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Quartz shape fabric variations and c-axis fabrics in a ribbon-myionite: 
arguments for an oscillating foliation 
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Abstract--This paper describes quartz ribbons parallel to foliation, containing elongate recrystaflized quartz 
grains aligned oblique to the foliation within a mylonite of the southern Tasman Belt, southeastern Australia. The 
shape fabric of quartz grains varies in obliquity (with respect to the foliation) and intensity (grain aspect ratio) 
from one ribbon to another, whereas the c-axis fabric pattern is stable with respect to the mylonitic foliation and 
lineation. It is argued that the grain shape fabric is an oscillating foliation due to competition between 
deformation and syntectonic recrystallization. 

INTRODUCTION 

IN GRAIN aggregates deforming by steady-state flow a 
given grain will flatten during progressive deformation 
and will represent a foliation-forming element. Dynamic 
recrystallization during the deformation will produce 
strain-free grains which are not foliation-forming ele- 
ments until they are deformed. As a consequence there 
may be a strong relationship between size and aspect 
ratio at any particular increment of strain, giving some 
kind of closed loop on a plot. Means (1981) suggested 
that the strain sensitivity of a foliation during steady- 
state flow will decrease as the rate of foliation-destroying 
processes approaches that of foliation-forming proces- 
ses. In the ideal case, such a strain-insensitive foliation 
would be a steady-state foliation. Elongate oblique 
grains within polycrystalline ribbons of quartz are com- 
mon in quartz mylonites (e.g. Sander 1970 plate IIB, 
Eisbacher 1970, Boullier & Bouchez 1978, Evans & 
White 1984, Burg et al. 1984). These have been inter- 
preted as either a major imprint of a late strain increment 
(Brunel 1980) or a steady-state foliation (Law et al. 

1984). However, these previous interpretations have 
failed to document the existence of the cyclic and 
localized structural changes implied by a steady-state 
foliation. Indeed the various angles recorded in different 
mylonites between oblique elongate grains and foliation 
(Burg et al. 1984., Lister & Snoke 1984) could be 
ascribed to the effects of late events as well. This paper 
describes quartz ribbons and the nature of a prominent 
grain shape fabric and its relationship to the foliation in 
a mylonite of the southern part of the Tasman Belt 
(southeastern Australia). It is shown that the oblique 
shape fabric of quartz grains relative to the foliation can 
vary in direction and intensity between adjacent ribbons 
and is associated with stable c-axis fabrics with respect to 
the mylonitic foliation and lineation. 

FIELD SETTING 

The sample described here comes from the centre of 
the Fiddlers Green mylonite zone (35 km N of Cann 

River, Victoria), one of the anastomosing shear zones 
(Begg et al. in press) which constitute the southern 
extension of the NE-SW 'Burragate Fault" (Fig. 1, 
Beams 1980). This fault zone has a dextral transcurrent 
movement which offsets by 24 km a 381 + 7 Ma 
granodiorite; unconformably overlying the fault are 
Late-Devonian clastic and epiclastic sediments (Powell 
1983) so that the movement is Middle-Devonian. Post- 
Late Devonian faulting recorded elsewhere in the region 
(Begg et al. in press) has not been superimposed on the 
mylonites in the sampling area. The Fiddlers Green  
myionite is -60  m wide with a marked (few cm) transi- 
tion to the weakly foliated uniform medium grained (1-2 
ram) granodiorite. The strain pattern of the host 
granodiorite suggests a bulk shortening deformational 
history late during the emplacement of the magmatic 
body (Begg et al. in press). Within the mylonite zone a 
pronounced shape fabric and an associated grain-size 
reduction produce a strong foliation characterized by a 
millimetre scale layering of alternating mica and quartz- 
feldspar rich domains which strike N020 ° to N070 ° and 
dip steeply towards the NW (typically around 85°). This 
foliation contains a lineation plunging to the NE (10- 
20°). Following Nicolas & Poirier (1976), Ramsay (1980) 
and White et al. (1980) the macroscopic foliation and 
lineation have been interpreted as the principal XY 
plane and X axis of the finite strain ellipsoid, respec- 
tively. There is a consistent sense of dextral shear across 
the mylonite zone as detected from the asymmetry of 
microstructures, shear planes and small-scale drag folds 
in X Z  sections of the rock. 

FABRIC 

The mylonite contains recrystallized quartz ribbons, 
small K-feldspar clasts which exhibit shear and pull- 
i~part fractures, albitic plagioclase and variable amounts 
of spindle-shaped white micas, biotites and chlorites 
aligned parallel to the foliation. Granular epidote is 
present and appears as either strung out aggregates or 
single grains. The albite-epidote-chlorite mineralogy is 
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Fig. 1. Location of the Fiddlers Green mylonite on a simplified geological map of the Cann River region (modified after 
Spurgeon 1978 and Woodfull 1984). The dominant plutonic rocks are granodiorites, the symbols for which may locally 

include other granitoid types. The sample area is circled. 
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Fig. 2. (a) and (c) Sketches from photographs of the two X Z  thin sections (sample no. R35029, University of Melbourne 
collection), illustrating the angular relationships between the long axes of elongate quartz grains (numbered line-seg- 
ments) and the mylonitic foliation (fine lines). In the area indicated by (i) this angle is difficult to determine due to 
equiaxed grains. The ribbons in which the measurements recorded in Fig. 4 were made are circled. The sense of shear is 
dextral as shown by the obliquity between shear planes (thickened lines) and foliation planes. (b) Histogram of the 

obliquity between long axes of quartz grains and the mylonitic foliation: 78 measurements. 



S h a p e  and  c-axis  f ab r i c s  in a q u a r t z  m y l o n i t e  

Fig. 3. (a) Typical quartz ribbon with obliquely elongate grains. The dextral sense of asymmetry in the ribbon is the same 
as that deduced from a spindle-shaped mica. Note the trails of very small (non-recrystallized) micas along a shear plane 
(m-m) within the quartz ribbon. (b) Quartz ribbon whose top boundary (s-s) is reused by small, higher, shear planes. 
(c) Two adjacent quartz ribbons with different shape fabrics. Note within the lower ribbon the juxtaposition of elongate 

grains at the bottom and equiaxed grains at the top. 
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indicative of deformation at greenschist facies grade of 
metamorphism (Winkler 1974). 

The two thin sections described in this paper were cut 
in the X Z  plane of the rock sample, that is parallel to the 
lineation and perpendicular to the foliation. These two 
fabric elements provide a reference framework for the 
quartz fabrics. The shape fabric of the quartz grains with 
respect to the ribbon elongation (X) or flattening ( X Y )  
is usually weak and subparallel to the mylonitic foliation 
in the YZ and XY sections, which therefore do not 
provide any information in this work. 

Microstructures 

Microstructural criteria such as the asymmetry of re- 
crystallized domains around porphyroclasts and spindle 
shaped micas (Burg et al. 1981, Simpson & Schmid 1983) 
clearly show that deformation within the myionite zone 
has been non-coaxial, with consistent dextral sense of 
shear. The foliation anastomoses in and out between 
C-type shear bands (Berth~ etal. 1979) which are related 
to localized zones of high shear strain inclined at an angle 
of 10-25 ° to the mean foliation direction (Fig. 2). The 
sense of obliquity between macroscopic fabric and shear 
bands is also consistent with dextral shearing. 

Quartz occurs as isolated equiaxed grains within the 
mica-rich layers and as elongate (ribbon) aggregates 
aligned parallel to the macroscopic foliation. The rib- 
bons are up to 1 mm thick and usually longer (length/ 
width > 30/1) than the thin section. They are composed 
of predominantly inequidimensional (50-100 txm) re- 
crystallized grains of similar orientation (within indi- 
vidual ribbons) aligned oblique to the foliation, the 
sense of obliquity (Figs. 2 and 3a) being consistent with 
the dextral sense of shear indicated by both field studies 
and other microstructural criteria of shear sense. Quartz 
grain boundaries are irregular and serrate, and the 
grains show internal strain features (undulose extinc- 
tion, deformation bands and subgrains) which suggest 
that the quartz shape fabric formed during dynamic 
recovery and recrystallization (White 1977). There is no 
evidence of volume loss (stylolites, concentrations of 
iron oxides), extensive cataclasis (fractures) or static 
thermal annealing (straight grain boundaries, triple 
point junctions). 

Shape fabric of quartz grains 

Elongate grains that wrap around feldspar clasts (Beta 
region of Lister & Price 1978) are not considered in the 
following analysis because they are due to heterogene- 
ous deformation and a complicated strain path on the 
microscale. The shape of an individual quartz grain in a 
ribbon can be specified in terms of ( l )  the axial ratio (R) 
or the long vs short dimension in X Z  sections and (2) the 
obliquity (&) between the long dimension and the trace 
of the foliation. Figure 4 illustrates the relationship 
between the shape fabric R and the degree of obliquity & 
in adjacent quartz ribbons for the sections sketched in 
Figs. 2(a) & (c). The axial ratio of each grain was 

calculated from the dimensional data. The arithmetical 
mean (/?) is a way to describe the intensity of the 
foliation Fq defined by the quartz grains in a given 
ribbon. The arithmetical mean (/i) of the axial product 
of a grain (A = long × short dimensions) also helps to 
describe the grain size. The R/cb diagrams (Fig. 4) similar 
to those of Dunnet (1969) show a complete range from 
the least pronounced fabric (ribbon a) to the most 
intense one (ribbon e). For ribbon a the plot reveals an 
unsuspected asymmetry of the population with ~b = 21 ° 
(~b has a fluctuation = 180°). This R/cb plot can be 
interpreted in two separate ways. (1) Preferred growth 
within a random grain shape fabric of inequant grains 
whose long axes are inclined at an angle of ~b = 21 °. In 
that case the preferred alignment of grain long axes 
post-dates the random fabric. (2) Recrystallization of an 
earlier population of grains with a strong preferred 
alignment at ~b = 21 °. In this case the preferred orienta- 
tion of grain long axes pre-dates the random fabric. The 
low angle between foliation and preferred grain shape 
alignment suggests that the second interpretation may 
be correct. The presently non-oriented fabric may be 
inherited from a strong one like those of types d or e. 
This is a significant observation and will be discussed 
below. 

For all the ribbons studied, the average grain size as 
measured b y / l  remains relatively unchanged in com- 
parison to the average alignment ~b (Fig. 4) although the 
range of grain sizes may be very large (Fig. 6). This 
supports the idea that the rate of grain growth during 
deformation has produced a stable grain size (Poirier & 
Guillop6 1979). It is also worth noting that the ribbon e 
has the highest value of/~ and the lowest value of ~b, 
which suggests that this ribbon contains the most highly 
strained grains and possibly that a critical accumulation 
of strain may have been reached at this stage before 
recrystallization. 

Quartz c-axis fabrics 

The type of c-axis preferred orientation in a quartz- 
rich area devoid of a second phase depends on (1) the 
intracrystalline deformation mechanisms (i.e. the opera- 
tive slip systems and the relative importance of climb 
and cross-slip), (2) the deformation regime and (3) the 
intensity of the deformation (Lister & Hobbs 1980). In 
order to determine whether deformation was coaxial or 
non-coaxial and to reveal variations in deformation 
intensity, measurements of the c axes of the quartz 
grains used for the shape fabric analysis were under- 
taken. The elongate grains display a complete or incom- 
plete crossed girdle pattern (Sander 1970, Lister & 
Hobbs 1980) intersecting in Y (or contracted towards the 
Y axis for ribbon d) with a unique girdle (ribbon a) or a 
dominant one leading to a marked asymmetry with 
respect to the mylonitic foliation (Fig. 4). By analogy 
with other fabric studies in non-coaxial environments 
(e.g. Burg & Laurent 1978, Lister & Price 1978, Lister& 
Hobbs 1980, Bouchez et at. 1983, Simpson & Schmid 
1983, Evans & White 1984), the sense of e-axis fabric 
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,/"'~ basal or ~ £ 7 p~s~-ane 

Fig. :,. Sketch io illustrate a progressive increase in aspect ratio of a quartz gr~,in with a constant c-axis direction (vertical 
or pointin~ out) when the glide plane (basal or prismatic, respectively) is parallel to the shear plane. 

asymmetry with respect to macroscopic foliation indi- 
cates a dextral shear. There is no constant angular 
relationship between the quartz foliation (Fq in Fig. 4) 
and quartz c-axis distribution; in contrast little variation 
is observed in the obliquity of the dominant girdle to the 
foliation (Fig. 4). Domainal variations of shape and 
c-axis fabric patterns, as documented in other mylonites 
(Garcia Celma 1982, Behrmann & Platt 1982) are there- 
fore not important. The existence of a strong c-axis fabric 
in ribbons a or b, having low/~ values, and its persistence 
in ribbons c, d and e which have elongate grains suggests 
that the crystallographic preferred orientation was 
acquired before the elongate quartz grains were formed 
in the latter ribbons. More generally it can be deduced 
that a certain amount of shear strain had been achieved 
prior to the development of the quartz shape fabric. The 
basic c-axis pattern in ribbons c, d and e, with high point 
maxima close to Y, is generally attributed to glide domi- 
nated by the {1010} (a) system and to some associated 
activity on (0001) (a) (White 1976), which is in accord 
with the pressure-temperature conditions (Nicolas & 
Poirier 1976) proposed above for the Fiddlers Green 
mylonite. Minor activity on other slip systems is due to 
constraints from neighbouring grains in the polycrystal- 
line aggregate (Bouchez et al. 1983). Further deforma- 
tion with a steady-state end-orientation of the quartz c 
axes was then possible following an evolution as 
sketched in Fig. 5. This single-slip deformatio.n model 
(which departs from the multiple-slip theory based on 
Taylor-Bishop-Hill analysis, e.g. Lister & Hobbs 1980) 
is possible in the case of progressive simple shear because 
grains having a slip plane and direction coinciding with 
the direction of the bulk shear plane are able to deform 
using one dislocation glide system only. 

DISCUSSION 

The marked asymmetry of c-axis fabrics shows that 
the deformation of quartz in the Fiddlers Green mylonite 
includes a significant non-coaxial component. Thus the 
heterogeneous angular variation between the long axes 
of quartz grains within the ribbons and the mylonitic 
foliation cannot be related to axially symmetric shorten- 
ing. The fact that the ribbon boundaries are neither 
crenulated (Fig. 3) nor display stylolitic features pre- 
cludes any effect of a late major deformation. It is 
concluded that the increase in average axial ratio /~ 
correlated with a rotation of the quartz grain shape 
fabric (decreasing angle between grain shape alignment 

and macroscopic foliation) developed during a progres- 
sive non-coaxial deformation. 

The variation in orientation of the quartz shape fabric 
is not progressive and continuous from one side of the 
sections to the other (Figs. 2a & c). Consequently this 
variation is not related to a progressive increase in finite 
strain as observed in a shear-zone model (Ramsay 1980) 
or to homogeneous shear on the scale of the specimen. 
The heterogeneous distribution of the shear deforma- 
tion is rather associated with the 'degeneration' of the 
mylonite foliation, mainly along the quartz ribbon boun- 
daries, into localized shear planes (Fig. 3b). Some other 
evidence of localized zones of high shear strains within 
the ribbons themselves are the trails of very small mica 
clasts (Fig. 3a) which may represent transient displace- 
ment discontinuities, and probably superplastic 
behaviour in the sense of Boullier & Gueguen (1975). In 
this respect it is interesting to note that at least two 
examples of oblique shape fabrics described in the litera- 
ture (Burg et al. 1984, Lister & Snoke 1984) were 
developed in quartz ribbons or aggregates parallel to 
shear bands. In rocks having comparable microstruc- 
tures Brunel (1980) considered that the main mylonitic 
foliation became a generalized shear plane after its 
development. Hence we may assume that quartz shape 
fabrics occurred after mylonitic foliation rotated towards 
subparallelism with the shear plane and became acti- 
vated as shear planes. The worst 'subparallelism' of 
foliation and shear plane observed in the studied sections 
is 15 ° which corresponds to a shear strain y - 3.5. 
However, observations in other mylonites commonly 
provide lower values of this angle (=5  ° ) implying 
minimum shear strain higher than y = 11. Taken as 
critical shear strains, these estimates are sufficient to 
account for the quartz c-axis fabrics established in rib- 
bons a or b (Fig. 4) and perhaps for the development of 
the quartz ribbons themselves which, in any model, need 
high shear strains for their formation (Boullier & 
Bouchez 1978). 

The different quartz shape fabrics in the Fiddlers 
Green mylonite result from the combination of deforma- 
tion and syntectonic recrystallization and the question 
arises as to whether the structural changes may be cyclic. 
A cyclic change would account for the unexpected asym- 
metry of the population for ribbon a (both for c-axis and 
shape fabric) accepting that the present fabric overprints 
a strongly oriented one. This would imply that the 
deformation sequence would not be abcde as presented 
in Fig. 4 but bcdea, before repetition. A fitting scenario 
would be as follows: A quartz foliation at an angle of 
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met r i c  shape  fabr ic  d e v e l o p m e n t ,  the t e m p e r a t u r e  at 

which  d e f o r m a t i o n  t o o k  p lace  mus t  also be i m p o r t a n t  
(Higg ins  1974, O h t o m o  & W a k a h a m a  1983). 

A m a j o r  r e q u i r e m e n t  for  a "steady-state" fo l i a t ion  is 
tha t  fo l i a t ion  w e a k e n i n g  p rocesses  o p e r a t e  as e f fec t ive ly  
as fo l i a t ion  s t r e ng the n ing  processes .  It a p p e a r s  that  in 
the  F i d d l e r s  G r e e n  m y l o n i t e ,  the t r a n s f o r m a t i o n  of  folia-  
t ion p l anes  in to  loca l ized  shea r  p l anes  (Fig.  3c) cou ld  be 
an eff ic ient  f o l i a t i o n - d e s t r o y i n g  process .  

In s u m m a r y ,  the r e c o r d i n g  of non -pa ra l l e l ,  coeva l  
fo l i a t ions  in a qua r t z  my lon i t e  is not  new (see  the  
r e f e r ences  in the  I n t r o d u c t i o n ) ,  but  this is the  first s tudy 
in which  inc reas ing  aspec t  ra t ios  a long  with dec r ea s ing  
ob l iqu i t i e s  of  the  long axes  of  qua r t z  gra ins  wi th  respec t  
to the  m a c r o s c o p i c  fo l i a t ion  have been  r e p o r t e d  in a 
s ingle sample•  This  o b s e r v a t i o n  in a rock  which has  
su f fe red  non -coax i a l  d e f o r m a t i o n  and  wi thin  which foli- 
a t ion  p l anes  have  b e e n  t r a n s f o r m e d  into loca l ized  and  

n a r r o w  zones  of  high shea r  s t ra in ,  l eads  to the  i n t e rp re t a -  
t ion tha t  some  of  the  ob l ique  shape  fabr ics  in qua r t z  

my lon i t e s  a re  osc i l la t ing  mic ros t ruc tu re s .  These  micro-  
s t ruc tu res  may  be due  to  c o m p e t i t i o n  b e t w e e n  d e f o r m a -  

t ion and  syn tec ton ic  r ec rys t a l l i za t ion ,  and  they  are  
e n c o m p a s s e d  by  the p e r h a p s  i l l - t e rmed  ' s t e ady  state" 
fo l i a t ion  concept•  A s  a c o n s e q u e n c e ,  ob l ique  gra in  
shape  fabr ics  cou ld  be one  of  the  mos t  re l i ab le  shea r -  
sense  cr i te r ia .  

Fig. 6. Plot of grain size (A = area) vs grain aspect ratio (R). Three 
measurements lie off the plot; they are A/R = 702/2.35; 848/3.3 and 

1-~76/4.55. A few plotted points represent several grains• 

30--40 ° tO the mylon i t i c  fo l ia t ion  (as s u g g e s t e d  by  the  
obv ious  p r e f e r e n t i a l  ob l iqu i ty ,  Fig.  2b) is f o r m e d  a f te r  a 
cr i t ical  shea r  s t ra in  of  the  rock  (say y = 3.5) is r e a c h e d  
( r i b b o n s  b and  c, Fig.  4). In p laces ,  w h e r e  loca l i zed  
C - t y p e  shea r  b a n d s  d e v e l o p ,  this  fabr ic  is ' d e s t a b i l i z e d ' ,  
l e ad ing  to a "ca tas t roph ic '  evo lu t i on  t o w a r d s  sma l l e r  
ob l iqu i t i e s  ( r i b b o n s  d,  then  e) and  b e c o m i n g  r ap id ly  
o v e r p r i n t e d  by ( s u b ) e q u i a x e d  fabr ics  ( r i b b o n  2a) which  
are  in turn  d e f o r m e d  to resul t  in a r i b b o n  b and  c type  
fabr ic .  Th is  k ind  of  e v o l u t i o n  has  also been  sugges t ed  by  
Lis te r  & S n o k e  (1984) who  a r g u e d  tha t  du r ing  d e f o r m a -  

t ion ,  gra ins  e l o n g a t e  and  ro t a t e  t o w a r d s  pa ra l l e l i sm  with  
the  shea r  p l ane ;  u n d e r  a p p r o p r i a t e  con d i t i ons  gra in  
b o u n d a r y  mig ra t ion  may  c o n t i n u o u s l y  r e s to re  e q u i a x e d  
grain  shapes .  The  m e a s u r e m e n t s  p r e s e n t e d  he re  sugges t  
tha t  a cr i t ical  finite s t ra in  for  qua r t z  m a y  be  r e a c h e d ,  
be fo re  the  shape  fabr ic  b e c o m e s  pa ra l l e l  with the  s h e a r  
p l ane ,  and  tha t  the  g ra in  size s eems  to r e m a i n  cons t an t  
du r ing  such a d e f o r m a t i o n - r e c r y s t a l l i z a t i o n  his tory .  T h e  
e x p e c t e d  loop- l ike  p lo t  of  gra in  aspec t  ra t io  vs g ra in  size 
as d e s c r i b e d  by M e a n s  (1981) was t h e r e f o r e  not  f o u n d  
(Fig.  6). It is sugges t ed  that  the  gra in  g rowth  was inhi-  
b i ted  by the low ene rgy  of  the  b o u n d a r i e s ,  and  a low 
mob i l i t y  due  to nea r ly  iden t ica l  c rys ta l  o r i e n t a t i o n s  
b e t w e e n  n e i g h b o u r i n g  gra ins  as s u p p o r t e d  by the s t rong  
qua r t z  c-axis fabrics• Since k ine t ics  of  gra in  b o u n d a r y  
mig ra t i on  can be a f u n d a m e n t a l  fac tor  con t ro l l ing  asym-  
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