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Aimract--Small-scale ductile shear zones belonging to several sets in orientation and sense of movement, and 
including both continuous and discontinuous strain, modify an older granulite facies mineralogy and equilibrium 
textures of the meta-anorthosite and produce a new schistosity, textures and parageneses. Piagioclase and 
amphibole recrystallize, garnet and elinopyroxene disappear and seapolite, epidote and sometimes biotite 
appear. In continuous shear zones, it is possible to relate quantitatively the plagioclase textures produced by the 
shear strain, ~/. The undeformed texture is replaced progressively by protoclastic (~/< 1), porphyroclastic festoon 
('y=-1) or mortar textures (1 <~t<5) and finally by heterogeneous or homogeneous polygonal textures ('y>5). 

In each undeformed rock type the old pla$ioclase grains are of constant composition (-An2). Little or no 
change of composition is observed in the visibly detormed parts of old grains (bent twin lamellae, slightly 
misorientated sub-grains). Reerystallized new grains in porphyroclastic and polygonal textures ha{'e composi- 

, tions, however, which differ by up to "*- 15 % An from adjacent old grains and may show continuous compositional 
zoning. The juxtaposition of deformed old grains at low ~ with recrystallized new grains at higher ~ excludes late 
annealing. The very large difference between adjacent old and reerystallized grains also excludes dynamic 
recrystallization alone and requires in addition strain-induced recrystallization with nucleation and growth in the 
presence of a K, C1, S, C. . .  bearing fluid phase. The very high compositional gradients and variation from grain to 
grain suggest that chemical equilibrium may not have been attained. 

I N T R O D U C T I O N  G E O L O G I C A L  S E T T I N G  A N D  D E S C R I P T I O N  O F  

T H E  S H E A R  Z O N E S  
DEFORMATION can p r o d u c e  changes  in the  s t ruc tu re  and  
t e x tu r e  of  a rock ,  as wel l  as changes  in the  c o m p o s i t i o n s  
of  the  mine ra l s  o r  in the  mine ra l  a s semblages .  Bu lk  Previous work 

c o m p o s i t i o n a l  changes  m a y  also o c c u r  by  the  a d d i t i o n  o r  
loss of  ce r t a in  c o m p o n e n t s .  In  the  case  of  the  most  T h e  R o n e v a l  b a n d e d  m e t a - a n o r t h o s i t e  o u t c r o p s  to  
s tud i ed  mine ra l s ,  q u a r t z  a n d  calc i te ,  no  c o m p o s i t i o n a l  the  sou th  of  the  m i g m a t i t e  c o m p l e x  of  Sou th  H a r r i s  
changes  can  occur ,  w h e r e a s  for  o l iv ine  in dun i t e s  the  ( O u t e r  H e b r i d e s )  and  occurs  in a s soc ia t ion  with  p a r a -  
changes  a re  p r o b a b l y  ve ry  smal l  a n d  r e c e n t  s t ruc tu ra l  gneisses ,  m e t a - n o r i t e s  and  m e t a - g a b b r o - d i o r i t e s  in 
w o r k  has  t e n d e d  to  c o n c e n t r a t e  on  the  p u r e l y  phys ica l  S S E - N N W  s t r ik ing  bands .  I t  has  b e e n  i n t e r p r e t e d  as an 
a spec t s  of  the  d e f o r m a t i o n  ( p r e f e r r e d  o r i e n t a t i o n ,  ea r ly  Scour i an  shee t  i n j e c t e d  in to  a s e d i m e n t a r y  cover  
d i s loca t ion  subs t ruc tu r e s  etc .) .  P lag ioc lase ,  on  the  o t h e r  s u b s e q u e n t l y  m e t a m o r p h o s e d  in the  g ranu l i t e  facies  
hand ,  is d o m i n a n t  in a n o r t h o s i t e s  o r  g a b b r o i c  a n o r t h o -  ( D e a r n l e y  1963,  G r a h a m  & C o w a r d  1973).  Scour ian  
si tes and  such rocks  a r e  e x t r e m e l y  sens i t ive  to  d e f o r m a t i o n  p r o d u c e d  an a n t i f o r m  (a syncl ine  acco rd ing  
m i ne ra log i ca l  changes  du r ing  d e f o r m a t i o n .  In  a d d i t i o n  to  the  m a g m a t i c  y o u n g i n g  d i r ec t ions )  wi th  a s t eep  o r  
to  changes  in the  f e r r o - m a g n e s i a n  mine ra l s ,  p l ag ioc l a se  nea r ly  ver t i ca l  fo ld  axis. T h e  fold  l imbs  were  f l a t t ened  
i tself  m a y  change  c o m p o s i t i o n .  I t  is thus  neces sa ry  to  du r ing  fo ld ing  ( W i t t y  1975) .  
d i s t inguish  c lea r ly  b e t w e e n  the  ro le  of phys ica l  and  A s  has  b e e n  shown by  W i t t y  (1975) ,  the  mine ra l  
chemica l  effects  in the  d e f o r m a t i o n  of  p l ag ioc la se  rocks ,  a s s e m b l a g e s  a re  of  g ranu l i t e  facies:  c l i n o p y r o x e n e  is 

In  o r d e r  to  r e l a t e  all s tages  in the  d e f o r m a t i o n a l  and  inva r i ab ly  pa r t l y  a l t e r e d  to  a m a g n e s i o - h o r n b l e n d e  and  
m i n e r a l o g i c a l  changes  to  a s t ruc tu ra l  f r a m e w o r k ,  smal l  ga rne t  is r i m m e d  by a symplec t i c  i n t e rg rowth  of p lag io -  
scale shea r  zones  a re  mos t  su i t ab le  ( R a m s a y  & G r a h a m  clase,  a m p h i b o l e  and  ore .  P lag ioc lase  c o m p o s i t i o n s  
1970) .  T h e  a r ea  chosen  for  s tudy ,  the  H a r r i s  m e t a -  d e p e n d  on  the  bu lk  rock  c o m p o s i t i o n  and  vary  acco rd ing  
ano r thos i t e ,  con ta ins  n u m e r o u s  c o n t i n u o u s  and  d i scon-  to  Wi t ty ,  f r om An37_52 in the  gabb ros ,  An56_69 in the  gab-  
t inuous  s h e a r  zones  a n d  this p a p e r  p r e s e n t s  d a t a  r e l a t ing  b ro i c  a n o r t h o s i t e s  to  An6,_72 in the  anor thos i t e s .  Z o n i n g  
the  t ex tu ra l  and  c o m p o s i t i o n a l  changes  in p l ag ioc l a se  to  is ab sen t  o r  ve ry  weak  ( 3 - 5 %  An) .  N u m e r o u s  shea r  
pos i t i on  re l a t ive  to  t he  s h e a r  zone  ( shea r  s t ra in )  and  to  zones  cut  the  m e t a - a n o r t h o s i t e  and  W i t t y  d i scussed  the 
the  mine ra log ica l  changes  in the  rock .  m ine ra log i c a l  changes  invo lved .  
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Field relations whereas we consider that  it is related to the shear zones 
of group B (Fig. la )  for the following reasons: an abrupt  

The shear zones have very variable strike, sense of dextral rotat ion of the foliation occurs over  30-70  m 
movement ,  configuration and thickness (a few m m  to with partial coincidence of the foliation and the shear 
10m) and are nearly vertical. All gradations exist be-  direction; a new schistosi tyobli terates preexisting struc- 
tween continuous shear zones with drag folding of the tures ei ther gradually or abruptly and can be linked to 
early foliation and progressive product ion of a new the shear planes; and textures and paragenesesident ical  
schistosity without any clear plane of discontinuity or  to those in the shear zones occur. On the basis of their 
rupture,  to discontinuous shear faults which displace textures and mineralogy,  it is not possible to distinguish 
marker  horizons on either side of a rupture plane. Figure between the newly foliated zone on the NE limb of the 
l (a )  shows four main maxima of the poles to all the mea-  fold, and the reputedly early and late Laxfordian shear 
sured shear planes; they cannot  be directly and zones of Witty. They  all developed in the upper  
unambiguously related to the groups proposed  by Witty amphibol i te  facies and there is no apparent  reason to 
(1975). Using all the criteria given above,  it is possible to separate  them in time. 
divide the shears into several groups: 

Maxima A and B represent  strike directions between 
120 ° and 160 ° and include: numerous  dextral shears S T R U C T U R E  A N D  P E T R O G R A P H Y  OF T H E  
with cm to m dragging and format ion  of a new schistosity S H E A R  Z O N E S  
(early Laxfordian group of Witty), shear zones with a 
new schistosity as above striking 120 ° without dragging, As an example of a continuous shear zone we will 
but somet imes  with a small sinistral movement ,  a few describe a specimen from a sinistral shear striking N 
polyphase shear zones with a new schistosity with 100 ° in a meta-anorthosi t ic  gabbro  (Fig. lb) .  F rom the 
dextral dragging and sinistral displacement  of marke r  outside to the centre of the shear zone the following 
horizons, and dextral  shear fractures without dragging, changes are recognized: 

Maximum C striking 90-100  ° is relatively 
homogeneous  and includes: very large sinistral shear Zone 1, primary foliation 
zones with dragging up to several  met res  and a new 
schistosity (late Laxfordian group of Witty). In addition, A layering (a) (Fig. l b) is clearly seen, probably  of 
a few small sinistral shear  fractures (conjugate to dextral  magmatic  origin, with alternating bands of anorthosite 
shears striking 20°-30 °) occur, and me ta -gabbro  (plagioclase, amphibole  with relict 

Maximum D striking 4(3-60 ° is very variable and cl inopyroxene cores, garnet  with symplectic rims). 
includes: dextral  shear zones with cm dragging, dextral  
shear fractures without dragging, and sinistral shear Zone 2, rotation of the foliation 
fractures without dragging. 

On the north eastern r im strong deformat ion  of the This is recognized between 2 to about  6 cm from the 
fold limb occurs. Witty (1975) suggested that  this centre of the shear. The old foliation is rota ted progres-  
deformat ion  was caused by late Scourian flattening, sively f rom its initial position (100 °, ~ -- 0) to the last 

® Nm N0 ® 

0 '1 2'c m 

Fig. 1 (a). 282 shear  zone orientat ions (1) 3 .3-1 .8%,  (2) 1 .8-1.3%, (3) 1.3--0.8%, (4) 0 .8 -0 .4% of the measu remen t s  in 1% 
of the area (upper  hemisphere) .  (b). Rock specimen from a sinistral shear  striking N 100 ° - (a) foliation, (b) new schistosity, 
(c) schistosity in f ine-grained rock. Z o n e  I, (a) alone and  straight. Zone  2, (a) progressively bent,  (b) more  and more  

conspicuous.  Zone  3, (b) alone. Zone  4, (c) alone. 



Fig. 2. Plagioclase deformation and recrystallization textures - (a) porphyroclastic festoon texture, some scattered new 
grains and b u l l ~  along the old ~ boundaries, (b) porphyroclastic mortar texture, thick walls of new ~ with poly- 
gonal shape, (c) heterogeneous polygonal texture (two old ~ are present), (d) homogeneous polygonal texture. The 

scale bar is 0.5 mm long. 
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visible position (150 °, ~/= 1.54). A new schistosity (b) (I) Primary granoblastic texture. Coarse equigranular 
(Fig. lb)  begins to be obvious and shows a fan from 30 ° (up to 5 ram) polygonal mosaic of pink plagioclase crys- 
to a few degrees from the shear plane. There  is disagree- tals with straight or generally curved grain boundaries. 
ment between the shear strain calculated from the rota- Twinning on both the albite and pericline laws occur. In 
tion of the original foliation and that from the angle of the rocks with plagioclase richer in anorthite than about 
the new schistosity (Ramsay & Graham, 1970), which in An65, all favourably oriented crystals show well 
this case always gives a higher value. This may be due to developed Hut tenlocher  exsolution lamellae, which 
volume reduction in the shear zone which reduces O' extend to the grain boundaries and are clearly younger 
(Durney 1980). The Zone 1 minerals persist - -  plagio- than the twins. This implies that most of the twins now 
clase, ferroan pargasitic hornblende,  garnet with its seen are probably growth twins and that the exsolution 
symplectic rim, but the new schistosity (b) is weakly out- occurred under  static conditions. This primary texture is 
lined by small 0.1 mm polygonal plagioclase, by small slightly disturbed around symplectic rims to garnet and 
ferroan pargasitic hornblende and by scapolite, by the development  of myrmekite.  

Zone 3, dominant new schistosity (II) Protoclastic texture. The primary plagioclase 
grain boundaries become serrated and bulge and contain 

In this zone 1-2 cm wide, the new schistosity (b) (Fig. a few new grains (-~ 20-40 p.m). The host grains show 
lb)  obliterates the pre-existing foliation and it is impos- limited internal deformation:  bent old twin lamellae, 
sible to determine the shear angle by the first method new wedge-shaped mechanical twins, sub-grains on the 
ment ioned above. Large relict plagioclase, and relict boundaries with low to medium misorientation (up to 
magnesio-hornblende occur in a mosaic of new 0.1 nun 15°). 
plagioclase, magnesio-hornblende and scapolite, which Two types of porphyroclastic textures are disting- 
define the schistosity, uished. 

Zone 4, centre of the shear zone (III) Porphyroclastic festoon texture, (Fig. 2a). Strings 
or festoons of zoned polygonal new grains (40-120  p,m) 

The schistosity (c) (Fig. lb )  is well developed and occur along the limits of the old grains and form up to 
parallel to the shear plane, the grain size is small ( -  0.04 5 % by volume. The old grains have fewer sub-grains, 
ram), and the contact with Zone  3 is sharp. Plagioclase which tend to be larger than in IL Sometimes they show 
occurs in polygonal granoblastic texture with biotite and a thin rim up to 50 p, rn thick, which has a continuous 
magnesio-hornblende.  This zone has been subsequently variation in extinction angle up to a few degrees; 
fractured and partly altered (chlorite, sericite). Hut tenlocher  exsolution is not optically visible in this 

rim. 
All the shear zones in the meta-anorthosi te  with drag 

folding and a new schistosity are roughly similar. One (IV) Porphyroclastic mortar texture, (Fig. 2b). The 
can relate the shear strain, ~ = 2/tan 20' (where e '  is the festoons of new grains are replaced by continuous mul- 
angle between the shear plane and the new schistosity) tiple walls of polygonal new grains of larger size (80-300 
to the disappearance of the old foliation and old mine- gun), which form up to 20% by volume. The zoned new 
rals and, to the appearance of a new schistosity, new grains are frequently twinned, ei ther with two indi- 
minerals and new plagioclase textures. The new schis- viduals of nearly equal thickness or a few thin lamellae. 
tosity is clearly seen when e'  is less than about 30 ° (T ~- A very few new grains have undulose extinction with 
1), and the old foliation is no longer visible when e'  is less sub-grains suggesting later deformation. The relict 
than about  10 ° (-y =ffi 5). Garnet  disappears at O' ~ 25 ° (T grains are as in III. 

1.7), cl inopyroxene at much lower strain and 
amphibole and plagioclase relict grains are still seen Polygonal textures. The polygonal new grains form 
when ~/is greater than 10. more  and more  of the rock. Two textures are recognized 

called heterogeneous or augen (V) (Fig. 2c) and 
T E X T U R A L  AND C H E M I C A L  M O D I F I C A T I O N  homogeneous or granoblastic (VI) (Fig. 2d) depending 

OF  T H E  P L A G I O C L A S E  upon the presence or absence of large rounded plagio- 
clase grains. In the heterogeneous texture these grains, 

Textural evolution of plagioclase sometimes with internal deformation,  are relict plagio- 
clase as shown by their pink colour and by the presence 

The meta-anorthosite,  away from the shear zones and of optically visible Hut tenlocher  exsolution. The new 
unmodified by later deformation or alteration, has a grains can be strongly zoned;  they form either an equi- 
simple granoblastic texture here called primary, granular (200-500 p~m) isometric polygonal texture or a 
Described below are the textural modifications pro- tabular one (200-600 I,~m) defining a new schistosity, 
duced in plagioclase (following in part the nomenclature which is also marked  by the  presence of amphibole, epi- 
of Kehlenbeck 1972). These textural changes are dote, biotite and scapolite, the last occasionally in nearly 
progressive and can be related to the value of the shear monomineral ic  layers. 
strain. Later  deformation characterized by very thin closely 
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spaced, mechanical  twins and subgrains can be sporadi-  tional change. Some old grains, however,  clearly 
cally observed in new grains in porphyroclast ic  and poly- recorded in texture III ,  have a homogeneous  core and a 
gonal textures types I I I  to IV. rim with a drop  of An6.. s related to the disappearance of 

One can trace an evolution of the plagioclase textures optically visible Hut ten locher  exsolution lamellae (Fig. 
f rom I to V or VI. Several textures can coexist at diffe- 3 b3, b4). 
rent shear strains in the same thin section. The proto-  The new grains, on the contrary,  show a wide range of 
c last ic texture occurs w h e n ~  <1  and theporphyroclas t ic  composit ions up to 30% An for a given old grain 
festoon texture occurs when ~ / ~  1. The  mor ta r  texture composit ion.  Several phenomena  are super imposed and 
(IV) can be seen when the new schistosity is just locally give unpredictable analyses. (1) In all the textures f rom 
visible and persists as long as the old foliation (0'  = I I I  to V, the new grains can be strongly reverse zoned 
30-10  °, ~/= 1-5). The augen and polygonal textures (V with a core richer in A b  than the adjacent  old grain and a 
and VI)  appear  when the schistosity becomes penet ra-  r im richer in An.  Reverse  zoning is also known in poly- 
tive (0' ~ 10 °, ~ />  5). In discontinuous shear zones the gonal texture VI  but can obviously not be linked to relict 
evolution f rom one  texture to another  is abrupt.  I I  or  I I I  grain composit ion,  because of the large displacement in 
and V or VI I  side by side is a com m on  feature,  the core of the shear. (2) The new grains in immediate  

contact with relict grains in festoon or mor ta r  
Compositional variation in plagioclase grains porphyroclast ic  textures ( I I I  and IV) show very large 

differences and may show a spread of up to at least 30% 
Several hundred complete  analyses of plagioclase and An. (3) There  is, however,  a general  tendency clearly 

other  minerals in undeformed  and deformed  rocks have visible on the Fig. 3. 'When the old grains have a high An 
been carried out by microprobe,  taking care to disting- content  (Anss), the new grains are richer in An than the 
uish between relict  grains, the rims of relict grains, sub- old ones. When  the old grains have a composi t ion be-  
grains and new grains of plagioclase in the different tex- tween An30 and Arts0, the new grains tend to be richer in 
rural types (Fig. 3). The  precision in the plagioclase A b  than the old ones. Between these values the new 
composit ions is about  - 1% An. A detailed description grains show a large spread of composit ion,  ei ther richer 
of the mineral  parageneses  of  the shear zone is in or poorer  in An than the old ones. Vernon  (1975), 
preparat ion.  White (1975) and Marshall  & Wilson (1976) have 

The relict grains have composit ions in any one rock shown that new grains in de fo rmed  andesine, oligoclase 
and in one textural  and mineralogical situation which are and albite can be more Ab-r ich  than old grains by only a 
remarkably  constant,  varying only by --+ An 2 (Fig. 3, a l ,  few per  cent Ab.  Borges (oral communicat ion)  found a 
d7, d8, f9, f l0 .  Sightly misorientated subgrains or drop of a few per  cent in An  content  in plagioclase f rom a 
bent  twin lamellae, particularly abundant  in the shear shear zone in the Roneval  anorthosite.  Our  results show 
zone margins (texture lI) ,  show no significant composi-  quite clearly that in these shear zones, plagioclase new 

all 1) F- 2) 

l~l 5 no. of Fq(3) .  b 
i I old ana lyses  

o , I  
(4) ~ I 
r-t. L~ ~-_~ 

new (5) ra--r- ]  (6) c 

old ["1._1(7) ,._~'] (8) d 

2]  e new I--1 (7) ~ (8) r~  I~1 -L ~ r-~ t-u-1 i , 
i i i  i i 

110! 1 old [-7(9) F}~=,.- i (1)  f 

(11)r-~ (10) new r - -  1 L l  g 
I I l i I I I I f 1 1 

30 4 0  50 6 0  70 80  "/o An 
Fig. 3. Histograms of plagioclase compositional variation in old and adjacent new grains from single thin sections from four 
rocks (a, b and c, d and e, f and g). (a) heterogeneous polygonal texture (V),  old grains (1), adjacent new grains (2); (b) and 
(c) porphyroclastic festoon texture (III), old grain cores (3) and rims (4); adjacent new grain cores (5) and rims (6); (d) and 
(e) textures ranging from porphyroclastic (III) to polygonal (VI). Comparison between old (d) and adjacent new grains (e) 
in two compositional bands (7) and (8); (f) and (g) comparison between old (f) and adjacent new grains (g) acrOss a 2 cm 
wide shear: (9) polygonal augen texture in the core of the shear, (10) porphyroclastic texture in the margin of the shear, (11) 

porphyroclastic texture between the above two. 
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grains can be r icher  and p o o r e r  by up to  Anx5 than the (2) Relict  plagioclase grains with optically visible 
old grains and are in addi t ion s t rongly and cont inuously  internal  strain occur  general ly  at values of  -y less than 
zoned,  abou t  1. Optical ly visible strain is very  rare  in relict or  

new grains at ~/ > 1. The  existence of s trained relict 
plagioclase within a short  distance (a few m m  to m) of  

D I S C U S S I O N  A N D  C O N C L U S I O N S  uns t ra ined  grains and the restr ict ion of the mineralogical  
changes  to the shear  zones  allows one to exclude late 

If  the new grains of  plagioclase arose by a purely  phys-  annealing.  
ical mechan i sm (static o r  dynamic  s t ra in- induced (3) The  inverse relat ion be tween  internal  and total 
recrystall ization),  they would  have the same compos i -  strain suggests s t ra in- induced recrystal l izat ion and in 
t ion as the old grains as descr ibed by Marshal l  & Wilson par t icular  dynamic  recrystall ization. 
(1976).  Shear  zones,  however ,  are the site of impor tan t  (4) The  great  var ia t ion in the compos i t ion  of new 
chemical  and mineralogical  changes  (Beach  1976).  A plagioclase grains in contac t  with relict grains and their  
detai led descr ipt ion of  the react ions  occurr ing  in these reverse zoning suggests that  dynamic  recrystal l izat ion 
shear  zones  is in p repara t ion .  T he  compos i t ion  of  the cannot  be the only  mechanism.  It is pe rhaps  necessary to 
new plagioclase grains will thus depend  on  the compos i -  invoke a super imposed  nucleat ion and growth  of new 
t ion of  the old plagioclase and on  the minera l  react ions plagioclase grains in contac t  with a fluid p h a s e .  
occurr ing  in the immedia te  vicinity. It  does  not  seem 
possible to  relate  the compos i t ions  of  the new grains to  Acknowledgements--We thank Professors P. E. Brown of the Univer- 
the Beggi ld  o r  Hu t t e n l oc he r  exsolut ion in plagioclase,  sity of Aberdeen and B. Roques of the University of Nancy I foi" the 
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appea rance  of  the new schistosity) suggest ing that  this 
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plastic deformation in the central parts of the shear zone  geochemistry and heat flow in early Proterozoic shear zones in the 

Lewisian complex. Phil. Tram. R. Soc. A 280, 569-604. 
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