) system. He suggests 
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that Maxima III are due to s ! ipon  positive and/or 
negative rhombs (r, z), but also finds evidence (Starkey 
1979, fig. 11) that basal slip may have been important in 
some cases. Lister & Dornsiepen (1982) interpret this 
fabric as a Type II crossed girdle (Lister & Williams 
1980), and suggest it might be achieved by a balance 
between slip on the basal (a) and prism (c) systems 
because it mimics some details of fabrics obtained by the 
Taylor-Bishop-Hill model. Metamorphic conditions, 
variations in the deformation path, and strain-rate are 
thought to influence the choice of glide systems. Based 
on symmetry arguments (Sander 1970, Hoffman 1972), 
experimental evidence (Green etal. 1970), and evidence 
resulting from numerical modelling (Lister & Hobbs 
1980, Lister & Dornsiepen 1982), this fabric has been 
interpreted as a flattening fabric. 

GEOLOGICAL SETTING 

The Thompson Belt (Fig. 2), located in northern 
Manitoba, is a linear, NE-trending deformation belt at 
the border of the Churchill Province and the Pikwitonei 
region of the Superior Province, Canadian Shield. It 
is thought to result from plate collision during 
the Hudsonian orogeny, dated in the Thompson Belt as 
between 1.9 and 1.6 Ga (e.g. Green et al. 1985). Rocks 
within the Thompson Belt consist mainly of a series of 
felsic gneisses that are considered to be the retrogressed 
equivalents of the Kenoran Pikwitonei granulites 
(Scoates et al. 1977, Weber & Scoates 1978). Recent 
work (Fueten & Robin 1989) shows that the belt was the 
site of predominantly dip-slip movement with a 
Superior-side over Churchill-side sense for the recogniz- 
able part of its ductile deformation history. 

In the central portion of the Belt, on Paint Lake 
(Fig. 2), a granulite-grade metamorphism is preserved 

: ,Table !-Modal analyses of samples (visual 
estimates) 

Sample Sample 
85-16 86-251 
(%) (%) 

Quartz 35 20 
K-feldspar 40 35 
Plagioclase 1 5 
Hornblende 15 0 
Biotite 5 30 
Clinopyroxene 2 0 
Sericite 0 5 
Chlorite 5 5 

(Fueten & Robin 1989). Paktunq & Baer (1986) estimate 
recorded temperatures ranging from 700 to 850°C and 
pressures of 0.9--0.97 GPa. The granulite-grade mineral 
assemblages are altered in parts of the area, the degree 
of alteration ranging from minor to almost complete 
replacement of orthopyroxene. It is within the central 
portion of Paint Lake that fabric analysis of eight 
samples showed patterns dominated by Maxima I and 
III (Fueten 1989). The samples come from a shear zone, 
several kilometres in thickness, with a vertical foliation 
and down-dip stretching lineation. Kinematic indicators 
show that the southeast side moved up with respect to 
the northwest side (Fueten & Robin 1989). 

The mineralogy of the Paint Lake samples analysed 
here does not record the granulite-grade metamorphism 
(see Table 1), but other samples (Fueten 1989, samples 
6-199 and 6-560) exhibiting similar c-axis patterns still 
contain undeformed orthopyroxene. The fabrics studied 
here could thus have formed under metamorphic con- 
ditions ranging from granulite to amphibolite grade. By 
comparison, the Saxony granulites record granulite 
grade metamorphic conditions of approximately 700- 
900°C and 0.4-0.65 GPa (Behr 1980), but developed 
c-axis patterns similar to the ones found here under 
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Fig. 2. Location of Thompson Belt and Paint Lake, Manitoba, Canada. 



Domainal quartz c-axes in gneiss 

Fig. 3. Photomicrograph of (a) section 85-16, (b) section 85-16A, (c) section 86-251. (d) Saxony granulite specimen 68/126A 
used by Starkey (1979) and provided by Dr J. Starkey. (a), (c) and (d) are cut parallel to XZ, (b) is cut perpendicular to the 
lineation (parallel to ZY). Note differences in grain-sizes and grain shapes between (a-c) the Thompson Belt sections and 

(d) the Saxony granulite section. Scale bars = 1 mm. 
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amphibolite facies metamorphic conditions (Starkey 
1979). Figures 3(a)-(c) contrast the three sections exam- 
ined in this study with the Saxony granulite specimen 68/ 
126A (Fig. 3d) used by Starkey (1979). 

None of the c-axis patterns shows all maxima (I, III) 
(Fueten 1989). Each is a subset of the complete pattern, 
Maximum I being most commonly absent. However, no 
single Maximum III is present without at least a less 
developed Maximum III in the adjacent quadrant of the 
spherical projection. Similarly, individual samples from 
the Saxony granulites do not contain all maxima, and the 
composite diagrams presented by Lister & Dornsiepen 
(1982, figs. 4c-h) contain the maxima of several indi- 
vidual fabric diagrams. 

In some rocks, a segregation into quartz-rich and 
quartz-poor layers is present. Quartz within these sec- 
tions occurs both as disseminated grains and as aggre- 
gates of closely spaced quartz grains. The grain bound- 
aries between adjoining quartz grains are smooth. The 
aggregates are generally longer parallel to the foliation 
than they are wide across the foliation. It is within these 
aggregates that the largest grains occur. 

TECHNIQUE 

Two hand-samples were selected: one shows a very 
well developed segregation; the second contains quartz 
distributed more homogeneously throughout the rock. 
Two thin sections were cut from the first sample, one 
(85-16) containing the X Z  plane, the second (85-16A) 
containing the Y Z  plane. Sections 85-16 and 85-16A 
were chosen so that the same quartz-rich and mafic-rich 
layers were present in both thin sections. One thin 
section (86-251) was cut from the second sample con- 
taining the X Z  plane. 

Colour photographs were taken under crossed polars 
and a photo-mosaic with a final magnification of 19.6:1 
was produced. Individual quartz grains and subgrains 
were mapped on a sheet of acetate taped to the top of the 
photo-mosaic. The distinction between grains and sub- 
grains was made on the basis of the sharpness of the 
boundary. Quartz grain boundaries were sharp. This 
corresponded to a lattice rotation of more than 10 ° 
between neighbouring grains. In contrast, subgrains had 
lattice rotations across their boundaries between 2 ° and 
10 °. 

TIMING OF GRAIN GROWTH RELATIVE TO 
DEFORMATION 

In the samples examined, the grains are large and 
grain boundaries are straight. This could be the result of 
annealing after the deformation ceased as the tempera- 
ture remained high; during a period of static recrystalli- 
zation grain boundaries may straighten out, and some 
low internal strain energy grains may increase in size by 
grain boundary migration. Culshaw & Fyson (1984) 
argue that their c-axis fabric was indeed modified during 

a period of metadynamic recrystallization (McQueen & 
Jonas 1975), when dynamically nucleated grains con- 
tinued to grow statically immediately after cessation of 
the deformation. The crystallographic fabric of such a 
rock would thus not be a direct record of the defor- 
mation. It is therefore important here to attempt to 
demonstrate that the fabrics in our coarse-grained 
gneisses were acquired during deformation. Grain-size 
and subgrain-size paleopiezometry (Mercier et al. 1977, 
Twiss 1977, 1986, Weathers et al. 1979, Christie & Ord 
1980, Kohlstedt & Weathers 1980, Ord & Christie 1984) 
can potentially be used to decide if both grains and 
subgrains are in size equilibrium with each other. If the 
differential stresses interpreted from both grain-size and 
subgrain-size are in agreement with each other, then 
both grains and subgrains can be argued to be the result 
of the same deformational event. 

Grain-sizes were measured under the microscope. 
Figure 4 shows the range of differential stresses esti- 
mated from grain- and subgrain-sizes for a variety of 
calibrations. There are obvious limitations to the use of 
paleopiezometry in coarse-grained gneisses, for 
example: grains and subgrains are much larger than 
those used for calibration of paleopiezometry; the 
gneisses are polymineralic whereas the models, and the 
calibration, are for monomineralic rocks; new grains 
may form by subgrain rotation as well as by recrystalliza- 
tion. Despite the uncertainties, there is considerable 
overlap between the ranges of differential stresses ob- 
tained for both paleopiezometers. We therefore suggest 
that the evidence is compatible with the formation of 
grains and subgrains in the same event. Note however 
that the upper limit of stress inferred from the grain-sizes 
is higher than that inferred from the subgrains. A simple 
explanation may be that equilibration of the subgrains 
took place at reduced stresses, during the waning stages 
of the deformation that had produced the grains. 

CRYSTALLOGRAPHIC ORIENTATIONS 

Use o f  weighting c-axis orientation data 

c-axis orientations of quartz grains and individual 
subgrains were measured using a four-axis universal 
stage (e.g. Turner & Weiss 1963, pp. 197-203). Count- 
ing and contouring used a continuous spherical Gaussian 
counting function as described by Robin & Jowett 
(1986). Data were counted in two ways: (1) unweighted 
method, each orientation datum was assigned the same 
weight; (2) weighted method, each c-axis measurement 
was weighted proportionately to the area of the corre- 
sponding grain. Thus a grain with dimensions of I cm 2 
has the same weight as 100 grains measuring only I mm 2. 
A standard result of stereology, used in modal analysis 
of rocks (e.g. Chayes 1956), is that areal ratios of three- 
dimensional objects as seen in a two-dimensional section 
are an estimate of the volumetric ratios of these objects 
in three dimensions. The weighting makes the data 
comparable to an X-ray analysis in which the strength of 
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Fig. 4. Differential stress inferred from grain- and subgrain-size. Ranges of grain-size and subgrain-sizes present are 
indicated by hachures.  The range of differential stresses inferred is calculated for grains from all of the a, b, and c 

calibrations, and for subgrains from Twiss's (1986, fig. 12, curve I)  calibration based on experimental data. 

a signal is directly proportional to the area from which it 
is diffracted. 

Weighting measurements by their grain areas can 
have a dramatic effect on the shape of the contours and, 
therefore, has important implications when large grain- 
size variations are present, as in the samples investigated 
here. For example, section 85-16 (Fig. 5a) contains few 
large grains with steeply plunging c-axes, which have no 
significant representation when the unweighted data is 
contoured, but are responsible for the central maximum 
and for the peak value (mode) when the weighting 
procedure is applied. Section 86-251 (Fig. 6) illustrates 
the effect that a single large grain (25% of total quartz) 
can have on the weighted data. Figure 6(c) shows con- 
tours of the weighted data with the largest grain 
removed. The shape of the contours do not change very 
much, but the peak value in Fig. 6(c) decreases to less 
than half of that in Fig. 6(b). This indicates that Maxi- 
mum III is not due solely to one grain, but that one grain 
can be responsible for greatly changing the height of that 
peak. 

Whole section data 

In section 85-16 (parallel to XZ, Fig. 5a), contouring 
of the weighted data enhances the NE maximum and a 
strong peak at Maximum I appears, while some of the 
shallow plunging clusters present in the unweighted data 
disappear. In section 85-16A (parallel to YZ, Fig. 5b), 
the data have been rotated into the same orientations as 
Fig. 5(a). Since section 85-16A has fewer large grains 
than section 85-16, weighting of the data has a less 
dramatic effect. The fabrics probably differ because they 
sample different grain populations. We suggest, how- 
ever, that there are important similarities. In both sec- 
tions, Maximum I and the NE Maximum III are 

enhanced by the weighting technique, whereas the NW 
Maximum III decreases. 

In section 86-251 (parallel to XZ, Fig. 6), the con- 
toured unweighted plot (Fig. 6a) has the highest sym- 
metry of all three sections with the two Maxima III being 
almost equally well developed. Weighting of the data 
(Fig. 6b) dramatically changes the symmetry of the 
patterns. A peak located between 15 ° and 20 ° away from 
Y (Maximum I) appears and one Maximum III becomes 
dominant. 

Domainal distribution 

To map the distribution of c-axis orientations across a 
section (A.V.A., Sander 1970), a small arrow, rep- 
resenting the c-axis trend, with the plunge numerically 
written beside it, was drawn over each grain on the thin 
section map. This plot provided the basis for observing 
c-axis patterns over the scale of the thin section. Each 
section was then subdivided into domains on the basis of 
c-axis pattern characteristics and grain distribution 
(Figs. 7-9). Where possible, the layers provided a con- 
venient definition of the boundaries used to divide one 
domain from another. We attempted to keep the size of 
the individual domains as large as possible. 

Section 85-16 was subdivided into six domains (Fig. 
7). The contoured weighted fabrics indicate that each 
domain tends to show one dominant orientation of c- 
axes with peaks that alternate from domain to domain. 
For example, domains 2 and 4 (Fig. 7) show peaks in the 
NE quadrant, whereas domain 3 exhibits a peak in the 
NW quadrant. Domains 1, 5 and 6 have peaks at Maxi- 
mum I with minor extensions along the crossed girdle. 
The fabric for the whole section (upper right of Fig. 7), is 
not exhibited by any one domain. 

The mineral layering in section 85-16A corresponds to 
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Fig. 5. Quartz c-axis orientation data, counted using the method 
described by Robin & Jowett (1986). (a) Section 85-16, unweighted 
and weighted data. (b) Section 85-16A, unweighted and weighted 
data. Rather than a counting circle, the method uses a continuous 
spherical gaussian counting function. The kurtosis (k), of the gaussian 
function is calculated from the number of data points (N), using 
k = 1 + NI9.  This value of k leads to E = 3o, where E is the expected 
value of counts for N data points evenly distributed over the hemi- 
sphere, and a is the expected standard deviation of counts if N data 
points are drawn randomly from an isotropic population (Robin & 
Jowett 1986). The lowest contour shown corresponds to counts equal 

to E. Higher contours are every 2o. 

S e c t i o n  

that in section 85-16 and domains were selected to 
correspond also. The peaks in section 85-16A (Fig. 8) 
are lower than in section 85-16 and do not alternate as 
well from domain to domain. This correlates with the 
lack of large dominant grains in section 85-16A. It may 
also indicate that the fabric varies more rapidly perpen- 
dicular to the lineation than parallel to it, and that the 
domains as we have chosen them may be too large. 
Domains 1,2 and 6 (Fig. 8) have peaks at Maximum I. In 
domains 2 and 4 the extensions of the peaks are along the 
same two quadrants as in the corresponding domains in 
section 85-16. As in section 85-16, no domain mimics the 
fabric of the whole section. 

In section 86-251 (Fig. 9), domain 5 is dominated by a 
few large grains and shows a strong Maximum III and an 
accessory Maximum I. Domains 1 and 2 exhibit Maxima 
III in both quadrants. Domains 3 and 4 do not show clear 
patterns. Because domain 4 consists mostly of widely 
isolated quartz grains, an attempt was made to find 
distinctive patterns by subdividing it into four sub- 
domains. Of these, subdomain 4b, shows two distinct 
maxima in two adjacent quadrants of the net. However, 
no single domain or subdomain mimics the fabric of the 
complete section, 

In conclusion, the c-axis patterns produced by the 
individual domains never show the pattern exhibited by 
the complete section, and the c-axis pattern for the 
complete section is only obtained by the combination of 
the peaks from all the subdomains. Consequently, the 
symmetry of the overall pattern is higher than that of any 
one domain. Section 85-16 has well-developed alter- 
nating domainal patterns, and two adjacent domains are 
sufficient to approximate the overall pattern of the 
section. The domainal patterns are best developed (i.e. 
they contain the highest peaks and the smallest number 
of minor peaks), when the quartz grains involved are 
large and concentrated in quartz-rich layers, as in sec- 
tion 85-16 and domain 5 of section 86-251. Grain-size 
and grain proximity must therefore be important factors 
in the development of the fabric. 
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Fig. 6. Quartz c-axis orientation data from section 86-251. (a) Unweighted data. (b) Weighted data. (c) Weighted data 
without the largest grain which accounts for 25% of total quartz in the section. 
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Fig. 7. Domains and domainal fabrics for section 85-16. 

DISCUSSION 

Grain-size and crystallographic orientation 

Large quartz grains in deformed rocks may result 
from several different processes. Bouchez (1977) 
demonstrated that the quartz ribbons in a Hercynian 
shear zone, deformed under sub-greenschist facies 
metamorphism, formed by the deformation of large 
porphyroclasts. The quartz ribbons studied by Bouchez 
(1977) are shaped like stretched ellipses, the long sides 
of which lie within one foliation plane and are quite 
planar. Here, there is no evidence that the gneisses had 
large grains that may have served as precursors for the 

large quartz grains. The cross-sectional area of the large 
quartz grains may be more than one order of magnitude 
greater than the areas of any other mineral grains in the 
rock. The large grains examined here have irregular 
shapes that span several foliation planes (e.g. section 85- 
16, domain 6). Their shape and size suggest that the 
large grains originated by incorporating several smaller 
grains into large ones. Such coalescence of several grains 
into ribbon grains has been observed by Means & Dong 
(1982) and Urai et al. (1986) during the deformation of 
para-dichlorobenzene, and has been modelled by Jessel 
(1988). 

Large grains could also form during a period of static 
annealing, but we have argued above that the correspon- 
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Domains 

dence of paleostress, as inferred from grain and subgrain 
size, is compatible with syntectonic grain growth. The 
presence of preferred crystallographic orientations 
which can be specifically correlated with individual 
domains further argues that grain growth and c-axis 
fabrics result from the same deformational event; it is 
unlikely that static annealing would cause the strong 
domainal fabrics shown in Figs. 7-9. 

Maxima III are the most prominent maxima when 
unweighted data are contoured, but weighting of data 
strengthens a Maximum III and brings out an additional 
very strong Maximum I. This means that the largest 
grains have their c-axes preferentially at Maxima I or III 

positions. Maximum I corresponds to horizontal c-axes, 
parallel to the foliation but perpendicular to the linea- 
tion (Fig. 1). For Maxima III the c-axes are at 45 ° to the 
lineation in the X Z  plane. 

Dornainal fabrics 

Domainal quartz c-axis fabrics have been reported in 
fine-grained mylonites by Eisbacher (1970), Garcia 
Celma (1982), Burg (1986), Knipe & Law (1987), Law et 
al. (1990) and others. Compared to those studies, the 
fabric variations between domains are much more pro- 
nounced here; each domain exhibits only one or two 
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Fig. 9. Domains and domainal fabrics for section 86-251. 

of the peaks of the total fabric. In section 85-16 the 
domainal fabrics alternate from domain to domain, so 
that two adjacent domains are sufficient to reproduce 
the complete fabric. In domains in which most quartz 
grains are adjacent or closely spaced (separated by much 
less than one grain diameter), the domainal fabric con- 
sists primarily of peaks in one of the two Maxima III 
positions, with or without Maximum I. In contrast, 
where the quartz grains are widely spaced and evenly 
distributed throughout the domain (e.g. section 86-251, 
domain 4) the domainal fabric shows peaks in all four 
quadrants. In other words, isolated grains may behave 
independently, whereas the c-axes of closely spaced 
grains cluster around one or two maxima. 

Glide systems 

We propose that the concentrations of c-axes can be 
explained by assuming that intracrystaUine deformation 
of each individual grain is dominated by a single slip 
system. The model outlined in a later section proposes a 
reason why this might be the case. 

Maximum IIL Basal (a) glide has long been con- 
sidered an important slip system in quartz (e.g. Nicolas 
& Poirier 1976, Price 1985, Schmid & Casey 1986) and 
we suggest that it accounts for Maxima III. Grains at 
Maxima III have their basal plane striking in the same 
direction as the subvertical foliation but dipping 45 ° 
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(Fig. 10). In this position, if basal (a) were active, the 
resolved shear stress (RSS)  on that glide system would 
be maximized for a maximum principal compressive (ol) 
direction perpendicular to both foliation and lineation. 
This proposed stress direction coincides with the stress 
orientation inferred by Green et al. (1970) from the 
shape of experimentally deformed quartzite specimens 
which also yield a quartz c-axis crossed girdle fabric. A 
ol direction bisecting the girdles during coaxial defor- 
mation has also been proposed by Hoffman (1972) and 
by Lister & Dornsiepen (1982). The greater strength of 
one Maxima III may indicate the existence of an earlier 
fabric or that the stress-strain history was not strictly 
coaxial, such as a coaxial overprint on a simple shear 
Type I fabric (Lister & Williams 1980). 

Lister & Dornsiepen (1982) suggest that switch be- 
tween basal (a) and prism (c) glide may play an important 
role in the development of these fabrics. Maximum RSS 
for prism (c) glide, in response to the same at direction, 
would be obtained when that prism plane and the c- 
direction within it make an angle of 45 ° with the folia- 
tion. The c-axis would therefore also be at a Maximum 
III position. Section 85-16 shows that subgrain bound- 
aries in grains with shallow plunging c-axes are parallel 
to the c-axes. The subgrain boundaries can be inter- 
preted as dislocation walls perpendicular to both slip 
plane and slip direction (Nicolas & Poirier 1976, p. 137); 
subgrain boundaries thus argue for the operation of 
basal glide. Subgrain boundaries perpendicular to (c), 
which might be expected from prism (c) glide, have not 
been observed here. 

a 
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Fig. 10. Schematic representat ion of the slip directions within indi- 
vidual quartz-rich domains.  Foliation horizontal, defined by the layer- 
ing. (a) Bulk strain approximately progressive pure shear,  achieved by 
slip of  both dextral and sinistral domains.  (b) A significant component  
of progressive simple shear may be achieved by the predominance of 
sinistral domains  over dextral ones,  and concentration of shear  in the 
relatively weak quartz-poor layers. Stress refraction within the rela- 
tively competent  quartz-rich domains  may maintain the max imum RSS 

direction at approximately 45 ° to the foliation. 

Maximum I. Neither prism (c) nor basal (a} can 
account for the development of Maximum I in response 
to the proposed stress. Starkey (1979) and Mancktelow 
(1987) attribute Maximum I to prism (a) glide. Indeed, 
use of the prism (a) for shear at 45 ° to the foliation and 
lineation would require the c-axis to lie at Maximum I. 
In this position the RSS are maximized for the orien- 
tation of stresses discussed above. 

In summary, we propose that Maximum III and Maxi- 
mum I result from basal (a) and prism (a) glide, respect- 
ively, in response to a stress system in which cr~ and o3 
directions are approximately parallel to Z and X. This 
implies that the shear direction for the grains preserved 
for observation was at 45 ° to the X direction. We should 
note however that c-axis measurements alone, in con- 
trast to full lattice orientation data, do not constrain the 
orientation of either glide system completely. A c-axis at 
Maximum III does constrain a basal glide plane to be 
perpendicular to that Maximum (Fig. 11), but does not 
uniquely constrain the glide direction. A c-axis at Maxi- 
mum I only constrains the glide direction to be perpen- 
dicular to the c-axis, but does not constrain the glide 
plane. The assumption that each maximum results from 
the operation of a single glide system within a grain 
accounts for the fact that the observed fabric consists of 
maxima rather than girdles. 

The model below incorporates grain growth as an 
important process in the development of the fabric to 

explain why: (1) a single glide system would operate in 
each grain; (2) this single glide system should be near its 
maximum RSS orientation in the preserved grains; and 
(3) the fabric is domainal. 

A MODEL FOR DOMAINAL FABRIC 
DEVELOPMENT 

Assumptions 

The model relies on the following assumptions: 
(1) Quartz grains with c-axes at Maxima I or III were 

deforming through operation of a single glide system. 
The preference of grains for deforming by a single, 
favourably oriented glide system even when several 
systems are available, has been noted by Burg (1986), 
Urai et al. (1986) and Law et al. (1990). A likely 
explanation for this preference for a single slip system is 
that when more than one glide system operates in a 
grain, the interaction between glide systems results in 
strain hardening and in a higher internal strain energy 
than in grains in which only one glide system operates. 
This assumption, based on the experimental results of 
previous workers, is also used by Jessell (1988) in his 
fabric simulation. 

(2) Differences in internal strain energies are suf- 
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ficient for grains with lower strain energy to consume 
neighbours with higher strain energy (Poirier 1985). 
Relatively high strain energy of a grain could be due to 
the simultaneous operation of two slip systems or the 
unfavourable orientation of one easy glide system. 

(3) The rock is segregated into alternating quartz-rich 
and quartz-poor layers. This assumption is made to 
avoid the problem of the origin of the layering, perhaps 
by some kind of mass transfer. In our model, the origin 
of layering is independent of that of the c-axes fabric, 
and could either pre-date or be concurrent with the 
acquisition of that fabric. 

No constraint is placed on the initial size of quartz 
grains, and the current size is set by dynamic recrystalli- 
zation. Similarly, no constraint is set on the presence of a 
pre-existing fabric, since it would have been over- 
written or at least modified. 

Domainal shear 

The model focuses on the development of the c-axis 
fabric in quartz-rich lenses such as in section 85-16 andin 
domain 5 of section 86-251. It is postulated that each 
domain has developed a unique shear direction oriented 
approximately at 45 ° to the foliation, the direction of 
maximum RSS (Fig. 10). The shear direction is approxi- 
mately in the X Z  plane, and the sense of shear is either 
sinistral or dextral. Within domains deforming with a 
sinistral sense of shear, grains which glide on the basal 
(a) system will have their c-axes at Maximum IIIB (Fig. 
11). The same domainal shear can also be accomplished 

by prism (a) glide of grains with their c-axes at Maximum 
I. Conversely, within domains deforming with a dextral 
sense of shear, c-axes will plot at Maximum I l i a  (Fig. 
11, basal glide), as well as at Maximum I (Fig. 11, prism 
glide). A single shear direction for each individual 
quartz-rich domain thus accounts for the fact that it 
shows Maximum I and only one Maximum III (e.g. 
section 85-16, domains 2-4 and section 86-251, domain 
5). 

This proposed domainal distribution of shear is simi- 
lar to the general kinematic model of Cobbold & Gapais 
(1986) in which simple shear directions within stacked, 
parallel, planar domains can combine to yield a general 
bulk strain for the rock. The coherency between adjac- 
ent domains imposed by Cobbold & Gapais (1986) is not 
strictly required for the quartz patches here, particularly 
when they are separated from each other by wide quartz- 
poor layers (Fig. 10). It may be significant that the best 
displayed alternance between dextral and sinistral 
domains is found for domains 2-4 in section 85-16, in 
which the quartz-rich lenses are closely spaced. 

Variable proportions of sinistral and dextral domains 
can result in a range of vorticities of the bulk strain away 
from progressive pure shear (Figs. 10a & b). With an 
increasing component of progressive simple shear, one 
might expect rotation of the dominant glide planes into 
parallelism with the shear foliation. This would result in 
a dominance of one Maximum III over the other, and 
the rotation of that maximum toward the perpendicular 
to the foliation. But stress channeling and refraction 
within the relatively strong quartz-rich layers may in- 

basal <a> glide ~ prism <a> glide 

X 

- - - -  basal plane A 
- -  basal plane B 

- - - - - -  prism plane A 
- -  prism plane H 

Fig. 11. Schematic description of geometric relations between the basal (a) and prism (a) glide systems with respect to c-axes 
in quartz. Great  circles represent  predicted slip planes if glide occurs along maximum RSS directions. Point maxima are 
predicted c-axis concentrat ions for the different glide systems. Dashed  great  circles would be active in dextral domains,  solid 

great circles in sinistral domains.  
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stead maintain the maximum RSS within them close to 
45 ° to the layering even for significant components of 
progressive simple shear (Fig. 10b). 

Deformation within a single domain 

Whereas the bulk strain of the rock can be progressive 
pure shear, the strain in a single domain is better 
modelled as progressive simple shear at 45 ° to the 
foliation. The combination of grain rotation and recrys- 
tallization which we propose is similar to that docu- 
mented for progressive simple shear experiments in ice 
by Burg et al. (1986). In our model, however, quartz uses 
two slip systems, prism (a) and basal (a), instead of just 
one as in ice. Regardless of which glide system each 
individual grain uses, grains align their active glide 
system. As in ice, it is proposed that the successful grains 
are those which best accommodate the shear strain 
specific to their domain without strain hardening. These 
grains are those in which one slip system, parallel to the 
progressive simple shear direction of the domain, is 
activated. Their c-axes plot near Maximum I (prism (a)) 
or one of the Maxima III (basal (a)). 

Bulk rotation of grains and of their glide systems, as 
outlined by Etchecopar (1977), plays an important role 
in the progressive deformation of rocks, and indeed in 
the acquisition of a fabric. Two different processes lead 
to the rotation of grains. (1) A grain, and its glide 
system, may be rotated into, or out of, the shear direc- 
tion for its domain through interaction of neighbouring 
grains. Physical rotation of grains into an easy-glide 
position has been proposed by Mancktelow (1987). 
Conversely, a successful grain and its glide system may 
also be rotated out of its easy-glide position; this rotation 
can therefore both create and destroy successful grains. 
(2) The operation of a glide system itself results in the 
rotation of that system out of the maximum RSS posi- 
tion. Such a grain is therefore no longer 'successful' and 
will be consumed by a more favourably oriented neigh- 
bour. 

Within each domain, grain rotation and recrystalliza- 
tion thus continuously provide new successful grains and 
result in a steady-state orientation of the shear direction, 
parallel to the maximum RSS direction. This continuous 
renewal of grains can explain why a single shear direc- 
tion, near the maximum RSS orientation, is still pre- 
served in each domain. The limiting end product for the 
fabric of a quartz-rich domain is that exhibited by section 
86-251, domain 5 or section 85-16, domain 6. 

Disseminated quartz 

In contrast to the domains containing a large patch of 
quartz, other domains (e.g. section 86-251, domain 4) 
contain only disseminated quartz grains within a matrix 
of other minerals that deform by different mechanisms. 
Such quartz grains are mechanically decoupled from 
each other and deformation should therefore not result 
in a strong alternating domainal fabric. Strain imposed 

on the quartz by these surrounding grains will not lead to 
the domination of one glide orientation. 

CONCLUSIONS 

The crucial points of the model can be summarized as 
follows. 

(1) Successful grains deform by a single glide system 
which is oriented near one maximum RSS direction. 

(2) Grains within a quartz-rich domain co-operate, 
using either prism (a) or basal (a) glide, to allow the 
whole quartz aggregate to deform by progressive simple 
shear along the direction of maximum RSS (Fig. 10). It 
should be noted that, in general, this model does not 
depend on the use of these specific glide systems. It does 
depend, however, on the build-up of internal strain 
energy where several glide systems operate simul- 
taneously in a single grain. 

(3) Recrystallization and grain rotations result in a 
steady state orientation of the shear direction for each 
patch of quartz, parallel to the maximum RSS direction, 
at 45 ° to the foliation. 

(4) The deformation of individual domains, which can 
be classified as dextral or sinistral, together with 'inco- 
herency' between domains, combine to allow a range of 
vorticities for the bulk strain of the rock (Figs. 10a & b). 
The evolution of a domain differs from that in the 
Cobbold & Gapais (1986) kinematic model in that 
recrystallization provides a permanent, steady-state 
resetting of the glide direction parallel to the maximum 
RSS direction, and the coherency constraint is loosened. 

In our model, the view of progressive simple shear of a 
rock differs from the traditional one. Progressive simple 
shear is generally thought of as a path of deformation 
which is imposed on a volume of rock by external 
boundary conditions such as the experimental machine, 
the rigid parallel walls of a shear zone, etc. In the present 
model, however, progressive simple shear parallel to the 
maximum RSS direction is the path which is chosen by 
each quartz-rich aggregate. Both a reason for, and a 
consequence of, this choice is that the rock is softer 
where individual domains deform by progressive simple 
shear, regardless of the boundary conditions imposed on 
the bulk rock. 
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