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SUMMARY

F i e l d  and laboratory  studies of the Lewi si an Complex of  the Loch 

t laree d i s t r i c t  in NU Scotland have confi rmed the presence of  

t e c t on i c  i n te r l e a v i n g  of  l a te  Archaean basement gneisses and e a r l y  

Proterozo i c  volcano-sedimentary cover (Loch flaree Group).  

St ruc t ur a l  ana lys is  of  these rocks has demonstrated the presence of  

four generat ions of  approximately coaxial  fo lds and a r e l a t i v e  

chronology of  events has been establ i shed.  During D1 a st rong Hl-I-SE 

s t r e tc h i ng  f a b r i c  was developed.  At a l a te  stage of  t h i s  phase the 

basement was t e c t on i ca I  Iy emplaced over the cover wi th the 

w i despread format i on o f my I on i tes part  i c u I a r I y  at  maj or I i  tho Ioq i caI 

contacts .  D2 a f fe c te d  both basement and cover g i v i n g  r i s e  to a 

l arge SE-plunging HE-verging s t ruc t ur e .  This f o l d  which shows 

p e r f e c t l y  coaxial  r e l a t i o n s  with the D1 fabrics. ,  c on t r o l s  the 

d i st r  i but ion of the l i  t ho i og i ca i uni ts  wi th gneisses and marb i es 

represent ing basement and detachment zone, r e s p e c t i v e I y ,  in the core 

of the s t ru c t u r e .  Dur i ngI)5-J> recumbent and upr ight  folds were 

formed. These d i sp l ay  clockwise r e l a t i o n s  wi th the L1-L2 s t r e t c h i n g  

l i n e a t i o n  and were formed under condi t ions of  continuous deformat ion  

at higher  s t r u c t u r a l  l evels  i nd ica t ing  post -02 u p l i f t .

Cl ima ic metamorphic condi t ions were opera t i ve  during e a r l y  stages  

of  D1 deformat ion:  middle to upper amphibol i te  condi t ions  (Bar rovian  

type metamorphism) have been deduced from g a r n e t - b i o t i t e  and gar ne t -  

hornblende geothermometry and coexis t ing mineral  assemblages.  The 

temperature was lower (greenschist  fac ies  con d i t i ons )  during  

my I on i t i z a t i o n .  112 temperatures,  also determined by geothermometry 

( g a r n e t - b i o t i te  and garnet -hornblende)  corresponded to upper 

greenschist  to lower amphibol i te  facies condi t ions .  The changes in

i x



P-T cond i t i ons ore i n t erpre t ed  as be i ng indi cat i ve of  ' theriiiuI  

r e l a x a t i o n '  associated wi th thickening of the crust  produced by (01)  

thrust  i n g .

St r uc t ur es  i nd i ca t ing  t ra n s i e n t  b r i t t l e  deformat ion along the main 

th r us t  hor izons are ascr ibed to pore f l u i d  e f f e c t s .  Euidence for  

abundant f l u i d  a c t i v i t y  is given by chemical t ransformat i ons  

producing minera logica l  convergence in uI t ramyI  o n i t e s . I n t e r p l a y  

between metamorphism and deformat ion was complex and the a p p l i c a t i o n  

of  the c l a s s i c a l  mic rotec ton ic  approach was not poss ib le .  S i m i l a r l y  

for  the determinat ion  of  the b r i t t l e  or d u c t i l e  character  of  the

deformat ion in ' f a u l t - r e l a t e d '  rocks the r ec e n t l y  proposed methods

do not seem to be app l i cab l e :  careful  ana lys is  of  deformat ion

mechanisms on the gra in  scale is considered to be e s s e n t i a l .  

Ui sco s i ty  cont rast  v a r i a t i o n s  between e a r l y  01 and l a t e  04 are  

ascr ibed to changes in the s t r a i n  r a t e ,  geometric sof ten i ng  and even 

v a r i a t i o n s  of  the temperature:  there is no evidence tha t

minera logica l  changes exercised a cont ro l .

fl model based on simple t ranspression with a middle c r us t a l  f l a t -  

lying shear zone formed in the step-over  of a I e f t - l a t e r a l  r i g h t -

stepping wrench system is capable of expla in ing the deformat ion of  

these rocks in a continuous fashion under condi t ions of  progressive  

u p l i f t  of  the c r us t .  I f  such a model is considered r e a l i s t i c ,  no

r e l i a b l e  c o r r e l a t i o n  of  s t r uc t ur es  based on s t y l e  is possib le  over

distances of  few tens of  k i lometers  where physical  c o n t i n u i t y  of  

s t r u c t u re s  in not a v a i l a b l e .  Instead features i n d i c a t i n g  the

predominant kinemat ic  pattern  are more r e l i a b l e .



CHAPTER 1 -  INTRODUCTION

1.1  LOCATION

This thes i s  concerns the s t r u c t u r a l  development of  the Lewi si  an 
rocks north of  Loch Haree in Uestern Ross-shi re ( F i g .  1 . 1 ) .  These 
rocks include the supracrustal  Loch Haree group, which is of  
sedimentary and volcanic d e r i v a t i o n ,  as well  as gneisses and 
amphibol i tes  that  t y p i f y  so much of the Lewisian Complex. In the  
area mapped (F ig .  2 . 1 )  the exposure is exce l l en t  ( e . g .  P I s . 3 - 3 0 , 7 0 ) .  
The topography,  with a r i s e  of about 2800 feet  over a d is tance  of  
about two mi les (from the shore of  Loch Haree to Beinn L a i r ) ,  
provides much three dimensional  exposure.  The topography is 
c o n t r o l l e d  by the geology,  with amphibole sch is ts  forming a 
prominent r idge  from Fo l a i s  to Co i re  Broige,  the sediments l i e  on 
the lower ground near the loch, and the gneisses on the n o r t h ­
eastern side of  the r idge.

1 . 2  PREUIOUS INUESTI GAT IONS

The area was mapped by the Geological  Survey dur ing the e a r l y  par t  
of  the century ,  r e s u l t i n g  in the pub l i ca t ion  of  the 1 inch to 1 mi le  
sheet 92 ( 1913 ) ,  and the unpublished 6 inches to 1 mi le  sheet 58 
( 1905 ) .  Descr ip t ions were w r i t t e n  in the accompanying memoirs 
(Peach et  a l . 1907, CIouqh et a I . 1913, Peach and Horne 1930) .

Recent views of  Lewisian geology include the work of  Bowes (1978 ) ,  
Park ( 1980 ) ,  Bowes and Gacfl (1981)  and Uatson (1983) ;  these also  
include extensive l i s t s  of references r e l a t i n g  to Lewisian geology.  
Resul ts  of  very recent  i n v es t i ga t ion  of several  aspects of  Lewisian  
geology are put together  in Park and Tarney ( 1987 ) .  Host of  the  
geochronoIogicaI  data of these rocks are summarized by Bowes 
( 1978 ) ,  Hami l ton et a I . (1979)  and f l f t a l i o n  et a I . ( 1984 ) .  
Radiometr ic studies  s p e c i f i c a l l y  r e l a t i n g  to the metasediments and 
gneisses of  Loch Haree d i s t r i c t  have been ca r r i e d  out by Bikerman et  
a l . (1975)  and R f t a l i o n  et a l . ( i n  p r e p a r a t i o n ) .

Fol lowing the outstanding q u a l i t y  of  the d e t a i l e d  l i t h o l o g i c a l  
mapping by the Geological  Survey,  Keppie (1967)  was the f i r s t  to

Structural Geology -  Loch Maree 1 Chapter 1 -  introduction



deal wi th s t ru c t u ra l  mapping ot the Loch Haree rocks.  This work 
covered almost exac t ly  the same ground deal t  wi th in the present  
s t u dy .

S t r a t i g r a p h i c  r e l a t i o n s h i p s  in the Lewisian Complex are s t i l l
o i l h i  p r - t  n f  m n r - h  p  *  r - (  P r . 1 O A O  1 C i7 f i  1 H P 1S U D j c C l  U i i l lU C i i  a e u a i e  v C i . u  G w c  I ? u : f i y  i u  ,  u  u  w  c  o  i j  11 u  u u u i  i 7 u i  j

Uatson 1983, l i r ight  1987) .  Of p a r t i c u l a r  i n te res t  to the present  
study is the r e l a t i v e  pos i t ion  of the Loch Haree s u p r a c r u s t a I s .
Table 1.1 presents an up to date summary of  the Lewisian
s t r a t i g r a p h y  as proposed by Uright  (op. c i t . ) .  Ur iqht  places the
"Loch Haree P r o t o l i t h i c  Succession" at the beginning of  the e a r l y  
Proterozo i c  Laxfordian Cycle,  i . e . b a s i c a l l y  consis tent  wi th the  
i sotopic  data and arguments presented by Bikerman et a l .  ( 1975 ) .

The "Loch Haree P r o t o l i t h i c  Succession" was considered by C.E.
T i l l e y  ( i n  discussion of Sutton and Hat son 1951, p. 297)  to be 
c r i t i c a l  in the e l u c i d a t i o n  of  the Lewisian s t r a t i g r a p h y . The 
undoubted metasedimentary o r i g i n  of these rocks,  and the absence of  
associated basic minor int rus ions (which Sutton and Uatson 1951,  
c o r r e l a t e d  wi th Scourie dykes)., in marked contrast  wi th the  
juxtaposed q ua r t zo f e I dspa t h i c  gneisses,  suggests that  the  

metasediments post -date  the igneous event.  This ind ica tes  a major  
break in the s t ra t i g r a p h y  between these two un i ts .  I n t e r p r e t a t i o n  
of  t h i s  r e l a t i o n s h i p  has been a major source of  controversy since  
the pioneer  work of the Geological  Survey. D i f f e r i n g  views 
concerning the o r i g i n  and s t r a t i g r a p h i c  r e l a t i o n s  between gneisses  
and metasediments were taken by C.T.  Clough ( I i t h o I o g i c a I  t r a n s i t i o n  
between sch is ts  and gneisses)  on one hand and B.N. Peach and U.
Gunn ( th r us t  contact )  on the other  ( c_f. Peach et a I . 1907, Peach and 
Horne 1930) .  Although the idea of t hr us t ing  has p r ev a i l e d ,  some 
doubts s t i l l  pe r s i s t  and are i l l u s t r a t e d  by the f o l lowing e x t r ac t  
from Peach et a I. (1907,  p. 221) :  " I t  is not c e r t a i n  that  t h i s  
superposi t ion  was o r i g i n a l l y  brought about by t h ru s t i n g ,  for  the  
present  sync l i na l  arrangement of the rock masses is l a t e r  than most 
of  the mylonising,  and i t  cannot be determined how the myloni tes  
were i nc l ined  before the syncl ine  was formed".

Descr ibing a sequence of  folds and metamorphic events a f f e c t i n g  
these rocks,  Keppie (1967)  confirmed the a I lochthonous nature  of  the

Structural Geoioqy -  Loch haree Chapter 1 -  introduction



Table 1.1 LEWISIAN
STRATIGRAPHY

TIME DATES EPISODE PHASES AX'D EVENTS ROCKS

P e g m a t i t e  I n t r u s i o n South  H a r r i s  I n j e c t i o n  Complex
1750-1650 HARRIS C r a n i t c  I n t r u s i o n Nor t h H a r r i s  C r a r . i t e s  

La x fo r d  C r a n i t e s

DURNESS He t a m o r p h i s n  and  
Dc forma t i o n

Loch Haree  D i v i s i o n
1900-1700 tJ

o
L a x f o r c i a n  G n e i s s e s

early
PR0TER0-
2 0 I C

o
P.odi l  M e t a m o r p h i c  P h a s e Sou t h  H a r r i s  P r o t o l i t h i c

c . 2200-1850
<
oo'.Ou.

CAIRLOCII S o u t h  H a r r i s  I n t r u s i v e  
Phase  

Loch H a r ee  P ha s e

I n t r u s i o n s  
L e t t e r c u e  B a s a l t i c  S u i t e  
Loch Haree  P r o t o l i t h i c  

S uc c e s s  i on

D c o u r i e  Dyke  S u i t e S c o u z l e  Dyke S u i t e
Loch Roe He t a r ao r ph i s m I n v c r i a n  S c h i s t s

2400-2200 INVERlAW and F o l d i n g  
I n t r u s i o n  o f  S o d i c  

Pegma t  i  t c s
Achmelv i ch  P e g m a t i t e s

TIHE dates EPISODE MUSES AND EVENTS ROCKS

C . 2650 

c .  2550

2600-2650

(LATE)
ARCHAEAN

2920 50

BARRA

I n t r u s i o n  o f  p o t a s h  
p e g m a t i t e s  
I n t r u s i o n  o f  u l t r a -  
b a s i c  a n j  !nlcrn-.o<!- 
i a t c  p l u t o n s

K i r k a l g  P e g m a t i t e s

BADCaL L I aN

B a d c a l l i a n  d e f o r m ­
a t i o n  and c c i o o o r -  
p h i s n  i c c o c p a n  i c d  
by p a r t i a l  n e t t i n g  
to  form g r a n  i c ic  
gnc i s s

B a d e * 1 1l an  
C r a n u 1 1 te

K i r k a i g  C r a n l t i c  
Cne I s s

Ua n h a l g  He tc. f -orph-  
Iscn and D e f o r m a t i o n  
( A m p h i b o l i t e  f a c i e s )

CAELIC

C l a c h  Boga 
Pro  t o l i  t h i c  
I n  t r u s  i on s  
S h i o s  Dykes

Uamhalg C n e i s s e s

Drurabeg P r o t o -  
11t h i c  Layered 
I n t r u s i o n s .  
L an g av a t ,  Lcvcr-  
burgft ,  T l r e e ,  
Ness and C l a l s -  
f c a r a  P r o t o l i t h ­
i c  Su cc es s io n s  
Hebridean  P ro to ­
l i t h i c  I n t r u s io n s

C a c l i c  As sembl age  
Druobeg D i v i s i o n  
C l a l s f e a r n  e t c .
D i v I s  i on

Kyl cs ku  D i v i s i o n  
R h i c o n l c h  D i v i s i o n  
S h e l l d a i g  D i v i s i o n  
U l s t  D i v i s i o n

(after Wright 1985)



qua r t zo t e I dspa t h i c  gneisses.  However, the t h rus t ing  phase was placed 
qui te l a te  in the s t ru c t u ra I  sequence ( 1mid-phase1, p . 179) ,  and 
hence no explanat ion could be giuen of the s t r u c t u r a l  concordance 
between features termed in both uni ts  before the t h r u s t i n g .  In 
a dd i t i on  many other  important questions remained unanswered,  
i ncluding ( i )  the geometry and r e l a t i v e  age of  the ' Le t te rewe  
synform'  (see Fig.  8 . 2 ) ,  and ( i i )  the i n t e rp lay  between metamorphism 
and deformat ion.  Ui th the advances made in the f i e l d  of  s t r u c t u r a l  
geology over the past two decades, these and other  r e l a t e d  quest ions  
can be tack led  and t h i s  t hes i s  addresses i t s e l f  to these mat ters .

1 . 3  OBJECT IUES OF THE PRESENT IHUESTIGflT I  OH

The f o l l owing  are the main aspects of t h i s  study.

1. The geometry and r e l a t i v e  age of  the Let terewe synform.
2. The polyphase deformat ion shown by the metasediments,  gneisses  

and amphibol i tes .
3. The v a r i a b l e  expression of  the deformat ionaI  phases in d i f f e r e n t  
I i t h o I o g i 63 under non-homogenous s t r a i n  condi t ions ,  and the  
r e s u l t i n g  problems for  s t r u c t u r a l  c o r r e l a t i o n .
4. The age, deformat ion,  and kinemat ic h i s t o r i e s  of  m y l o n i t i c  rocks.
5. Mechanisms of  deformat ion,  and kinemat ic s i g n i f i c a n c e  of  fo ld  
s t r u c t u r e s .
6. Metamorphic h i s t o r y ,  and the i n t e rp lay  between metaraorphism and 

deformat i on .
7. S i gn i f i can ce  of  the rocks in the i n t e r p r e t a t i o n  of  the  
s t r a t i g r a p h y  and evo lu t ion  of the Lewisian Complex.

1 . 1  GEHERRL APPROACH

This work is l a rge l y  based on f i e l d  study (over s i x  months) and 
d e t a i l e d  examinat ion of  more than f ive  hundred t h i n  sec t i ons .  
Accordingly,  discussion and i n t e r p r e t a t i o n  is mainly based on the  
comparison of  the observed and analysed fea tures ,  wi th the r e s u l t s  
and i n t e r p r e t a t i o n s  repor ted in the l i t e r a t u r e .  In a d d i t i o n  some 
microprobe and S.E.M.  s tud i es ,  together  wi th XRF analyses of  
minerals  and rocks were undertaken,  but the amount of  data obtained  
was l i m i t ed .  Accordingly,  the geological  s i g n i f i c a n c e  of  some of  the 
presented data w i l l  be much enhanced when a more complete
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I aboratory-based i nves t i ga t ion  is car r i ed  out

fi r ad i omet r i c  ana lys is  of  some gneisses and u l t r a m y I o n i t e s  (IJ/Pb and 
Rb/Sr)  has been c a r r i e d  out by the s t a f f  of  the Sc ot t i sh  

U n i v e r s i t i e s  Research and Reactor Centre in conjunct  in wi th the  
present  study.  The p r e l imi nar y  r e s u l t s  are used in t h i s  work ( c f . 
Chap. 8)  but they are not presented here and instead w i l l  be the  
subject  of  a j o i n t  p u b l i c a t io n .

1 . 5  FRflttEUORK OF COHTEHTS

The fo l l owing  is an o u t l i n e  of  the topics covered.

The rock u n i t s ,  t h e i r  d i s t r i b u t i o n ,  and the evidence of  t h e i r  p r e -  
metamorphic o r i g i n  (Chap. 2 ) .

The sequent ia l  development of  the s t r uc t ur e s ,  fol lowed by a 
discussion of  the problems involved and the c r i t e r i a  used in 

c o r r e l a t i o n  (Chap. 3 ) .

The micro fabr i cs  associated wi th the development of  the fo lds  (Chap.  
1) .

M y l o n i t i c  rocks,  t h e i r  s t ruc t ur es  and t ex t ur es  (Chap. 5 ) .

S t r uc t ur a l  i n t e r p r e t a t i o n ,  wi th p a r t i c u l a r  emphasis on mesoscopic 
scale  features  ( f o l d s ) ,  some s t r a i n  data and discussion of  t h e i r  

kinemat ic  s i gn i f i c a n c e  in fold b e l t s  (Chap. 6 ) .

Metamorphic condi t ions  using geothermometres and pe t rogenet i c  gr ids ,  
wi th a discussion of  geochemical t ransformat ion and the possib le  
r o l e  played by f l u i d s  dur ing over thrust i ng  and m y l o n i t i z a t i o n  (Chap.

7 ) .

This study provides c on s t ra i n t s  on regional  c o r r e l a t i o n s  and 
e x i s t i n g  models of  evo lu t ion  of  the Lewisian Complex, p a r t i c u l a r l y  
in e a r l y  Proterozo i c  t imes (Chap.8 ) .
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CHAPTER 2 -  ROCK U N I T S  RND T H E ! R D I S T R I B U T I O N
2 .1  INTRODUCTION

2 . 2  DESCRIPTION OF ROCK TYPES

2 . 3  D ISTRIBUTION OF ROCK TYPES

2 . 1  INTRODUCTION

In t h i s  chapter  a br i ef  descr i pt ion of  the pr i nc i pa I l i t h u I o g i  es 
and of  t h e i r  d i s t r i b u t i o n  is presented.  The o b j e c t i v e  is to  
f a m i l i a r i s e  the reader  wi th the p r in c i p a l  c h a r a c t e r i s t i c s  of  the  
studied rocks in order to f a c i l i t a t e  the understanding of  the  
forthcoming chapters.

The f i r s t  sect ion  includes a short account of  the I i tho logical  
composi t ions, the mesoscopic scale f ea tures ,  and comments about the  

possible  pre-metamorphic o r i g i n  of  the main rock types.

The second sect ion deals wi th the d i s t r i b u t i o n  of  the I i t  ho logical  
u n i t s .  I t  includes a b r i e f  explanat ion of  the s t r u c t u r a l  and 

topographic control  on the c on f i gur a t ion  of  these u n i t s  on the map.

The adopted nomenclature fol lows the work of  Keppie (1967 ) ,  which 
is l a rge ly  based on the mapping of the Geological  Survey (Peach et. 
a I. 1907).  A more d e t a i l e d  account of the s t r u c t u r a l  and topographic  
control  on the c on f i gur a t ion  of these un i ts  at the map sca le  w i l l  
be presented in chapter  8, a f t e r  the geometry of the large  

st ruc t ur es  has been discussed (Chaps. 3, 5 and 6 ) .

2 . 2  DESCRIPTION OF ROCK TYPES
The mineral  composit ion of the p r i nc i pa l  rock types,  as determined  
by opt ica l  microscopy,  is presented in Table 2.1 which is s l i g h t l y  
modi f ied from Keppie (1967,  Table 3 . 1 ) .  Ho d i f i ca t io ns  comprise the  
inclusion of  the "Beinn R i r igh  Charr band" ( F i g . 2 . 1 )  amongst the  
general  heading 'Amphibole Schis ts '  (corresponding to the  
nor theastern limb of  the Let terewe synform),  and the d i s t i n c t i o n  of  
the d i f f e r e n t  amphibol i tes according to t h e i r  f i e l d  
c h a r a c t e r i s t i c s .  In t h i 3 way, al though the correspondence between
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TABLE 2 1 Mineral constituents of the reck types In the area Muse = musco/lte; Bt = btotlte; Phi = Phtapplte; CXz = 

Quartz; Chi = Chlorite; Tourm = Tarmallne; Sp = Sphene; Mt = Magnetite; II = llmenlte; Pyr = Pyrlte; Haem = 

Haematite; rtxj = Homblencfe; Act-Trem- = Minollte-Tremolite; Calc = Caldte; Apat = Apatite; Zr = Zircon; = 
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Figure 2.1 and Table 2.1 ie kept here,  i t  w i l l  hot be maintained in 
f u l l  ouj i ng chapters where most of the d e t a i l e d  I i tho I og i ca I 
subdivisions are incorporated into l arger  un i ts ,  corresponding to 
the adopted domains ( c f .  Figs.  2.1 and 3 . 1 ) .  The l a t t e r  are thought  
to represent  the I i t  ho logics u/ith enough d e t a i l  to solve the  
geometry of  the macroscopic s t ru c t u re  (see Sects.  3 .2  , 6 . 2 ) .
More d e t a i l e d  pet rographic  descr ip t i ons  of  several  of  the Loch 
Maree rock types are given in the Memoirs of  the Geological  Survey 
(Peach et a I . 1907, Chaps. IU, Ul and n i l ) ,  Analysis of  major and 
t race  elements of  the gneisses,  and mineral  (microprobe)  analyses  
of several  rock types are presented in Chap. 7 . (Metamorphism).

DOMAIN I

Qt/ar tzo fe fdspath fc gne isses
The qua r t zo f e l dspa t h i c  gneisses (Leth Creagh gneiss of  Figs.  2.1 
and 3.1 ) c o n s t i t u t e  a sequence of  coarse reddish c r y s t a l l i n e  rocks 
varying from massive b i o t i t e -mu s co v i t e  gneiss to augen to 'papery  
or g r a n u l i t i c '  gneiss (Peach et a I . 1907) .  The reddish outcrop  
colour  of  these rocks does not r e f l e c t  t h e i r  composit ion (see Table  
2 . 1 ) ;  i t  is mainly an ox idat ion  feature  r e l a te d  to the once 
over ly ing Tornidonian sediments.  The appearance of  these rocks is 
very much dependent on the type and i n t e ns i t y  of  deformat ion they  
have suf fered ,  so that  the d i v i s i o n  in three uni ts  wi th gradat ional  
contacts ( F ig .  3 . 1 )  made by Keppie (1967,  p . 15) ,  and also recorded  
by Gunn, Clough and Greenly on the s ix  inch map of  the Geological  
Survey (publ ished in 1905) ,  is a t t r i b u t e d  here to a t r a n s i t i o n  from 
rocks wi th a 'L '  f a b r i c  to rocks wi th a 'S'  f ab r ic  (see 'zones of  
high s t r a i n ’ on the s t r u c t u ra l  map and in Sect.  6 . 3 ) .  Composit ional  
var ian t s  include muscovite,  b i o t i t e ,  and c a I c - s i I i c a t e  gneiss  
( b i o t i t e - h o r n b I e n d e - b e a r i n g ) , the l a t t e r  being more frequent  along 
the contact  between domain I and the carbonate-bear ing l i t h o l o g i e s  
of  domain ID.

fit some l o c a l i t i e s ,  b i o t i t e  gneiss shows large (up to 5cm) K-  
fe ldspar  c r y s t a l s  ( P I . 5 . 1 ) ,  which in few places are concentrated  
into 'bands'  ( P I . 2 . 1 ) .  Indiv idual  c r y s t a l s  at hand specimen scale  
are observed under the microscope to be composed of  several  smal ler  
grains present ing a we 11-developed granoblas t i c  polygonal  t e x t u r e .
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This feature corresponds to that  shown by the p p r p h y r i t i c  
amphibol i te  produced by 111 r e c r y s t a l l i z a t i o n  (see Chap. 4)

The pre-metamorphic o r i g i n  of  t h i s  sequence is not c l e a r ,  but the 
above described features can provide some ind ica t ion  of  t h e i r  pre ­
met amorphic nature.  The large pre-DI  K- fe ldspars  could represent  
rec r ys ta I  I ised phenocrysts and t h i s  together  wi th the occasional  
presence of  mic ro gr anod i or i t i c  ' x en o l i t hs '  in these rocks ( P I . 2 . 2 )  
suggest an igneous o r i g i n .  This i n t e r p r e t a t i o n  seems to be 
confirmed by the work of  Weaver and Tarney (1980)  and by 
pr e l imi nar y  r e s u l t s  of the ana lys is  of  major and t race  eIements of  
50 samples of  quar t zo f e l dspat h i c  gneiss from domain I .  Thus the  
more frequent  occurrence of  c a I c - s i  I i cate gneiss along the contact  
with the carbonate-bear ing l i t h o i o g i e s  of  Domain I U , i f  g eo l o g i c a l I y  
s i g n i f i c a n t ,  would be best i n te rp re ted  as a r e s u l t  of  element  
m ob i l i t y  during the peak of  Laxfordian metamorphism a f f e c t i n g  the 
rocks (111). fin age const ra int  is given by the observat ion that  
minerals cha r ac t e r i z i ng  the c a I c - s i I  i cate paragenesis a lso show the  
we I I -deve I oped granoblas t i c  polygonal  t ex t ur e  t yp i ca l  of  the 111 
phase, fis is shown in chapter  4 ( ' F a b r i c  S t u d i e s ' ) ,  t h i s  same (111) 
event is responsible  for  the r e cr ys ta I  I i z a t i o n  of  the phenocrysts  
of  p o r p h y r i t i c  amphibo I i t e s , which represent  i nt rus ions younger than 
the gneiss ic  banding (see Chap. 3 ) ,  conf i rming that  the st rong shape 
f ab r ic  is mostly a product of deformat ion younger than the banding 
(but see Wheeler et a I . 1987, p . 160, for  a discussion of  s i m i l a r  
fabr ics  developed during the Inver ian and Laxfordian episodes at  
Tor r i don) .  Evidence from U/Pb and Rb/Sr dat ing of  these gneisses  
(Bikerman et a I . 1975) has suggested that  the ' m a t e r i a l '  was formed 
during l a te  Scourian t imes (U/Pb z i rcon c . 2 . 6  Ga) and r e ­
homogenized during the ea r l y  Laxfordian (Rb/Sr c . 1 . 9  Ga).  These 
dates are the only const ra i nt s  on the age of deformat ion of  the  
segregat ion banding of the gneisses ( c f .  Sect.  8 . 3 ) .  Although no 
such data are a v a i l a b l e  for  the carbonate-bear ing l i t h o i o g i e s ,  the  
bulk of  the s t r u c t u ra l  and s t r a t i g r a p h i c  evidence (see Chap. 8)  
suggests that  a l a te  flrchean age for  t h i s  uni t  is u n l i k e l y  (but see 
Rock,1987).  This would also ind ica te  that  the modi f i ca t ion  of  the  
basement gneiss occurred at a r e l a t i v e l y  e a r l y  stage in the  
deformat ional  h i s to r y  of  these rocks (see Chap.6) and under the  
highest  recorded P-T condi t ions (see Chaps.7 and 8 ) .  Accordingly  
evidence for  widespread m ob i l i t y  of  several  elements is ubiqui tous,
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p a r t i c u l a r l y  at the l a te  stages of D1 and D2 deformat ion,  and w i l l  
be discussed in more d e t a i l  in chapter  7.

flisph iho !  f t es
There are three types of  amphibol i te;  banded, p o r p h y r i t i c  and mafic  
v a r i e t i e s .  They have s i m i l a r  mineralogical  composit ion (Table 2 . 1 ) ,  
but can be d i st ingu ished in the f i e l d .  The banded amphibol i tes  
have suf fered  the same metamorphic segregat ion event that  produced 
the gneissic  banding ( P i s .  3 -8 ,  3 -9 ,  3 - 2 0 ) .  The r e l a t i v e  age of  
the other  two amphibol i te  types is unknown; they were d i st ingu ished  
on the basis of  s t ru c t u r a l  r e l a t i o n s h i p s  and the presence of  r e l i c t  
igneous features such as phenocrysts (Pis  2 - 3 / 4 )  and i n t rus ive  
contacts ( P I . 2 - 5 ) .

The banded Q m p h i b o i i t e s  are of  very r e s t r i c t e d  occurrence.  They 
show a we I I -developed i r r e g u l a r  banding wi th f e l dspa t h i c  layers,  1-  
10cm wide, surrounding t h i c k e r  maf ic ‘ pods’ or boudins ( P I .  3 - 8 ) ,  
some of  which have very small  fe ldspar  phenocrysts ( P I .  2 - 4 ) .  The 
interbanding of  these amphibol i tes wi th the qua r t zo f e I dspa t h i c  
gnei sses is so int imate  that  i t  was d i f f i c u l t  to d i s t ingu ish  
between the f e l s i c  bands of  the basic rock and some of  the  
l eucocra t i c  gneisses in the f i e l d ,  a problem also repor ted by 
Clough ( i n  Peach et a I . 1907) and Keppie ( 1967) .  U l t ra ma f i c  layers  
are commonly observed and al though the t h i n  bands were probably  
formed by metamorphic segregat ion processes ( c f .  Bowes and Park 
1966),  the t h ic k  layers are more l i k e l y  to represent  i nher i ted  
igneous features ( c f .  Bowes et a I . 1964).

This type of  amphibol i te  is part  of the " ear l y  basic rocks" mapped 
by Clough (_i_n Peach et a I . 1907. p . 198; 1913, p . 24; Survey sheet 92,  
1913) between Leth Creag and Loch Garbaig (NG 976708) .  I t  is a 
large body (or  several  connected small  bodies)  which marks the  
hinge zone of  the Let terewe synform in domain I .  Rlthough 
represented on the I i th o lo g i c a l  map ( F i g . 2 . 1 )  as a continuous drop­
shaped body t h i s  is mainly an e f f e c t  of  the scale  of  interbanding  
and s t r u c t u r a l  control  ( c f .  Sect ion 2 . 3 ) .

The p o r p h y r i t i c  amphibol i tes are also regarded as i nt rus ions ,  and 
are of  probably of  the same as the maf ic amphibol i tes .  They
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f requent ly  occur as lens shaped bodies amongst. the banded and mafic 
my Ion i tes ,  showing concordant contacts wi th the gneissic  banding,  
The p or p h yr i t i c  amphibol i tes are sparsely  d i s t r i b u t e d ,  and t h e i r  
deformat ion is described in chapters 5 and 6.

The maf i c antph i bo I i t.es form the great  ma j or i t y  of  the bodies shown 
in domain I ( F i g . 2 , 1 ) .  Ui th the except ion of  one large body that  
marks the hinge of  the Let terewe synform ( together  wi th the banded 
amphibol i te ,  NG970708) they are less than a metre t h i ck  and are  
only schemat ica l ly  represented in the I i t h o l o g i c a l  map ( c f .  Sect ion  
2 . 3 ) .  In a few instances discordance to the gneissic  banding was 
observed ( e . g . P I . 2 -6 )  along the Sl-J limb of  the Let terewe synform,  
where the composite banding is s t eep l y - d i pp i ng .  I n t r us ive  features  
include i r r e g u l a r i t i e s  of the contact  ( P I . 2 - 5 ) ,  and in some cases 
fragments of  the country rock w i t h in  the i n t rus ion .  However, these 
are not simply igneous features  and t h e i r  p a r t i a l  mod i f i ca t ion  by 
superimposed deformat ion can be i l l u s t r a t e d  by the presence of  a 
system of  shear ' f r a c t u r e s '  ( P I . 2 - 5 ) .  These s t ruc t ur es ,  i n i t i a l l y  
establ i shed in the i r r e g u l a r i t i e s  along the contact  between 
amphibol i te  and gneiss,  bend progress ive Iy  into p a r a l l e l i s m  with  
the amphibo I i t e - g n e i s s  margin on the opposi te side of  the  
i nt rus ion ,  where the deformat ion is d iss ipated w i t h in  the dyke ( c f . 
P I . 2 - 5 ) .

The s t a t e  of  deformat ion of  these amphibol i tes is d i f f i c u l t  to 
evaluate in the f i e l d  due to t h e i r  f ine  grained,  homogeneous 
nature.  This has probably been the cause of t h e i r  m i s i n t e r p r e t a t i o n  
as undeformed Scourie dykes (Daly et a I . 1985) .  However, the w e l l -  
developed character  of the amphibole I inea t  ion, and the good planar  
f ab r ic  they show in most places ( e . g .  P I . 2 - 6 / 7 ) ,  give enough 
i nd icat ions about t h e i r  deformed nature.  In add i t ion ,  the presence 
of  i soc l ina l  i n t r a f o l i a l  ( F I )  folds a f f e c t i n g  t h in  f e ld spa t h i c  
veins w i t h in  these amphibol i tes ,  together  wi th the frequent  
presence of  basic myloni tes along t h e i r  contacts wi th the host  
rock,  are unequivocal  i nd ica t ions  that  several  of  these bodies have 
suffered high deformation.

DOnRIN I I
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fisxphihole sch/stts
This uni t  cons i st s mainly of f i n e l y  banded hornb I ende sch i st s , w i t h 
oar i et i es i ncIud i ng gar net -hornbIende sch i s t , c ! inozo i s i t e -  
hornblende s ch is t ,  and chI or i t e - hor nb Iende  schist  (Table 2 . 1 ) .  The 
banded o a r i e t y  is the predominant type along the southwestern limb 
of the Let terewe synform ( the  s o - c a l l e d  'Creagh Dharaich  
hornblende-schis t '  of  Keppie 1967, p . 14) ,  whi le most of  the  
hornblende-schist  along the nor theastern limb of  the fo ld  ( the  
'Beinn L a i r  hornblende s c h i s t ' ,  Peach et a I . 1907, p p . 239-244)  is 
composed of  the non-banded v a r i e t y .

Interbanded wi th these hornblende sch is ts  is a sequence of  
extremely myloni t i zed  and discont inuous Iense3 of  metasedimerits 
including quartz-mica sch is t s ,  q u a r t z - f e l d s pa r  sch is t s ,  c h l o r i t e -  
t r e m o l i t e  sch is t s ,  c h l o r i t e - h o r n b l e n d e - c l i n o z o i s i t e  sch is t s  and 
garnet -quar t z -hornblende sch is t s .  These l i t h o i o g i e s  are f i n e l y  
interbanded and occur as discont inuous ' lenses '  whichuere probably  
produced by the strong my I on i t i z a t i o n .

H y l o n i t i z a t i o n  of  these arophibole-r ich rocks is l o ca l i z e d  along tWeir 
contacts wi th the carbonate-bear ing l i t h o i o g i e s  of  domain IU and 
the gneisses of  domain I (where the carbonate - r i ch  rocks are  
absent ) .

Evidence for  the pre-metamorphic nature of  these rocks includes (1)  
l e n t i c l e s  of  saussur i te  mapped by the Survey (Peach et a 1. 1907,  
p . 243) and i n te rp re ted  as igneous concret ions and (2)
I i t hogeochemi st ry . F i e l d  evidence and geochemistry (Park 1966,
Powell  and Park 1969, Johnson and Uinchester  1985) suggest the  
predominance of  lava f lows,  wi th t h o l e i i t i c  and composite magma 
parentage for  some of the large u n i t s .  The possible presence of  
s i l l s  is indicated by high level  t r a c t i o n a t i o n  pat te rns  (Johnson 
and Uinchester  1985).  On the basis of  rare  ear th element pa t te rns  
these authors have also ru led  out the p o s s i b i l i t y  of  amphibol i te  
'dykes'  ( s i m i l a r  to the ones present  in domain I -  t h e i r  'Scour ie  
dykes' )  to be represent ing feeders for  the large mass of  amphibole 
sch is t s ,  and suggest that  they represent  separate magmatic 
act ivi  t y .
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DOHfilH I I I

thtaeed/nente (Furnace hand)
Theses rocks were d iv ided into three  broad un i ts  corresponding to 
NU-SE elongate bands ( F i g .  2 . 1 ) :  ( 1 )  in te r b a n d e d  3 c h i s t 3 ,  (2 )  
p a le  g re y  s i l i c e o u s  l i c a  s c h i s t ;  and the (3)  n ix e d  r u s t y  and 
a c t i n o l i t e  3 c h i 3 t  (keppie 1967, pp. 10-12., survey sheet 58.,
1905).

The interbanded sch is ts  include quar t zo f e I dspat h i c  sch is ts  wi th  
bands of  hornblende and c h l o r i t e  sch is ts ,  some of  which are  
st rongly  my I o n i t i z e d  ( i n  p a r t i c u l a r  the quartzose mica sch is ts  and 
graphi te  s c h i s t s ) .  These are f i n e l y  banded rocks wi th l ight  
quartzose layers less than 1-10mm t h i ck  ( P I . 2 - 8 ) ,  where my l on i t i e  
features are ubiqui tous and large,  i d i o b l a s t i c ,  post-myI o n i t i c  
garnets are commonly observed.

The p a le  g re y  s i l i c e o u s  mica s c h i s t  is a more uniform u n i t ,  
with few interbanded layers of  mica-schist  w i t h in  the massive f i n e ­
grained s i l i c e o u s  mica schist  (Clough in Peach et a I . 1907, p p . 222-  
224; keppie 1967, p . 11) .  In some places,  for  example HE of  
I n ishglass ( F ig .  2 . 1 ) ,  D1 my I o n i t i z a t i o n  of  these rocks is very  
strong (Pis  3-55,  3 - 56 ) .

The mixed r u s t y  and a c t i n o l i t e  s c h i s t s  are a sequence of  brown 
( fer ruginous)  quar tz -mica sch is t ,  graph i te  sch is t ,  mica schist  and 
a c t i n o l i t e  schist  (Teal  I and Clough in Peach et a 1. 1907, p . 79 and 
pp. 31-32 r e s pe c t i ve l y ;  keppie 1967, p p . 11-12) .  The weathering of  
these l i t h o l o g i e s  producedthe typ i ca l  rusty colour as a r e s u l t  of  
oxidat ion  of  t h e i r  abundant i ron suphide content ,  fl s i ng l e  body of  
a mesocrat ic coarse-gra ined amphibol i te  was mapped at one l o c a l i t y  
(NG 960698) .  I t  is a t h ick  s i I  I - 1ike body, but no contact  wi th the  
composite s c h i s t o s i t y  was observed.  Transposed folds w i t h in  t h i s  
body are marked by f ibrous amphiboles.  This amphibol i te does not 
resemble in any way the amphibole schis ts  or the amphibol i tes  
amongst the gneisses.
S i m i l a r  l i t h o l o g i e s  in the Gai r loch region contain small
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s t r a t i f o r m  sulphide mi ne r a l i s a t i ons  with 15-20£ of  sulphides  
( p y r i t e ,  p y r r h o t i t e  and cha lcopyr i t e  with nat i ve  gold: Rice et a I .
1985;.  Strong my I o n i t i z a t i o n  of  these rocks is observed in Torr  
Inn is Dhomhnuill  (see Fig.  2.1 -  NO 976695) where my I on i t es  along 
at tenuated l oca l i z ed  l imbs of  recumbent folds a f f e c t i n g  quartzose  
bands ind ica te  D3 age for  the th r us t ing  (see Chap.3 ) .  There are 
few doubts that  these rocks represent  metamorphosed sediments.  
Unequivocal  evidence for  t h e i r  e a r l y  Proterozoic age is presented  
by Bikerman et a I . (1975)  and O'Hions et a I . (1983,  f i g . 2 ) ,  where 
the closeness between crusta l  residence age and deposi t ionai  ages 
of  these sch is ts  is demonstrated by Hd isotopes.

The s i m i l a r i t i e s  between some of  the quar t zof e i dspat hi c  schi s ts  and 
the myl on i t i zed  gneisses led Clough et a I . (1913)  to suggest that  
some of  the sch is ts  of  the Furnace band might be myloni t i zed  
t e c to n i c  s l i c e s  of  basement gneisses.  Despi te t h e i r  s i m i l a r  
outcrop appearance,  pet rographic  data shows that  ( 1 )  K- f e ldspar  (a 
r e s i s t a n t  mineral  to my I o n i t i z a t i o n  -  see Chap.5)  is not present  in 
the myl on i t i zed  metasediments (see Table 2 . 1 )  and (2 )  they contain  
d i f f e r e n t  epidotes -  c l i n o z o i s i t e  in the sediments and epidote  
sensu s t r i c t o  in the gneisses (Keppie 1967, p . 10) .  Park ( 1964) ,  
facing t h i s  same problem in the Gair loch d i s t r i c t ,  i n t e rp re ted  some 
of  the gneisses (flrd and M i l l  na Cla ise  gneisses)  as modi f ied  
sediments.  However, in more recent  work based on geochemical  
evidence Hol land and Lambert (1973)  and Park et a I . (1980)  propose 
that  these gneisses are in fact  myloni t i zed basement rocks.  The 
conspicuous layer ing in the myloni t i zed s i l i c eo u s  mica sch is ts  
(produced by v a r i a b l e  degree of  g r a i n - s i z e  r educ t i on ) ,  has such 
s t r i k i n g  s i m i l a r i t i e s  wi th sedimentary s t ructures  ( P i s .  5 -4 ,  5 -4a)  
that  i f^observed in assoc i at i on  wi th the u l t r am yl on i t e  rocks and 
quar tz  segregat ion bands could be very misleading ( c f .  Uheeler  et. 
a L  1984, D a l y  et a l . 1985).

DOriRIN IU

Carhanat e -hear fng rocks (Fo /a/s  hand)
These include grey,  green ish -grey ,  dark-green or brown impure 
marbles and dolostones. The most abundant type is the compact
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cream coloured Let terewe Limestone (Peach et a I . 1907, pp. 233-235)  
There i s a comp Iet  e gradat i on i n compos i t i  on and i ntens i t y o f 
deformat ion between pure c r y s t a l l i n e  marble,  and the dark schistos  
types where b i o t i t e , a c t i n o  I i t e ,  hornblende and p l ag i oc i ase  are  
abundant.  Fragments of  banded ampibol i te ,  gneisses and several  
types of  amphi bole sch is t ,  some of  which were not observed in  
s i t u , are common in the dark marbles and dolostones.  These were 
i n t e rp re ted  by Peach et a I . (1907,  p . 234) and Keppie (1967,  p . 13)  
a3 represent ing t e c t on i c  inclusions (but see also Sect .  5 . 3 ) .

The pet rographic  and chemical c h a r a c t e r i s t i c 3  of  these and other  
marbles in the Lewi si an complex are discussed by Rock ( 1 987 ) ,  who 
suggests t ha t  most of  them might have been deposi ted  
contemporaneously (see also Chap. 8 ) .
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2 . 3  D ISTRIBUTION OF ROCK TYPES

The q u a r t z o f e I d 3 p a t h i c gnei33C3 of domain I occupy the core of  
the Lettereuie synform. The outcrop is tongue-shaped,  and is 
elongate in a northwest -southeast  d i r e c t i o n  ( F ig .  2 . 1 ) .  Ui th  
except ion of  the SE boundary, which is covered by Tor r idonian  
sandstones (Stoer  Group),  a l l  the others are de l imi ted  by the  
marbles of  domain I I  ( F o l a i s  band) or the amphibole sch is ts  (where 
the marble band is t ec t on i ca I  Iy d isrupted) ,  and represent  t e c t on i c  
boundaries of  l a te  01 age (see Chap.8) .  There are many t h i n  (1 -3  
m) bands of  amphibol i t e  amongst the gneisses.  They show 
discordance to the dominant gneissic banding f ab r ic  ( P I .  2 - 8 ) .
Whi le i t  is not possible  to put individual  masses of  t h i s  s i z e  onto 
the l i t h o l o g y  map, the representat ion shown depicts t h e i r  ove ra l l  
abundance from place to place and t h e i r  overa l l  d i s po s i t io n .  This  
shows them folded around the hinge of the large SE-plunging  
synform, p a r t i c u l a r l y  HE of  Letterewe and HE of  Furnace.  In 
a d d i t io n  there  are many other  smal ler  folds which are schemat ica l l y  
represented on the I i t  ho logical  map (F ig .  2 - 1 ) .

The m a r b l e s  crop out along most of the rim of  the gneisses,  and 
consist  of  a uni t  sandwiched between the gneisses and the amphibole 
sch is t s .  The largest  exposures are in the hinge zone of  the  
Let terewe 3ynform. The thickness of t h i s  uni t  along the I imbs is 
g r e a t l y  reduced or completely at tenuated,  (mainly)  by t ec t on i c  
processes.  S i m i l a r  to the t h i n  amphibol i tes of  omain I ,  the  
repr es ent a t i on  of these marbles along the limbs of the large  
synform in the l i t h o l o g i c a l  map (Fig .  2 . 1 )  is e s s e n t i a l l y  
schemat i c .

The a m p h i b o l e  s c h i s t s  comprise the most abundant l i t h o l o g i c a l  
un i t  of the Loch flaree supracr us t a Is , and o u t l i n e  the shape of  the  
Letterewe synform in small  scale maps (Fig .  1 . 1 ) .  However, most of  
t h i s  un i t  is located outside the present ly  studied area,  so that  
the shape of  the synform in the mapped ground is marked by the  
amphibol ites  o f  domain I and the marbles of  domain IU.

The metasediments occur in r e l a t i v e l y  th in  NU-SE elongate bands 
along the shore of  the loch, and form part of the southwestern l imb
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of the large synform. The nature of t h e i r  internal  contacts  is 
uncer ta i n ,  being e i t h e r  t ec t on i c  ( interbanded schist  and pale grey 
s i l i c e o u s  mica s c h i s t ) ,  or possibly  gradat ional  (pa le  grey  
s i l i c e o u s  mica schist  and mixed rusty  schist  and a c t i n o l i t e  
s c h i s t ) ,  fl continuous band of  quartz-mica schist  and garnet -mica  
schist  borders the Creag Oharaich hornblende schist  along much of  
i t s  length ( F ig .  2 . 1 ) .
In add i t ion  to the o r i g i n a l l y  oar iab l e  thickness of  some of  the  
rock un i ts  ( e . g .  some of the amphibole schists;  c f .  Peach et  a I . 
1907, Fig.  10) ,  the d i s t r i b u t i o n  of  the rock types and t h e i r  
appearance on the l i t h o l o g i c a l  maps (Figs.  2 -1 ,  u -1 )  is a funct ion  
of  s t r u c t u r a l  control  by the Let terewe synform. The asymmetry,  
i n te r  limb angle and low plunge of  t h i s  fo ld ( c f .  Sect ion 6 . 2 )  has 
p a r t i a l l y  c on t r o l l e d  the width of  outcrop of  the amphibole sch is ts  
and marbles,  increasing the o r i g i n a l  p r e - f o l d  th ickness v a r i a t i o n s  
(amphibole s h i s t 3  of  ME limb were ca lcu la ted  to be ~3 t imes t h i c k e r

than the SU limb before the F2 f o l d i n g ) .

The area is cross-cut  by several  sets of  f a u l t s ,  most o f  which 
s t r i k e  HE-SU.
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HGURE CAPTIONS - CHRPTER 2

With the except ion of  PI .  2-4 which faces HU, a i l  other  photograph 
were taken from subhor izontaI  sur faces.

P l a t e  2-1 Concentrat ion of  fe ldspar  megacrysts along a band
in pr ot omyl on i t i c  gneiss;  note the s l i g h t l y  b e t t e r  f o l i a t e d  nature  
of  t h i s  band; pen 15cm.; see flap 3.1 [NG 975 704 ] .

PI ate 2-2  One of  the r a r e  m i c ro qr a nod i or i t i c i n t rus ions
observed in the qua r t zo f e I dspat h i c  gneiss;  pen p a r a l l e l  to  
compos i t e  f  o I i  at  i on [ HG 966 715 ] .

P la te  2 -3  PIag iocIase phenocyst s i n porphyri  t  i c amph i bo I i  t  e
note the i nc i p ien t  development of  S2; coin 2.5cm. [NG 978 712] .

Pla te  2 -4  Lens of  f  ine porphyr i t  i c amph ibo I i  t e  ( uhi t e  dot
are pIag i ocIose phenocrysts) w i th i n  a Iarge banded amph i bo I i t e  
i nt er I ayed wi th gne i ss ; not e t he we i I - d e  veI oped nature o f t he 
f e l s i c  bands and the concent rat ion and larger  s i ze  of  phenocrysts 
along the contacts [HG 978 709] .

Pla te  2-5  I r r e g u I a r  i t  i es of  t he contact  between mafic
amph i bo I i t e  and quart  zo fe Idspath i c gne i ss ; not e the sw i ng of  the 
shear ’ f r a c t u r e s '  (marked by pen ) into pa r a l l e l i s m with the ( top)  
margin; see Hap 3.1 [HG 975 704] ,

PI ate 2-6  De ta i l  of  maf ic amphibol i te discordant  to the
composite banding ( p a r a l l e l  to hammer) in quar t zo f e i dspat h i c  
gneiss;  note SI f o l i a t i o n  marked by deformed quartz  band w i t h in  
amphibol i t e ;  d e t a i l  of  PI .  3-36;  see flap 3.1 [NG 975 704] .

P l a te  2 -7  lie 11 — fo I i at  ed maf ic amphibol i t e  a f fe c te d  by F2
fold [NG 971 707] .

P l at e  2 .8  F i ne l y  interbanded (myl o n i t i c )  s i l i c e o u s  and
graphi te  sch is t s ;  see f1ap3.4 [NG 970 696] ,
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CHAPTER 3 STRUCTURAL FEATURES:  O E S C R IP T IOH
AMD CORRELATION

3 . 1  IN TR O D U C T IO N
3 . 2  D E S C R I P T I O N
3 . 3  BASES OF CO RR ELA TIO N AND A P P L I C A T I O N  TO LOCH 

t IRREE AREA

3 . 1  -  IN TR O D U C T IO N

Ev i de nce  f o r  po l yp ha s e  d e f o r m a t i o n  is e v i d e n t  a t  a lmost  
e v e r y  o u t c r o p .  Consequent  I y ,  c h r o n o l o g i e s  o f  s t r u c t u r a l  
e v e n t s  c o u l d  be e s t a b l i s h e d  from o u t c r o p  t o  o u t c r o p  us i ng  
c r i t e r i a  t h a t  a r e  t h e  g e n e r a l  b a s i s  o f  t h e  d e t e r m i n a t i o n  o f  
any l o c a l  sequence o f  g e o l o g i c a l  e v e n t s ;  namely t h a t  ( 1 )  
deformed s t r u c t u r e s  a r e  o l d e r  t h a n  t h o se  t h a t  deformed them,  
and ( 2 )  c r o ss  c u t t i n g  f e a t u r e s  a r e  l a t e r  t h an  t h o se  which  
t h ey  c r o s s - c u t  ( b ut  see S e c t i o n s  3 . 3 ,  6 . 3 ,  8 . 3 ) .  There  a r e ,  
however ,  d i f f e r e n c e s  in e x p r e s s i o n  o f  v a r i o u s  s t r u c t u r a l  
f e a t u r e s ,  due t o  v a r i a t i o n  in r h e o l o g i c a l  p r o p e r t i e s  o f  
d i f f e r e n t  l i t h o l o g i e s  obser ved  a t  i n d i v i d u a l  o u t c r o p s .  T h i s  
meant t h a t  c o r r e l a t i o n  o f  c h r o n o l o g i e s  from p l a c e  t o  p l a c e  
t h r ou gh ou t  t h e  a r e a  c o u l d  not  be t r e a t e d  as s t r a i g h t  
f o r w a r d .  In a d d i t i o n ,  v a r i a t i o n s  in e x p r e s s i o n  r e s u l t i n g  
from t h e  s u p e r i m p o s i t i o n  o f  s t r u c t u r e s  on t o  m u l t i - l a y e r e d  
assemblages w i t h  d i v e r s e  d i s p o s i t i o n  ( e . g .  s h a l l o w l y  d i p p i n g  
and s t e e p l y  d i p p i n g  l imbs o f  F2 f o l d s )  had t o  be t a k e n  i n t o  
a c c ou nt .  To deal  w i t h  such f a c t o r s ,  t he  a r e a  was d i v i d e d  
i n t o  f o u r  domains ( F i g .  3 . 1 ) .  The b o u n d a r i e s  o f  t h e se  
domains c o i n c i d e  a p p r o x i m a t e I y  w i t h  t h e  l i m i t s  o f  t h e  main 
l i t h o l o g i c a l  u n i t s ,  so t h a t  each domain c o n t a i n s  rock  
assemblages t h a t  a r e  not  w i d e l y  d i s p a r a t e  in r h e o l o g i c a l  
c h a r a c t e r i s t i c s . Domain I c o n s i s t s  m a i n l y  ( 8 0 $ )  o f  
q u a r t z o f e I d s p a t h i c  g n e i s s e s  and amphibo I i t e s . Domain I I  i s  
composed a lmost  e n t i r e l y  o f  a v a r i e t y  o f  amphi bo l e  s c h i s t s ,  
and domain I I I  c o n s i s t s  p r e d o m i n a t e l y  o f  me t ased iment s  w i t h  
minor  bands o f  a m ph i bo l e  s c h i s t s .  Domain IU c o n s i s t s
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p r e d o m i n a t e l y  o f  mar b l e  ( s e e  C h a p t e r  2 ) .

The s u b d i v i s i o n  i n t o  t h e s e  domains was a r e s u l t  o f  c o n s t a n t  
reassessment  o f  an i n i t i a l l y  f o r m u l a t e d  h y p o t h e s i s ,  so t h a t  
t h e  u n d e r s t a n d i n g  o f  t h e  geomet r y  o f  t h e  a r e a  was 
p r o g r e s s i v e I y  b u i l t  up t h r o u g h  t h e  r e p e a t e d  e x a m i n a t i o n  o f  
t h e  o u t c r o p s .  U i t h  t h e  h e l p  o f  mic ro  f a b r i c  s t u d i e s  and t h e  
p r o g r e s s i o n  o f  mapping a model o f  t h e  geometry  o f  t h e  whole  
a r e a  was se t  up.  The p r o c e d u r e  was s i m i l a r  t o  t h e  one 
d i s c u s s  ed by Hopgood ( 1 9 8 0 ,  p . 6 4 ) ,  w i t h  t h e  d i f f e r e n c e  t h a t  
in t h i s  case t h e  a r e a  s t u d i e d  was dominated by a s i n g l e  
major  s t r u c t u r e ,  t h e  l a r g e  F2 L e t t e r e w e  synform.  
D e m o n s t r a t i o n  o f  i t s  shape r e s u l t e d  m a i n l y  from mapping t h e  
d i s t r i b u t i o n  o f  a m p h i b o l i t e s  i n t e r b a n d e d  w i t h  g n e i s s e s  ( c f . 
Peach e t  a I . 1 9 0 7 . p . 1 9 3 ) .  and t h i s  in t u r n  meant t h a t  t h e  
c o n t r o l  o f  t h e  m aj or  f o l d  on t h e  geomet ry  o f  t h e  younger  
s t r u c t u r e s  c o u l d  be e s t a b l i s h e d .

The i n f l u e n c e  o f  t h e  L e t t e r e w e  synform on t h e  d i s t r i b u t i o n  
o f  t he  l i t h o l o g i c a l  u n i t s  was an i mp o r t an t  f a c t o r  in t h e  
c h o ic e  o f  t h e  domains ( s e e  Chaps.  2 and 8 ) .  The c h o i c e  was 
a l s o  i n f l u e n c e d  by t h e  way t h a t  i t  p e r m i t t e d  a r a t i o n a l  
p r e s e n t a t i o n  o f  bo t h  d e s c r i p t i o n  and a n a l y s i s  o f  t h e  
d i s t r i b u t i o n ,  o r i e n t a t i o n  and geomet ry  o f  t h e  s t r u c t u r a l  
e l e m ent s  t h a t  d e v e l o p e d  d u r i n g  t h e  s e v e r a l  phases o f  
d e f o r m a t i o n  which a f f e c t e d  t h e  r o c k s  in t h i s  a r e a  (Chaps.  2 
and 6 ) .  T h e  o r d e r  in which f e a t u r e s  a r e  d e s c r i b e d  
c l e a r l y  i m p l i e s  t h a t  a c o r r e l a t i o n  o f  s t r u c t u r e s  has been  
made ( b e a r i n g  in mind a l l  t h e  a s p e c t s  d i scus sed  in s e c t i o n
3 . 3 ) .

fin o u t l i n e  o f  t h e  p r i n c i p a l  s t r u c t u r e s  t h a t  were mapped at  
t h e  s c a l e  o f  6“ t o  1 m i l e  i s  p r e s e n t e d  be low,  and a summary 
o f  t h e  c h a r a c t e r i s t i c  f e a t u r e s  o f  t h e  s t r u c t u r e s  in t h e  f o u r  
domains i s  s e t  out  in T a b l e  3 . 1 .  T h i s  p r e s e n t s  a s e q u e n t i a l  
development  f o r  each o f  t h e  d i f f e r e n t  domains,  c o r r e l a t i o n s  
made between domains,  and how each domain is c o n s i d e r e d  t o
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f i t  i n t o  an o v e r a l l  scheme o f  s t r u c t u r a l  e v o l u t i o n .  fin 
o u t l i n e  o f  t h e  s p a t i a l  c o r r e l a t i o n  o f  s t r u c t u r a l  f e a t u r e s  is  
g i v e n  in T a b l e  3 . 2 .  T h i s  is  a sch em at ic  r e p r e s e n t a t i o n  
showing c o r r e l a t i o n s  made in t h e  v a r i o u s  domains a c r o s s  t h e  

maj or  F2 c om po s i te  f o l d  ( F i g .  8 . 2 ) .  The d e t a i l e d  e v i d e n c e  
and t h e  p h i l o s o p h i c a l  a rguments  which form t h e  bases o f  t he  
c o r r e l a t i o n s  made a r e  s e t  out  in s e c t i o n s  3 . 2  and 3 . 3 ; 
r e s p e c t  i v e I y . Si nee t  he r e  I a t  i onshi  ps a r e  best  shown i n 
domain I ,  t h e  s t r u c t u r a l  sequence r e c or d e d  f o r  t h i s  domain  
i s more e x t e n s i v e l y  documented t han  t hose  o f  domains I I ,  I I I  
and I U .

In T a b l e  3 . 1  t h e  s t r u c t u r a l  f e a t u r e s  and s t r u c t u r a l  

sequences f o r  t h e  d i f f e r e n t  domains a r e  l a b e l l e d  w i t h  
s u b s c r i p t s  a , b , c ,  e t c .  These o n l y  have s e q u e n t i a l  
s i g n i f i c a n c e  f o r  t h e  domain f o r  which t h e y  a r e  used;  t h e r e  
i s  no i m p l i c a t i o n  t h a t  s t r u c t u r e s  l a b e l l e d  ' a ' ,  o r  1 b '  e t c .  
in one domain c o r r e s p o n d  t o  s t r u c t u r e s  ' a*  o r  ' b '  e t c .  in a 
d i f  f e r e n t  doma i n .

In t h e  t e x t  d e s c r i p t i o n s  and on t h e  d iagrams s u b s c r i p t s  
1 , 2 , 3  e t c .  ( F I ,  F2,  F3 e t c . )  a r e  used t o  a v o i d  c o n f u s i o n  o f  
m u l t i p l e  n o t a t i o n  sys te ms .  T h i s  numbering c o r r es p on ds  t o  
t h e  l a s t  column o f  T a b l e  3 . 1  ( g e n e r a l  sequence f o r  t h e  
a r e a ) ,  which i n d i c a t e s  t h e  c o n c l u s i o n s  drawn from 
c o r r e l a t i o n  o f  t h e  more l o ca l  sequences ( T a b l e  3 . 2 )  w i t h  
r e f e r e n c e  back t o  t h e  l o c a l  sequences p o s s i b l e  u s i n g  t h i s  
t a b  I e .

The c o r r e l a t i o n  o f  t h e s e  l o ca l  sequences ( T a b l e  3 . 2 )  has  
been made w i t h  a c o n s i d e r a b l e  degree  o f  c o n f i d e n c e .  I t  
shows o n l y  t h e  s t r u c t u r a l  f e a t u r e s  used f o r  c o r r e l a t i o n  and 
t h e  s u b s c r i p t s  a , b , c ,  e t c .  co r res pond  to  t h e  l o ca l  sequences  
p r e s e n t e d  in T a b l e  3 . 1 .  S i n c e  t h i s  t a b l e  r e p r e s e n t s  a 
c r o s s - s e c t i o n  o f  t h e  a r e a  ( f r o m  NE t o  SU) t h e  amphi bo l e  
s c h i s t s  a r e  shown t w i c e  c o r r e s p o n d i n g  t o  bot h  l imbs o f  t h e  
maj or  syn fo r m.  The f o l l o w i n g  f e a t u r e s  or  groups o f  f e a t u r e s  
a r e  i m p or t a n t  in making c o r r e l a t i o n s  between domains ( se e  
s ec t  i on 3 . 2 ) :
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1. The s t r e t c h i n g  I i n e a t  ion a n d / o r  m y l o n i t e s  in
domains l ( N E ) ,  I ,  IU,  I 1 (SU)  and M i .

2 .  The b ou d i ns  in domains I ,  IU,  M ( S U )  and M l .
3.  The r e c l i n e d  t o  u p r i g h t  b u c k l e s  w i t h  s t r o n g  a x i a l

p l a n a r  f o l i a t i o n  in domains I I ( H E ) ,  I ,  I I ( S U )  and I I I .
4.  The recumbent  chevron  f o l d s  in domains I ,  I I ( S U )

and M l .
5 .  The u p r i g h t  b u c k l e s  in domains I I ( H E ) ,  I ,  IU,  I I

(SU)  and I I I .

3 . 2  DESCRIPTION

3 . 2 . 1  D o sa in  I" -  Q u a r t z o f e I d s p a t h i c  g n e is s e s

D-fc>anding d e f o r m a t i o n a I  ph a se .

The most prominent  f o l i a t i o n  in t h i s  domain is d e f i n e d  by an 
a l t e r n a t i o n  o f  q u a r t z o f e I d s p a t h i c  and m a f i c - r i c h  bands 
( b i o t i t e  and h o r n b l e n d e ) ,  in which t h e r e  is a dimensional  
a l ignment  of  t he  m i n e r a l s .  The bands^aVe g e n e r a l l y  5 - 1 0  cm 
across ( P i s  3 - 1 ,  3 - 2 0 ,  3 - 3 0 ) ,  but l o c a l l y  are 4 0 - 5 0  cm.
These f a b r i c  e l e m e n t s  a r e  f o l d e d ,  boudinaged and o f f - s e t  in 
d i s s e c t e d  f o l d  h i n g e s  ( F I ) ,  and a r e  s u b j e c t e d  t o  p a r t i a l  or  
compl et e  o b l i t e r a t i o n  as a r e s u l t  o f  i n te n s e  my I o n i t i z a t i o n  
l a t e  in t h e  D1 phase .  The super imposed f e a t u r e s  account  f o r  
much o f  t h e  i r r e g u l a r i t y  o f  t h e  banding t hroughou t  t h e  
doma i n .

In a d d i t i o n  t o  t h i s  b a n d i n g ,  which is i n t e r p r e t e d  as t h e  
r e s u l t  o f  met amor ph i c  p r o c e s s e s ,  t h e r e  a r e  t h i n  a na s t omo z i ng  
masses o f  q u a r t z o f e I d s p a t h i c  m a t e r i a l  t h a t  now show an
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i r r e g u l a r  ne t wor k  p a t t e r n  ( P I . 3 - 2 ) .  These bands a r e  
d i s c o r d a n t  t o  t h e  metamorphic  banding and show no e v i d e n t  S1 
f o l i a t i o n .  A c c o r d i n g I y , t h e  c h a r a c t e r i s t i c s  o f  t h e  
l i t h o l o g i c a l  l a y e r i n g  a r e  t h e  r e s u l t  o f  more t h a n  one 
p r o c e s s ,  a c t i n g  a t  more t han  one t i m e ,  but  w i t h  t h e  e a r l i e s t  
r e c o g n i z e d  ban d i ng  b e i n g  t h e  dominant  f e a t u r e  in much o f  t h e  
doma i n .

The banded amph i bo I i t e  bod i es show a we I I - d e u e I  oped g r a  i n 
shape f a b r i c  and c o m p o s i t i o n a l  banding ( P i s .  3 - 3 ,  3 - 4 ,  3 - 9 ) ,  
some o f  t h e  l a y e r s  b e i n g  o f  u l t r a m a f i c  n a t u r e  ( P I .  3 - 2 0 ) .  
These b a s i c  r o c k s  a r e  so i n t e r m i x e d  w i t h  t h e  
q u a r t z o f e I d s p a t h i c  g n e i s s e s  t h a t  un ique  s e p a r a t i o n  o f  t h e  

two t u p e s  in t h e  f i e l d  is  d i f f i c u l t  ( c f .  Peach e t  a I . 1907,
p . 1 9 5 ) .

A common f e a t u r e  w i t h i n  t h e  l a r g e  u n i t s  (NG 970 7 0 9 )  i s  t h e  
p a r t i a l  r e m o b i I i z a t i o n  o f  f e l d s p a r  from t h e  f e l s i c  bands,  
g i v i n g  a geomet ry  r e s e m b l i n g  s e v e r a l  ‘ i m b r i c a t e d  b o u d i n s '  
due t o  t h e  ana stomos ing  f a s h i o n  in t h e  d i s t r i b u t i o n  o f  t h e s e  
f e l d s p a t h i c  v e i n s  ( P I . 3 - 8 ) .

No f o l d s  were seen a s s o c i a t e d  w i t h  t h i s  phase o f  
d e f o r m a t i o n ,  but  t h e i r  u ne qu i voca l  i d e n t i f i c a t i o n  would be a 
v e r y  d i f f i c u l t  t a s k  due t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  01 
d e f o r m a t i o n  phase ( s e e  a l s o  s e c t i o n  4 . 3 . 7 )

D1 d e f o r m a t i o n  phase

The f o l d s  d ev e l o p e d  d u r i n g  t h i s  phase a r e  t i g h t  t o  
i s o c l i n a l ,  and show long l imbs ( u s u a l l y  a t t e n u a t e d )  w i t h  
t h i c k e n e d  noses a f f e c t i n g  both  t h e  S - ban d i ng  and t h e  
( a n a s t o m o s i n g )  q u a r t z o f e I d s p a t h i c  m a t e r i a l  ( P i s .  3 - 1 ,  3 - 2 ) .  
F o l d s  h a v i n g  a m p l i t u d e s  o f  2-3m a r e  r a r e ;  t h e y  a r e  seen o n l y  
where t h e r e  a r e  i n t e r b a n d e d  l i t h o l o g i e s .  T h e i r  a t t i t u d e  
v a r i e s  from u p r i g h t  t o  recumbent  ( P I . 3 - 7 ) ,  b e i ng  g e n e r a l l y  

c o n t r o l l e d  by t h e  geomet r y  o f  t h e  l a t e r  f o l d s .
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Uhere a f f e c t i n g  t h e  banded amphibo 1 i t e e  and i n t e r b a n d e d  
g n e i s s e s ,  t h e  FI  f o l d s  in p l a c e s  show s h e a t h - l i k e  shapes  
( P I . 3 - 6 ) .  In t h e  m a f i c  amphibol  i t e  bod ies  t h e  FI  f o l d s  a r e  
i s o c l i n a l ,  w i t h  long l imbs and t h i c k e n e d  h i n g e s ,  u s u a l l y  
a f f e c t i n g  t h i n  (<1 cm) syn -D I  w h i t e  f e I d s p a t h i c  v e i n s  ( P I . 3 -
5 ) .  These a m p h i b o l i t e s  show d i s c o r d a n t  i n t r u s i v e
r e  I a t i o n s h i p s  t o  t he  g n e i s s e s .  However ,  no se t  o f  FI  f o l d s  
d e f o r m i n g  t h e s e  c o n t a c t s  was observed in t h e  a r e a  mapped 

( s ee  Ch a p . 6 ) .

L i n e a r  s t r u c t u r e s  dev e l oped  d u r i n g  t h e  0! phase i n c l u d e  f o l d  
axes ( somet imes  p l u n g i n g  t o  o p p o s i t e  q u a d r a n t s  -  see  Chap.
6 ) ,  i r r e g u l a r  mul l  ions and f o l d  mul l  ions ( P I . 3 - 1 0 ) ,  s t r o n g  
am ph i bo l e  m i n e r a l  o r i e n t a t i o n ,  and a l s o  deformed p h e n o c r y s t s  
o f  f e l d s p a r  in t h e  g n e i s s e s  and p o r p h y r i t i c  a m p h i b o l i t e s  ( 
t h e s e  f e l d s p a r s  assume a p r o l a t e  o r  o b l a t e  shape when seen  
a t  a s e c t i o n  which does not  c o n t a i n  t h e  e x t e n s i o n  d i r e c t i o n :  

see S e c t .  6 . 3 ) .  In some o f  t h e  a m p h i b o l i t e  b o d i e s ,  t h e  
d e f o r m a t i o n  o f  t h e  p he n o c r y s t s  gave r i s e  t o  a f i n e  and 
c o n t i n u o u s  t o  s e m i - c o n t i n u o u s  banding (see  C h a p . 7 ) .  f i l l  
s t a g e s  f rom undeformed p h e n o c r y s t s  t o  a p r o l a t e  and t h e n  an 
o b l a t e  shape a r e  obs er ved .  T h i s  is i n t e r p r e t e d  as  
i n d i c a t i n g  p r o g r e s s i v e  d e f o r m a t i o n  as D1 zones o f  h i g h  
3 t r a i n  a r e  approached ( P i s  3 - 1 1 ,  3 - 1 2 ,  3 - 1 3 ) .  The p r i n c i p a l  
zones o f  D1 d e f o r m a t i o n  and my I o n i t i z a t i o n  c o r r es p on d  t o  t h e  
boundary  between domain I and t h e  amphi bo l e  s c h i s t s .  T h i s  
zone i s  o c c u p i e d  by t h e  marb l es  o f  domain IU,  and is  
r e f e r r e d  t o  in t h i s  s t u dy  as ' L e t t e r e w e  or  Loch Maree  
t h r u s t  zone 1 .

Boudins t h a t  a f f e c t  SI and t h a t  i n c l u d e  F1 f o l d s  a r e  seen in 
a few p l a c e s  ( P I .  3 - 9 ) .  fls t he  f a b r i c  a x i a l  p l a n a r  t o  F2 
( S 2 )  c u t s  a c r o s s  t h e  b ou d i ns ,  ( a  f e a t u r e  best  o bs er ved  in 
t h e  more m a f i c  l i t h o l o g i e s ) ,  t h e  boudin development  is  
i n t e r p r e t e d  as a l a t e  D1 f e a t u r e  t h a t  deve loped  a f t e r  t h e  
most i n t e n s e  phase o f  F I - S I  f o r m a t i o n .  C o r r e sp on d i n g  
f e a t u r e s  and r e l a t i o n s h i p s  in domain I I  i n d i c a t e  t h a t  boudin  
f o r m a t i o n  was not  j u s t  a l oca l  phenomenon c o n f i n e d  t o  domain I .
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Uhere a f f e c t e d  by s t r o n g  my I o n i t i z a t i o n  t h e  g n e i s s e s  and t h e  
v a r i o u s  t y p e s  o f  a m p h i b o l i t e  e x h i b i t  a s m a l l - s c a l e  ba n d i ng ,  

w i t h  t h e  f e l d s p a r - r i c h  p o r t i o n s  showing a p o r c e l a i n - I  ike  
a p p e a ra nc e .  Some o f  t h e s e  bands a l s o  show more t h a n  one se t  
o f  i n t r a f o l i a  I f o l d s  a f f e c t i n g  w h i t e  f i n e  s i l i c e o u s  bands  
( P I .  3 - 1 5 ) .  Outcrops  where ( F I )  f o l d s  a r e  r e f o l d e d  by a 
l a t e r  s e t  ( F 2 )  a r e  common in t he se  m y l o n i t i z e d  g n e i s s e s .  
A l t h o ug h  in s e v e r a l  examples t h e  F2 f o l d s  do not  show t h e i r  
t y p i c a l  a t t i t u d e ,  t h e  p r esence  o f  a s s o c i a t e d  f e a t u r e s  such  
as ( 1 )  f o l d i n g  o f  t h e  L1 s t r e t c h i n g  I i n e a t  ion,  ( 2 )  h i n g e  
de t ach me nt ,  and ( 3 )  p a r a s i t i c  minor  f o l d s  ( P i s .  3 - 1 6 ,  3 - 16a,  
3 - 1 7 ,  3 - 1 8 ) ,  t o g e t h e r  w i t h  a compar ison o f  nea r by  o u t c r o p s  
was c o n s i d e r e d  s u f f i c i e n t  f o r  t h e i r  i d e n t i f i c a t i o n  ( s e e  
s e c t .  6 . 3 ) .

D2 d e f o r m a t i o n a I  phase

In t h e  s o u t h e a s t e r n  p o r t i o n  o f  t h i s  domain a l a r g e  F2 f o l d  
a f f e c t s  t h e  g n e i s s e s  and a l a r g e  banded a m p h i b o l i t e  body  

( s ee  s t r u c t u r a l  map) ,  and is p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  
geometry  o f  t h e  ' L e t t e r e w e  synform'  (Peach e t  a I . 1907,  p.  
1 9 3 ) .  C l e a r  F2 r e f o l d i n g  and S2 c r o s s - c u t t i n g  has a f f e c t e d  
D1 f e a t u r e s  ( F I - S I )  and l a t e  01 boudinage .  T h i s  is  obser ved  
m a i n l y  in t h e  o u t c r o p s  a l ong  t h e  h i nge  o f  t h i s  f o l d  ( P I .  3 -  
4 ) .  The f o l d  is an a sy mme t r i ca l  and r e c l i n e d  synform w i t h  
NE v e r g e n c e ,  SE p l u n g i n g  a x i s  and an a lmost  E-U s t r i k i n g  
a x i a l  p l a n e  ( se e  s e c t . 6 . 2 . 1 ) .  The s u b v e r t i c a I  a t t i t u d e  o f  
t h e  s o u t h w e s t e r n  l imb has f avour ed  o v e r p r i n t i n g  by t h e  
recumbent  F3 f o l d s ,  w h i l s t  t he  r e l a t i v e l y  s h a l l o w  d i p  o f  t h e  
n o r t h e a s t e r n  l imb ( 45  - 3 0 ° )  has f avour ed  o v e r p r i n t i n g  by t h e  
u p r i g h t  F4 f o l d s  ( s e e  C h a p . 8 ) .  The development  o f  t h e  
c o g e n e t i c  s m a l l - s c a l e  f o l d s  is ve r y  much dependent  on t h e  
n a t u r e  ( c o m p o s i t i o n  and t h i c k n e s s )  o f  t h e  a f f e c t e d  l i t h o l o g y  
( P I . 3 - 2 0 ) .  Over  most o f  t h e  domain t h e y  a r e  t i g h t ,  
c o n c e n t r i c ,  and u p r i g h t  ( P I .  3 - 1 9 )  t o  r e c l i n e d  ( P I .  3 - 2 0 a )  
s t r u c t u r e s  w i t h  p a r a s i t i c  minor  f o l d s ,  s i n u s o i d a l  shapes,
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and w a ve l en g t h  a l l  depending on t h e  m u l t i l a y e r  assemblage  
t h e y  deform.  Uhere a f f e c t i n g  q u a r t z o f e I d s p a t h i c  and b i o t i t e -  
r i c h  bands t h e y  show t h i c k  h i n g es  and a t t e n u a t e d  l imbs  
( P I . 3 - 2 1 ) .  The a x i a  I - p I a n a r  f o l i a t i o n  ( S 2 )  in t h e  g n e i s s e s  
o f  t h e  n o r t h e r n  p a r t  o f  t h e  domain is  a f i n e l y  spaced  
c l e a v a g e  showing a s i n i s t r a  I d i s p l a c e m e n t  sense o f  t h e  
a f f e c t e d  b an d i ng ,  whether  m y l o n i t i c  ( P I .  3 - 2 3 )  o r  not  ( P I .  
3 - 2 2 ) .  Some o f  t h e se  p l a n es  seem t o  be p r e f e r e n t i a l  s i t e s  

f o r  movement,  somet imes c au s i ng  s h e a r i n g - o u t  o f  t h e  l imbs  o f  
smal l  f o l d s  ( P I . 3 - 2 3 ) .  In t h e  n o r t h e r n  p a r t  o f  t h i s  
doma i n , where gne i sses o f f  ec t  ed by D1 my I on i t  i z a t  i on have  
been deformed,  t h e  F2 f o l d s  a r e  p o l y c l i n a l  and show s t r o n g l y  
c u r v i l i n e a r  h i n ge s  and v e r y  complex s t r u c t u r a l  p a t t e r n s  
which do not  show any k i n d  o f  r e g u l a r i t y  ( P I . 3 - 1 8 ) .
However in some nearby  o u t c r o p s  where t h i s  l i t h o l o g y  is  
deformed t h e r e  a r e  F2 f o l d s  w i t h  g e o m e t r i e s  s i m i l a r  t o  F2 
f o l d s  e l s e w h e r e  ( P I .  3 - 1 9 ) .  In t h e s e  zones o f  h i g h  D1 and 

D2 s t r a i n  t h e  F2 f o l d s  have no a s s o c i a t e d  a x i a l  p l a n a r  
f o l i a t i o n ,  t h e  d e f o r m a t i o n  be i ng  s i m i l a r  t o  t h a t  o p e r a t i v e  
in t h e  development  o f  c o n i c a l  and p t y g m a t i c  s t r u c t u r e s .

In t h e  banded a m p h i b o l i t e  S2 is a d i s t i n c t  b i o t i t e - a m p h i b o  Ie  
growth a x i a l  p l a n a r  t o  F2 f o l d s ;  i t  i s best  seen in t h e  
m a f i c  u n i t s  in t h e  h i nge  zone o f  t h e  L e t t e r e w e  synfor m  
( P I . 3 - 2 0 ) .  However ,  in p l a c e s  where t h e  g n e i s s e s  o r  
f e I d s p a t h i c  bands a r e  i n t e r  l a y e r e d  w i t h  t h i n  bands o f  m a f i c  
a m p h i b o l i t e  t h i s  m in e ra l  growth is not  p r o m i n e n t ,  p a r t i a l l y  
due t o  t h e  r e l a t i v e  lack  o f  phyI  I osi  I i c a t e s  ( b i o t i t e  m a i n l y )  
in r e l a t i o n  t o  amphi bo l e  c r y s t a l s  t h a t  show t h e  s t r u c t u r e s  
o f  an " L " - t e c t o n i t e  ( see  C h ap . 4 ) .

The p e r f e c t  c o a x i a l  I i t y  o f  FI  and F2 f o l d s  is  a r e m a r k a b l e  
f e a t u r e  and makes i t  p r a c t i c a l l y  i m p o s s i b l e  t o  d i s t i n g u i s h  
between an Ll  and an L2 amphi bo l e  I i n e a t  ion.  However ,  in 
t h e  p o r p h y r i t i c  amphibol  i t e s  t h e  Ll  I i n e a t  ion can be  
d i s t i n g u i s h e d  because o f  t h e  c h a r a c t e r i s t i c  p r es e n c e  o f  
s t r e t c h e d  f e l d s p a r  p h e n o c r y s t s .
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C o a x i a l  r e f o l d i n g  o f  smal l  FI  i n t r a f o l i a i  and c y i i n d r o i d a !
F2 f o l d s ,  as we l l  as w h i t e  q u a r t z  and q u a r t z o f e I d s p a t h i c  
v e i n s  d i s c o r d a n t  t o  t h e  compos i t e  band ing  ( S - b a n d i n g  & S I ) ,  
r e s u l t e d  in t h e  development  o f  t y p e  3 i n t e r f e r e n c e  
s t r u c t u r e s  o f  Ramsay ( 1 9 6 7 ) .

D2a d e f o r m a t i o n a I  phase

S e v e r a l  nar row N U - o r i e n t e d  she a r  zones ( u s u a l l y  l e s s  t h a n  1 
met re  in w i d t h )  a r e  dev e l oped  m a i n l y  in t h e  e a s t e r n  h a l f  o f  
t h i s  domain.  They g e n e r a l l y  show a s u b v e r t i c a l  a t t i t u d e ,  
d i p p i n g  e i t h e r  t o  t h e  SU or  t h e  HE; t h e i r  obs er ved  l e n g t h  is  
u s u a l l y  l i m i t e d  by t h e  exposure  (map 3 . 1 ) .  The a s s o c i a t e d  
f o l d s  t h a t  a r e  r e s t r i c t e d  t o  t h e  marg i ns  o f  t h e s e  s h e a r  
zones a r e  c o n c e n t r i c ,  r e l a t i v e l y  t i g h t ,  and have s t e e p l y  
p l u n g i n g  axes and s u b - v e r t i c a l  a x i a l  p l a n e s  ( P I .  3 - 2 4 )  which  
in p l a c e s  cur ve  a l ong  t h e  p r o f i l e  o f  t h e  f o l d .  The a x i a l  
p l a n a r  f o l i a t i o n  is a spaced c l e a v a g e ,  c r e n u l a t i n g  a 
composi te  banding ( P I .  3 - 2 4 ) .  T h i s  banding  c l e a r l y  c o n t a i n s  
components o f  SI and S2,  but  because t h e s e  o u t c r o p s  a r e  sub­
h o r i z o n t a l  s u r f a c e s  l o c a l i z e d  a l ong  t h e  l imb o f  t h e  ma j or  F2 
f o l d ,  t h e  t r a c e s  o f  a l l  t h e se  f o l i a t i o n s  a r e  p a r a l l e l  ( P I .  
3 - 2 6 ) .

The emplacement  o f  nar row v e i n s  o f  g r a n i t i c  p e g m a t i t e  and 
q u a r t z  a l ong  t h i s  zone is a common f e a t u r e ,  somet imes at  
h i g h  a n g l e s  t o  t h e  composi t e  banding ( P i s .  3 - 2 6 ,  3 - 2 6 a ,  3 -  
2 7 ) .  A l t hough  c a t a c l a s t i c  f e a t u r e s  a r e  shown by t h e  
p e g m a t i t e s  a t  some p l a c e s  t he se  mere not  produced by 
b r i t t l e  r e a c t i v a t i o n  o f  t h e  shear  zones.  They a r e  t h o ug ht  t o  
r e p r e s e n t  o r i g i n a l  f e a t u r e s  produced by t h e  b u i l d i n g  up o f  
f l u i d  p r e s s u r e  d u r i n g  D2a d e f o r m a t i o n .  A c c o r d i n g l y ,  t h e  
pr ese nce  o f  r e l i c t  f ra gm ent s  o f  g n e i s s e s  w i t h  t h e  d i s t i n c t  
Ll  I i n e a t  ion w i t h i n  p e g m a t i t e s  (and showing v a r i o u s  s t a g e s  
o f  ' p e g m a t i t i z a t i o n ' ) ,  sug gest s  t h a t  f l u i d s  p l a y e d  an 
imp or tan t  r o l e  in p e g m a t i t e  development  and emplacement .
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T hi s  is a l s o  i n d i c a t e d  by t h e  e x i s t e n c e  o f  d i f f u s e  as we l l  
as sharp  c o n t a c t s  ( F* I . 3 —27)  between t h e  host  r o c k  and 
pegmat i t e s .

The development  o f  p h y l I o n i t e  and pse udot achy I  i t e  a l o n g  
t h e s e  zones is a v e r y  l o c a l i z e d  f e a t u r e  b e i n g  r e s t r i c t e d  t o  
some o f  t h e  w i d e r  zones in t h e  g n e i s s e s  ( P I . 3 - 2 4 ) ,  where t h e  
b r i t t l e  b e h a v i o r  was f a v o ur e d  a t  a p a r t i c u l a r  t i m e .  Uhere  
t h es e  s he ar  zones a f f e c t  t h e  p o r p h y r i t i c  amphi bo I i t e s  t h e  
f e a t u r e s  produced show e v i d e n c e  o f  more d u c t i l e  d e f o r m a t i o n  
t han in t h e  g ne i s s e s  ( P I . 3 - 2 5 ) .

D3 d e f o r m a t i o n a I  phase

The r e f o l d i n g  o f  FI  r o o t l e s s  f o l  ds by t h e  recumbent  F3 f o l d s  
i s  somet imes observed ( P I . 3 - 2 9 ) ,  but  t h i s  i s  a r a t h e r  r a r e  
f e a t u r e  because t h e  development  o f  t h e  recumbent  f o l d s  
occurs  o n l y  on a l o c a l i z e d  s c a l e .  More commonly a spaced  
c l e a v a g e  ( S 3 )  is seen t o  cut  a c r os s  t h e  compo s i te  
(Sb+S1+S2)  banding  ( P I . 3 - 1 ,  3 - 2 ) .  fls F3 f o l d s  commonly have  
a l a r g e  i n t e r l i m b  a n g l e  and a w a v e l e n g t h  in t h e  o r d e r  o f  
m et re s ,  t h e y  a r e  a lmost  e x c l u s i v e l y  obser ved  in t h e  o u t c r o p s  
w i t h  a deep t o p o g r a p h i c  p r o f i l e  ( p a r t i c u I a r I y  in t h e  
s o u t he r n  p a r t  o f  t h i s  domain,  where t h e y  a f f e c t  t h e  s t e e p l y  
d i p p i n g  SU l imb o f  t he  F2 major  s y n f o r m ) .  T h i s  has r e s u l t e d  
in t he  o c c a s i o n a l  s u b - h o r i z o n t a l  a t t i t u d e  o f  t h e  
composi te  ba nd ing .  F3 f o l d s  a r e  u s u a l l y  c o n c e n t r i c  b u c k l e  
f o l d s  w i t h  a s u b - h o r i z o n t a l  a x i a l  p l a n a r  c r e n u l a t i o n  
c l e a v a g e  ( P I . 3 - 2 8 )  or  spaced c l e a v a g e  ( d e pe n d i ng  on t h e  
l i t h o l o g y  a f f e c t e d ) ,  and have c u r v i l i n e a r  h i n g es  t h a t  p l unge  
NU at  low a n g l e s .  Uhere t hey  deform a l t e r n a t i n g  b i o t i t e -  
r i c h  and t h i n  (10cm)  q u a r t z o f e I d s p a t h i c  bands t h e y  have a 
s m a l l e r  i n t e r l i m b  a n g l e ,  a s m a l l e r  w a v e l e n g t h ,  and show 
detachment  a l o ng  t h e  l i t h o l o g i c a l  b o u n d a r i e s  and w e l l  
deve loped  p a r a s i t i c  f o l d s  w i t h  an a s s o c i a t e d  a x i a l  p l a n a r  
g r a d a t i o n a l  c r e n u l a t i o n  S3 c l e a v a g e  ( P i s  3 - 2 1 ,  3 - 2 9 ) .  In t h e  
massive q u a r t z o f e I d s p a t h i c  bands S3 is a se t  o f  sub­
h o r i z o n t a l  f i n e l y  spaced f r a c t u r e s ;  o f f s e t s  o f  t h e  compo s i te
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banding i n d i c a t e  t h a t  movement has t a k e n  p l a c e  a l o ng  t h e s e  
f r a c t u r e s .

04 d e f o r m a t i o n a I  phase

The F4 f o l d s  deform FI  and F2 f o l d s  and t h e i r  a s s o c i a t e d  
s t r u c t u r e s .  In t h i s  domain t h e y  were seen a f f e c t i n g  t h e  F3 
recumbent  f o l d s  p o s s i b l y  due t o  t h e  I a r g e  i n t e r ! i m b  a n g l e s  
and d i mens i ons  o f  t h e  F3 s t r u c t u r e s .  The F4 f o l d s  a f f e c t  the. 
L1 - L2  l i n e a t  ion ( P I . 3 - 3 3 )  and t h i s  is  one o f  t h e  p r i n c i p a l  
causes f o r  r e v e r s a l s  o f  L1 - L2  p l unge  d i r e c t i o n  ( s e e  
s e c t . 6 . 2 . 1 . 1 ) .  In some p l a c e s ,  where t h e  F2 and F4 f o l d s  
a r e  o f  a lmost  equal  d i m en s i o ns ,  t h e  l a t e r  s e t  m o d i f i e d  t h e  
geometry  o f  t h e  F2 f o l d s  and caused w i d e n i n g  o f  t h e  spaces  
between t h e  f o l d e d  bands as w e l l  as p a r t i a l  r e f o l d i n g  o f  
det ached bands ( P I . 3 - 3 4 ) .

The F4 f o l d s  a r e  not  e v e n l y  d i s t r i b u t e d  t h r o u gh o u t  t h e  a r e a ,  
be i ng  best  dev e l oped  in t h e  g n e i s s e s  and a m p h i b o l i t e s  o f  t h e  
n o r t h e r n  p o r t i o n  o f  domain I .  They a r e  c o n c e n t r i c ,  u p r i g h t  
( o r  s t e e p l y  i n c l i n e d )  ' b u c k l e '  f o l d s  w i t h  s t e e p  a x i a l  p l a n e s  
and moderate  SE -  p l u n g i n g  axes .  S i n u s o i d a l  shapes,  
p a r a s i t i c  minor  f o l d s  and development  o f  s h o u l d e r s  a r e  
common f e a t u r e s  ( P i s  3 - 3 0 ,  3 - 3 1 ) .  Nose detachment  is  
f r e q u e n t ,  w i t h  t h e  gaps somet imes ' m e c h a n i c a l l y 1 i n - f i l l e d  
w i t h  a ’ m e l a n g e ’ o f  more d u c t i l e  m a t e r i a l  ( P I . 3 - 3 2 ) .  Such 
f e a t u r e s  a r e  u s u a l l y  shown in bands d i f f e r i n g  in competence  
and t h i c k n e s s  from a d j a c e n t  bands,  where s I i c k e n s i d e ' ^ a i  
h i g h  a n g l es  t o  f o l d  h i n ge  a r e  somet imes observed  on t h e  
f o l d e d  s u r f a c e .  Disharmony of  t he  f o l d s ,  i n v e r s i o n  o f  t h e  
sense o f  c l o s u r e  and c u s p at e  and l o b a t e  c o n t a c t  f e a t u r e s  
(Ramsay 1967,  p.  3 8 3 )  between q u a r t z o f e I d s p a t h i c  and m a f i c -  
r i c h  bands a r e  somet imes observed  ( P I . 3 - 3 0 ) .  R a r e l y ,  an S4 
c r e n u l a t i o n  c l e a v a g e  is  seen ,  and t h e  compl e t e  absence o f  
any f e a t u r e  s u g g e s t i n g  movement a l ong  t h i s  f o l i a t i o n  makes 
i t  e a s i l y  d i s t i n g u i s h a b l e  from t h e  S2 c l e a v a g e  in p l a c e s  
where t he  geomet ry  o f  bot h  F2 and F4 f o l d s  is  s i m i l a r .  Uhere
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FI or  F2 f o l d s  were f o l d e d  i n t o  an u p r i g h t  p o s i t i o n  by D4 
d e f o r m a t i o n ,  e . g .  a t  [NG 9 6 6 7 1 8 ] ,  t h e y  can be d i s t i n g u i s h e d  
from F4 f o l d s  in most cases on t h e  b a s i s  o f  t h e  SI m i n e r a l  
growth and t h e  n a t u r e  o f  t h e  a s s o c i a t e d  Ll  s t r e t c h i n g  
I i  neat  i o n .

S t r u c t u r e s  formed in t h e  l a t e  d e f o r m a t i o n a I  phases in t h i s  
and o t h e r  domains a r e  d e s c r i b e d  in S e c t i o n  3 . 2 . 5

Bas ic  igneous i n t r u s i o n s

Bas ic  igneous i n t r u s i o n s  a r e  u s u a l l y  seen emplaced a l o n g  t he  
metamorphic  s e g r e g a t i o n  band ing  ( P I . 3 - 3 5 ) .  In some p l a c e s  
d i s c o r d a n t  r e l a t i o n s  between t h e s e  1 m a f i c 1 and ' p o r p h y r i t i c ' 
a m p h i b o l i t e s  and t h e  o l d  g n e i s s o s e  banding  a r e  o bs er ved  
( P I . 3 - 3 6 ) .  A l th ou gh  o f  c l e a r  i n t r u s i v e  n a t u r e  ( s e e  C h a p . 2 ) ,  
t h ese  a m p h i b o l i t e s  show a l l  t h e  D1 f a b r i c s  i n c l u d i n g  t h e  
m y l o n i t i c  f e a t u r e s  ( C h a p . 5 ) .  T h i s  shows t h a t  t h e y  have been 
emplaced a f t e r  t h e  f o r m a t i o n  o f  t h e  s e g r e g a t i o n  band ing  
( S - b a n d i n g ) ,  but  d u r i n g  or  b e f o r e  t h e  development  o f  D1 
f a b r i c s .  F e a t u r e s  dev e l oped  d u r i n g  D1 i n c l u d e  ( 1 )  a 
f o l i a t i o n  ( S I )  o b l i q u e  t o  t h e  marg i ns  o f  t he  d i s c o r d a n t  
bo d ie s ,  ( 2 )  a p e r v a s i v e  amphi bo l e  I i n e a t  ion obser ved  even in 
t he  low s t r a i n  p a r t s  o f  t h e  r o c k  ( 3 )  boudinage and o t h e r  
l a t e  D1 f e a t u r e s  i n d i c a t i n g  s h o r t e n i n g  p a r a l l e l  t o  t h e i r  
l e n g t h s .  fl c o m p o s i t i o n a l  v a r i a t i o n  p a r a l l e l  t o  t h e i r  
margins i3  a s c r i b e d  t o  m i m e t i c  r e c r y s t a I  I i z a t i o n  o f  a f low  
banding ( P I . 3 - 3 5 ) . However a s c h i s t o s i t y  a l s o  p a r a l l e l  t o  t h e  
i n t r u s i o n  marq i ns  is  more d i f f i c u l t  t o  i n t e r p r e t  ( c i .  T a l b o t  

1 98 2 ) .

3 . 2 . 2 .  DOflRIN I I  -  flflPH I BOLE SCHISTS

D-ban d in g  d e fo r m a t io n d p h a s e

The u n c e r t a i n i n t i e s  about  t h e  n a t u r e  and i d e n t i f i c a t i o n  o f
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t h e  composi t e  band ing  (S banding  + SI + S2)  in t h i s  u n i t  is
due t o :  ( 1 )  t h e  s t r o n g  t r a n s p o s i t i o n  d u r i n g  D1 and D2
phases,  and ( 2 )  t h e  p r es e n c e  o f  f i n e - g r a i n e d  f e I d s p a t h i c
bands a l ong  t h e  f o l i a t i o n  which may be a x i a l  p l a n a r  t o  f o l d s
as l a t e  in t h e  sequence as F2 ( P I . 3 - 3 8 ) .

The o l d e s t  i d e n t i f i e d  f e a t u r e  in t h e  amphi bo l e  s c h i s t  on t h e  
so u t h w e s t e r n  l imb o f  t h e  L e t t e r e w e  synform is a boudinaged  
f e I d s p a t h i c  ' s e g r e g a t i o n '  banding  f o l d e d  by t h e  F2 f o l d s  
( P I . 3 - 3 9 ) .  A l t hough  u n l i k e l y ,  i t  is p o s s i b l e  t  hat  t  hi  s 
banding cou ld  have been dev e l oped  d u r i n g  t h e  01 e v e n t ,  s i n c e  
t h e  boudinage tassumed t o  be o f  t he  same age t h r o u gh ou t  t h e  
a r e a )  is o f  l a t e  D1 age.  However ,  a l ong  t h e  n o r t h e a s t e r n  
l imb o f  t h e  ma j or  synform where m y l o n i t i z e d  g a r n e t - q u a r t z -  
mica s c h i s t s  l o c a l l y  c rop  out  in t h e  cor e  o f  one o f  t h e  F4 
u p r i g h t  b u c k l e s  ( P I . 3 - 4 1 ) ,  i t  i s  p o s s i b l e  t o  i d e n t i f y  both  
FI  and F2 f o l d s  showing t h e i r  t y p i c a l  f e a t u r e s .  T h i s  is  
i n t e r p r e t e d  as an i n d i c a t i o n  t h a t , a t  l e a s t  in t h a t  p a r t  o f  
domain I I ,  t h e  band ing  p r e d a t e s  FI  f o l d s .  U n f o r t u n a t e  Iy  
however ,  a t  most l o c a l i t i e s  is i t  v e r y  d i f f i c u l t  t o  be sur e  
about  t h e  age o f  t h e  band ing  in t h e  amphi bo l e  s c h i s t s  ( sensu  
s t r  i c t o ) which make up most o f  t h e  l i t h o l o g i e s  o f  t h i s  
domain.  Problems o f  c o r r e l a t i o n  co u ld  a r i s e  depending on 
t h e  p r e f e r r e d  i n t e r p r e t a t i o n  o f  t h i s  e v i d e n c e .  They w i l l  be 
d i s cu s se d  in more d e t a i l  in S e c t i o n  3 . 3 .

D1 d e f o r m a t i o n a I  phase

F o l ds  which deform t h e  e a r l i e s t  r e c o g n i z e d  banding in t h e  
i n t e r b a n d e d  amph i bo l e  s c h i s t s  and q u a r t z - m i c a  s c h i s t s  occur  
on t h e  n o r t h e a s t e r n  l imb o f  t h e  maj or  F2 synform.  They a r e  
i s o c l i n a l ,  w i t h  t h i c k e n e d  h i n ge s  ( P i s .  3-41  a ,  3 - 4 1 c,  3 - 4 3 ) ,  
long l imbs ,  and g e n e r a l l y  a r e  o f  smal l  d i mens i ons .  There  is  
an a x i a l  p l a n a r  m u s c o v i t e - b i o t i t e  growth which d e f i n e s  a 
f o l i a t i o n  ( S I ) ,  and i t s  i n t e r s e c t i o n  w i t h  t he  l i t h o l o g i c a l  
banding  r e s u l t s  in an i n t e r s e c t i o n  I i n e a t  ion.  T h i s  has a NU
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t r e n d  but  i t s  o r  i g i n a I q11 i t u d g i s d i f f i c u l t  t o  g s s g s s  dug 
to  t h e  unusual  geomet r y  o f  some o f  t h e  F2 f o l d s  ( s e e  b e l o w ) .

In t h e  a m ph i bo l e  s c h i s t s ,  t h e  o n l y  f e a t u r e  which c o u l d  be 
a t t r i b u t e d  t o  t h e  D1 d e f o r m a t i o n a I  phase is  t h e  boud inage  o f  
f e  I dsp at h  i c  bands which is f o l d e d  by F2 f o l d s  ( P I .  3 - 3 9 ) .

D2 d e f o r m a t i o n  phase

The F2 f o l d s  t h a t  a r e  p a r t i c u l a r l y  w e l l  shown in t h e  c r a gs  
beh ind  L e t t e r e w e  house [NG 952 7 1 7 ]  deform t h e  l i t h o l o g i c a l  
banding  ( P I . 3 - 3 7 )  and t h e  f e a t u r e s  deve loped  d u r i n g  D1 
( F1+S1 )  d e f o r m a t i o n a 1 phases ( P i s  3 - 4 1 b,  3 - 4 1 c,  3 - 4 2 ,  3 - 4 3 ) .  
They a r e  s m a I I ,  t i g h t  t o  i s o c l i n a l ,  c y I i  n dr i  ca I  wi t h  
s i n u s o i d a l  shapes in p r o f i l e  s e c t i o n s ;  ' p a r a s i t i c '  minor  
f o l d s  a r e  f r e q u e n t l y  seen ( P i s  3 - 3 7 ,  3 - 3 u ) .  T h i c k e n i n g  o f  
t h e  h i n g e s  and a t t e n u a t i o n  o f  l imbs is a l s o  common, b e i n g  
observed  p a r t i c u l a r l y  w e l l  in u n i t s  o f  c o n t r a s t i n g  
c o m p o s i t i o n  ( P I . 3 - 4 0 ) .  The f o l d s  have s u b v e r t i c a l  a x i a l  
p l a n e s  and s h a l l o w l y  S E - p l u n g i n g  h i n g e s .  L i n e a r  s t r u c t u r e s  
a s s o c i a t e d  w i t h  t h e s e  f o l d  i n c l u d e  smal l  s c a l e  f e l d s p a t h i c  
mul l  ions and an amph i bo l e  m in e r a l  I i n e a t  ion which is  
commonly d i f f i c u l t  t o  i d e n t i f y  even in t he  m a f i c  u n i t s .

The a x i a l  p l a n a r  f o l i a t i o n  is a f i n e  amphibole  g rowth  t h a t ,  
a l t h o u g h  not  v e r y  p e r v a s i v e ,  can be observed in t h e  more 
m a f i c  u n i t s  ( s e e  C h a p . 4 ) .  Th i n  f e l d s p a t h i c  v e i n s  showing  
f o l d s  c o n s i s t e n t  w i t h  F2 f o l d s b u t  which,  in p a r t s ,  seem t o  
cut  t h e  S2 f o l i a t i o n  a r e  somet imes deve loped ( P I . 3 - 3 8 ) .  Some 
w h i t e  q u a r t z  v e i n s  t h a t  a r e  a l s o  d i s c o r d a n t  t o  t h e  band ing  
3how f o l d s  w i t h  geomet ry  c o m p a t i b l e  w i t h  t he  s t r u c t u r e s  

de v e l ope d  d u r i n g  D2 ( P I . 3 —3 7 a ) .

In p l a c e s  [ e . g .  NG 971 7 2 2 ]  t he  t r a n s p o s i t i o n  o f  t h e
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s t r u c t u r e s  in amphibo I e - b e a r i n g  r ocks  d u r i n g  D2 seems to
haue been p a r t i c u l a r l y  s t r o n g .  The FI  and F2 f o l d s  in
micaceous q u a r t z  my I on i t e  a r e  f o l d e d  by u p r i g h t  FT folds. ,  
but  t h e  j u x t a p o s e d  amphibol  e Sch i 3 1 3 hi 0 W 3 OFi I y a Si fiy ! 6 
banding  a f f e c t e d  by t h e  FT b u c k l e s  ( P I .  3 - T 1 ) .  The geometry  
o f  t h e  F2 f o l d s  in t h i s  o u t c r o p  is o f  c r u c i a l  i mpor tance  f o r  
t he  u n d e r s t a n d i n g  o f  t h e  k i n e m a t i c  processes  t h a t  haue  
a f f e c t e d  t h e  r o c k s  d u r i n g  t h e  D2 d e f o r m a t i o n  phase ( se e  
C h a p . 6 ) .  The f o l d s  a r e  t i g h t  t o  i s o c l i n a l ,  w i t h  two 
c o n t r a s t i n g  g e o m e t r i e s .  Host o f  them haue e x c e p t i o n a l l y  
r e c t i l i n e a r  h i n g e s  w i t h  t h e  development  o f  ' f o l d  mul l  i o n s ' ,  
w h i l e  o t h e r s  haue c u r u i l i n e a r  h i nges  w i t h  i n t e r n a l  a n g l e s  o f  
d i s p e r s i o n  u s u a l l y  g r e a t e r  than  9 0 ° .  Some o f  t h e s e
a c y I i n d r i c a I  f o l d s  c l e a r l y  show r e f o l d i n g  p a t t e r n s  o f  FI
s t r u c t u r e s  (F1+S1+L1 ,  P i s  3 - T l c ,  3 - T 2 ,  3 - T 3 ) . The 
c u r u i I  i n e a r - h i n g e d  f o l d s  show t h e  i n i t i a l  s t a g e s  o f  t h e  
development  o f  a s t r e t c h i n g  I i n e a t  ion;  t h i s  p e r m i t s  t h e  
d i r e c t i o n  o f  t e c t o n i c  t r a n s p o r t  d u r i n g  p a r t  o f  t h e  D2 
d e f o r m a t i o n  t o  be e s t a b l i s h e d  ( P I .  3 - T 2 ) .  Some o f  t h e  F2 
c y l i n d r i c a l  f o l d s  a f f e c t  Ll  which is d i sposed  a t  about  30°  
t o  t h e  F2 f o l d  h i n g e s .  D i s c u s s i o n  o f  t h e  a n g u l a r  
r e l a t i o n s h i p s  between t h e s e  two s t r u c t u r a l  f e a t u r e s ,  and o f  
t h e  unusual  geomet r y  o f  t h e  F2 f o l d s  is g i v en  in C h a p t e r  6.

D3 d e f o r m a t i o n a I  phase

The F3 f o l d s  a r e  a l most  e x c l u s i v e l y  seen in t h e  amphi bo l e  
s c h i s t s  on t h e  s t e e p l y - d i p p i n g  s o u t hw e st e r n  l imb o f  t h e  
maj or  syn for m.  The r e  t h e y  deform F2 f o l d s  in a n e a r l y  
c o a x i a l  f a s h i o n ,  g i v i n g  r i s e  t o  t y pe  3 i n t e r f e r e n c e  p a t t e r n s  
( P l s 3 - T 0 ,  3 - T 5 ,  3 - T 6 ) .  They a r e  open t o  t i g h t  chevron  f o l d s  
w i t h  a n g u l a r  t o  round h i n g e s  ( P i s  3 - T T , 3-T6) . ;  some a r e  
a s y mm e t r i c a l  ( P I . 3 -51  a ) .  In many i ns t a n c e s  a r e m a r k a b I e  
v a r i a t i o n  o f  i n t e r  l imb a n g l e  a l ong  t h e  t r a c e  o f  t h e i r  a x i a l  
p l a n e s  is shown ( P I . 3 - T T ) .  Uhere l i t t l e  a f f e c t e d  by l a t e r  
phases t h e  a x i a l  p l a n e s  and axes p r e se n t  a s u b - h o r i z o n t a l  
a t t i t u d e .  T h e i r  t r e n d  is c o n t r o l l e d  by t he  a t t i t u d e  o f
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t he  p r e v i o u s  s t r u c t u r e s .  F e a t u r e s  such as curved a x i a l  
p l a n e s  ( P I . 3 - 4 7 ) ,  h i n ge  detachment  w i t h  t h e  spaces f i l l e d  
w i t h  w h i t e  q u a r t z ,  and " p a r a s i t i c "  minor  f o l d s  a r e  common 
( P i s .  3 - 5 0 ,  3 - 5 2 ) .  Minor  t h r u s t s  ( P I . 3 - 4 9 )  occur  a l o n g  t h e  
l imbs o f  some a s y mme t r i c a l  f o l d s ,  i n d i c a t i n g  in most cases a 
s o u t h w e s t e r l y  d i r e c t i o n  o f  t e c t o n i c  t r a n s p o r t ,  though  
d i s p l a c e m e n t  t owa rds  t h e  MU was not  r a r e  ( se e  C h a p . 6 ) .

The a x i a l  p l a n a r  f o l i a t i o n  t o  t h e s e  f o l d s  (Sd)  i s  a 
g r a d a t i o n a l  c r e n u l a t i o n  c l e a v a g e  u s u a l l y  best  d e v e lo p ed  in 
t h e  more f i n e l y  i n t e r b a n d e d  u n i t s  ( P I . 3 - 4 8 ) .  In t h e  more 
competent  bands i t  is a spaced c l e a v a g e  ( P I . 3 - 4 5 )  w i t h  
q u a r t z  i n f i l l ,  fi pod-1 i ke  c r e n u l a t i o n  I i n e a t  ion is  somet imes  
de v e l o pe d  on t h e  compos i t e  b a n d in g ( S  banding+S1+S2)  s u r f a c e .

D4 d e f o r m a t i o n a I  phase

U p r i g h t  S E - t r e n d i  ng open b u c k l e  f o l d s  deform t h e  Fo 
( a s y m m e t r i c a l )  f o l d s  and t h e i r  a s s o c i a t e d  s t r u c t u r a l  
f e a t u r e s  ( P I . 3 - 5 1 ) .  G e n e r a l l y  t h e y  a r e  c o n c e n t r i c ,  w i t h  
s h a l l o w  p l un ge s  and i n t e r l i m b  a n g l e s  o f  9 0 - 1 2 0 ° ;  t h e  a n g l e  
i s  r e l a t e d  t o  t h e  degree  o f  development  o f  banding  shown by 
t h e  l i t h o l o g y ,  as we l l  as t h e  i n t e r l i m b  a n g l e  o f  t h e  
a f f e c t e d  f o l d s .  Uhere t he  amphibo I e - b e a r i n g  r oc ks  a r e  
d i s t i n c t l y  s c h i s t o s e  t h e  f o l d s  assume chevron shapes w i t h  
t h e  f r e q u e n t  deve lopment  o f  a s i n g l e  f r a c t u r e  a l o ng  t h e  
a x i a l  p l a n e .  Uhere F2 f o l d s  a r e  r e f o l d e d  t h e  i n t e r l i m b  a n g l e  
o f  t h e  F4 f o l d s  r e a c h es  i t s  h i g h e s t  v a l u e s ,  e . g .  a l o n g  t h e  
h i n g e  o f  t h e  m a j o r  synform as w e l l  as a l ong  i t s  s o u t h w e s t e r n  
I i mb.

3 . 2 . 3 .  DOMAIN I I I -METf lSEDIHEHTS

D-  band ing  d e f o r m a t i o n a I  phase

The band ing  in t h i s  u n i t  i s  a composi te  f e a t u r e ,  p r o b a b l y  
r e s u l t i n g  from m o d i f i c a t i o n  o f  l i t h o l o g i c a l  l a y e r i n g  ( i n  
s e d i m e n t s )  d u r i n g  D1, D2 and 03 d e f o r m a t i o n a I  phases .  The
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s e d i m e n t a r y  component o f  t h i s  s t r u c t u r e  is  best  dem on s t r a te d  

on a l a r g e  s c a l e  by t h e  I i t  ho l o g i c a l  v a r i a t i o n  ( 3 e e  Chap.
2 ) .  fit o u t c r o p  and m i c r o s c o p i c  s c a l e s  t h i s  s t r u c t u r e  is  
d i f f i c u l t  t o  u n e q u i v o c a l l y  i d e n t i f y  due t o  t h e  e f f e c t s  o f  D1 
t r a n s p o s i t i o n  and super imposed HI metamorphic  s e g r e g a t i o n  
( s e e  Chap.  7 ) .  T h i s  m o d i f i e d  I i t h o  l o g i c a l  l a y e r i n g  is  
obser ved  as r emnants  o f  mica -and  f e l d s p a r - r i c h  bands a l ong  
h i n ge s  o f  smal l  ( F I )  f o l d s  in more competent  u n i t s  such as 
micaceous q u a r t z i t e s  and s i l i c e o u s  mica s c h i s t s  ( P I . 3 - 5 3 ) .

D1 D e f o r m a t i o n a I  phase

D1 s t r u c t u r e s  a r e  r e p r e s e n t e d  in t h i s  domain by d e c i m e t r i c  
sea I e  f o I d s  wh i ch deform r e  I i  cs o f  t h e  1 band i n g ' and were  
deformed d u r i n g  t h e  subsequent  f o l d i n g  phases ( P I . 3 - 5 3 ) .  
U s u a l l y  t h e y  a r e  bes t  p r e s e r v e d  in t h e  more competent  
q u a r t z o f e I d s p a t h i c  and q u a r t z - r i c h  u n i t s ,  be i ng  in most 
cases  i s o c l i n a l  w i t h  t h i c k e n e d  noses and a t t e n u a t e d  l imbs  
( P I . 3 - 5 4 ) .  G e o m e t r i c a l  r e c o n s t r u c t i o n s  o f  Li  d i s p o s i t i o n  
i n d i c a t e s  a NU-N t r e n d  f o r  t h i s  I i nea t  ion;  u n f o l d i n g  
t e c h n i q u e  assumes t h a t  t h e r e  was no r o t a t i o n  o f  F2 f o l d s .

flway from zones o f  h i gh  D1 s t r a i n  t he  a x i a l  p l a n a r  f o l i a t i o n  
( S I )  i s^not  p a r t i c u I a r I y  s t r o n g  m u s c o v i t e - b i o t i t e  g r ow th .  In 
h i g h  s t r a i n  zones my I o n i t e s  a r e  dev e l o pe d ,  t h e i r  most 
pr omi nent  e x p r e s s i o n  be i ng  in t he  s i l i c e o u s  mica s c h i s t s  and 
f e l d s p a t h i c  s c h i s t s  w i t h  t he  more f e l d s p a t h i c  bands showing  
a p o r c e l a n i c  a pp ear ance  v e r y  s i m i l a r  t o  t h a t  seen in domain  
I (c_f. P i s  3 - 1 5  and 3 - 5 6 ) .  l i h i t e  q u a r t z  bands showing t h e  
LI  l i n e a t i o n  , in g e n e r a l  r e f o l d e d  by s t r o n g l y  non-  
c y l i n d r i c a l  ( F 2 )  f o l d s  a r e  a prominent  f e a t u r e  in c e r t a i n  
l i t h o l o g i e s  ( P I . 3 - 5 5 ) .

P l o t s  o f  a x i a l  p l a n e s  and axes o f  t he  few i d e n t i f i e d  FI  
f o l d s  show a l a r g e  d i s p e r s i o n  w i t h  p r e d o m i n a n t l y  NU s t r i k e s  
and s h a l l o w  d i p s  f o r  t h e  former  and s h a l l o w  p l unges  and N-NU 

t r e n d s  f o r  t h e  l a t t e r  ( s e e  Ch ap . 6 ) .
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D2 d e fo rm a t io n a I  phase

The d e f o r m a t i o n  o f  FI  f o l d s  (and t h e i r  a s s o c i a t e d  e l e m e n t s )  
by a p p r o x i m a t e l y  c y l i n d r i c a l  F2 f o l d s  gave r i s e  t o  t y p e  3 
i n t e r f e r e n c e  p a t t e r n s  ( P 1 . 3 —5 3 ) .  Where t he  F2 f o l d s  a r e  
dominant  in an o u t c r o p  t h e y  g e n e r a l l y  have s t e e p l y  d i p p i n g  
l imbs a f f e c t e d  by s m a l l e r  F3 f o l d s  and axes t h a t  a r e  bent  by 
t h e  000°  and 040°  phase (map 3 . 4 ) .  The F2 f o l d s  a r e  
i s o c l i n a l  t o  t i g h t  w i t h  t h i c k e n e d  h i nges  and a s s o c i a t e d  
minor  f o l d s .  Some s h o w  r e v e r s e  sense o f  c l o s u r e  o f  t h e  
h i n ge s  ( P I . 3 - 5 7 ) ,  and somet imes l oca l  t r a n s p o s i t i o n  o f  t h e  
f o l d e d  compo s i te  banding ( P l . 3 - 5 7 a ) .  In t h e  s i l i c e o u s  mica  
sch i s t , and i n some o t h e r  I i tho Iog i es in wh i ch a my I on i t  i c 
banding  was dev e l oped  d u r i n g  D1, t h e  F2 f o l d s  a r e  c o n v o l u t e  
( P I . 3 - 5 6 ) .  Because o f  t h i s ,  in some p l a c e s  F1 - F2  
r e l a t i o n s h i p s  cannot  be demon st ra t ed  u n e q u i v o c a l l y .
However ,  some F2 f o l d s  c l e a r l y  deform LI  which is  
p r o m i n e n t l y  dev e l oped  in t he  w h i t e  q u a r t z - r i c h  bands o f  
m y l o n i t i z e d  s ed i m e n t s .  There  t h e  F2 f o l d s  assume c o n i c a l  
shapes,  and t h e r e  is a r e a s o n a b l y  we I I - d e v e I  oped S2 
f o I i  a t  i on ( P I . 3 - 5 5 )  .

The 82 a x i a l  p l a n a r  f o l i a t i o n ,  which is a f i n e  mica g r ow th ,  
i s b e t t e r  de v e l o pe d  in t he  c y l i n d r o i d a l  f o l d s  t han  in some 
o f  t h e  c o n i c a l  ones,  be i ng  r e p r e s e n t e d  in t h e  l a t t e r  by a 
f i n e  c l e a v a g e  ( P I . 3 - 5 5 ) .  In t h e  c o n v o l u t e  f o l d s  t h i s  
f o l i a t i o n  ( S 2 )  i s  d i f f i c u l t  t o  i d e n t i f y  but  an i n t e r s e c t i o n  
I i n e a t  ion is  somet imes v i s i b l e  on t h e  banding s u r f a c e ;  
whet her  i t  i s  a D1 or  D2 f e a t u r e  i t  is d i f f i c u l t  t o  
d e t e r m i n e .  L i k e  t h e  F2 f o l d s  t h e s e  s t r u c t u r e s  have NW- 
t r e n d i n g  axes  and N W - s t r i k i n g  a x i a l  p l a n e s ,  t h e  d i p  o f  which  

i s  v a r i a b l e .

D3 d e f o r m a t i o n a l  phase
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In t h e  few p l a c e s  where r e f o l d i n g  r e  I a t i o n s h i p s  between F I ,  
F2 and F3 can be demon st ra t ed  w i t h  c o n f i d e n c e ,  t h e  
s u c c e s s i v e l y  formed f o l d s  a r e  a lmost  c o a x i a l ,  fo r mi ng  t y p e  3 
i n t e r f e r e n c e  p a t t e r n s  ( P I . 3 - 5 4 ) .  However,  p e r f e c t l y  c o a x i a l  
r e l a t i o n s h i p s  a r e  less  common t han  in domains I and I I  
( P I .  3 - 5 3 ) .  F3 r e f o l d i n g  o f  L1 and L2 a t  v a r i a b l e  a n g l e s  
( P i s .  3 - 6 1 ,  3 - 6 2 )  is v e r y  f r e q u e n t l y  e x p re s se d ,  v a r i a t i o n  in 
at  t i  t u de  be i ng a t  t r  i but  ed t o de format  i on o f  p r e - e x  i s t  i nq 
cur ved  f e a t u r e s ,  as we l l  as t o  t yp e  o f  mechanism o f  
d e f o r m a t i o n  a c t i v e  d u r i n g  t he  03 phase ( se e  C h a p . 6 ) .  
S t e r e o n e t s  in C h a p te r  6 show t h e  h i g h e r  d i s p e r s i o n  o f  axes  
and d i s t r i b u t i o n  o f  a x i a l  p l a n es  o f  t he se  f o l d s .

F3 f o l d s  a r e  gener a  M y  t i g h t  t o  i soc l  i n a l , some w i t h  
a m p l i t u d e s  in t h e  range  o f  5 - 1 0  m et re s .  The e x i s t e n c e  o f  
long l imbs ,  f r e q u e n t l y  a t t e n u a t e d  where t h e r e  a r e  d u c t i l i t y  
c o n t r a s t s ,  makes t h e  e x p r e s s i o n  o f  t h e se  f o l d s  d i f f e r e n t  
from t h e  F3 f o l d s  in domain I I .  In p l a c e s ,  a t t e n u a t e d  l imbs  
pass i n t o  t h r u s t  p l a n e s  ( P l . 3 - 5 9 a )  showing a s o u t h w e s t e r l y ,  
or  more f r e q u e n t l y ,  n o r t h e a s t e r  Iy d i r e c t i o n  o f  t e c t o n i c  
t r a n s p o r t . P a r a s i t i c  minor  f o l d s  and b i f u r c a t i o n  o f  t h e  
h i n ge s  p r od u c i n g  axes w i t h  q u i t e  v a r i a b l e  t r e n d s  ( P I . 3 - 6 0 )

lingat'ons t
a r e  common f e a t u r e s .  S I i ckens i d e m an d  q u a r t z  f i b r e  g rowths  
a t  h i g h  a n g l e s  t o  t h e  F3 f o l d  axes a r e  somet imes seen on t h e  
compos i t e  banding  s u r f a c e  ( P I . 3 - 6 1 ) ,  i n d i c a t i n g  t h e  a c t i v e  
c h a r a c t e r  o f  t h i s  banding  d u r i n g  t he  03 phase.  E x t e n s i o n  o f  
t h e  compos i t e  banding  a l ong  t he  o u t e r  l a y e r s  and smal l  
t h r u s t s  in t h e  co r e  o f  t h e  f o l d s  a r e  somet imes observed  
( P I . 3 - 5 9 ) .

fln a x i a l  p l a n a r  g r a d a t i o n a l  c r e n u l a t i o n  c l e a v a g e  ( u s u a l l y  
t i g h t )  is g e n e r a l l y  r e s t r i c t e d  t o  t he  h i nge  zones;  where  
l i t t l e  a f f e c t e d  by l a t e r  phases i t  has a s u b - h o r i z o n t a l  
a t t i t u d e .  In t h e  more s i l i c e o u s  u n i t s  t h i s  c l e a v a g e  shows a 
t r a n s i t i o n  t o  a f i n e l y  spaced c l e a v a g e .  Uhere t h i s  
i n t e r s e c t s  w h i t e  q u a r t z  bands rods  a r e  formed.  L3 is  
f r e q u e n t l y  seen in t h e  more micaceous u n i t s  as a ' pod-1  i k e '  
c r e n u l a t i o n  I i n e a t  ion ( P I . 3 - 6 2 )
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D4 d e f o r m a t i o n a I  phase

The F4 f o l d s  ( b e s t  dev e l oped  in t h e  met ased iment s  a l o n g  t h e  
shore  o f  Loch Maree but  p o o r l y  shown in t h e  s i l i c e o u s  mica  
s c h i s t s ) ,  deform F3 f o l d s .  Due t o  t h e i r  l a r g e  w a v e l e n g t h  
compared t o  FI  and F2 f o l d s ,  t h e  e f f e c t s  o f  t h e s e  open  
b u c k l e s  a r e  most p r o m i n e n t l y  shown in t h e  f i e l d  by t h e  
m o d i f i c a t i o n s  t h e y  cause t o  t he  d i p  o f  t h e  a x i a l  p l a n e s  o f  
t h e  o I d e r  F3 f o l d  p h a s e s . S i nee t h e  r e f  o I d  i nq is  a I most  
c o a x i a l  ( t y p e  3 i n t e r f e r e n c e  p a t t e r n s )  t h e  a t t i t u d e s  o f  axes  
o f  phases e a r l i e r  than  F3 a r e  v i r t u a l l y  u n m o d i f i e d  ( s e e  
C h a p . 6 ) .  The F4 f o l d s  a r e  open u p r i g h t  ( o r  s t e e p l y  
i n c l i n e d )  warps w i t h  s h a l l o w l y  p l u n g i n g  axes ( P I . 3 - 6 3 ) .
Most a r e  c o n c e n t r i c  but  in some p l a c e s  t h e y  show che v ro n  
s t y l e .  There  is  an a x i a l  p l a n a r  spaced c l e a v a g e  in most o f  
t h e  u n i t s  but  in some mica s c h i s t s  a gross  c r e n u l a t i o n  
c l e a v a g e  i s  d e v e lo p ed .  T h e i r  t r e n d s  a r e  HU—H and most o f  
t h e  a x i a l  p l a n e s  d i p  t owards  t h e  n o r t h e a s t .

3 . 2 . 4  DOrtf l lN  I U -  MARBLES

D - ban d i ng  d e f o r m a t i o n a I  phase

I t  is as d i f f i c u l t  t o  assess  t h e  n a t u r e  o f  t he  ' e a r l y *  
banding  in t h i s  domain as i t  i s  in domain I I .  i t  c o n s i s t s  
o f  an a l t e r n a t i o n  o f  pure  and impure (amphibo I e - b e a r i n g )  
bands o f  v a r i a b l e  t h i c k n e s s ,  t o g e t h e r  w i t h  o c c a s i o n a l  bands  
o f  amphibo Ie s c h i s t s  ( P I . 3 - 6 8 )  and w h i t e  q u a r t z  ( P I . 3 - 6 5 ) .  
Patches  r i c h  in g a r n e t  a r e  somet imes observed amongst t h e  

impure m a r b l e .

The u n c e r t a i n t y  in t h e  c o r r e l a t i o n  o f  t h e  f o l d s  and 
f o l i a t i o n s  in t h i s  domain w i t h  t ho se  in o t h e r  domains,  and 
t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  t h e  l i t h o l o g i e s  mean t h a t  t h e  
development  o f  t h e  banding  cannot  be a s c r i b e d  t o  a s p e c i f i c  
phase o f  d e f o r m a t i o n .  I t  co u ld  be t h e  r e s u l t  o f  s e d i m e n t a r y
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l a y e r i n g ,  D1, D2 , or  euen a c o mb i n a t i o n  o f  t h e s e .  The 
m y l o n i t i c  component i3  s t r o n g ,  so t h a t  D1 d e f o r m a t i o n  p l a y e d  
a s i g n i f i c a n t  o r  maj or  r o l e  in i t s  deve lopment  ( s e e  
Chap. 5 ) .

D - ' e a r l y '  d e f o r m a t i o n a I  phase

The e a r l i e s t  r e c o g n i z e d  se t  o f  f o l d s  show t h e  w i d e s t  r ange  
o f  s t y l e s ,  from i n t r a f o l i a l  and i s o c l i n a l  ( i n  which  
a t t e n u a t i o n  o f  l imbs ,  t h i c k e n i n g  o f  h i n ge s  and nose  
detachment  a r e  common: P i . 3 —6 6 ) ,  t o  c o n c e n t r i c  ( P I . 3 - 6 8 )  and 
box f o l d s  ( P I . 3 - 6 4 ) .  They f o l d  t h e  ' e a r l y '  compo s i te  
banding  and a r e  u s u a l l y  n o n - c y I i n d r i c a I  p l a n e  ( P I . 3 - 6 7 )  t o  
no n -c y I  i n d r i c a I  n o n - p l a n e  in p l a c e s .

fix i a I p l a n a r  f a b r i c  is not  common, but  where seen is  a f i n e
and c l o s e l y - s p a c e d  c l e a v a g e  which g i v e s  r i s e  t o  an
i n t e r s e c t i o n  I i n e a t  ion on t h e  s u r f a c e  o f  t h e  b a n d i n g .  Where
amphibo I e - m i c a  s c h i s t s  a r e  a f f e c t e d  t h e r e  is  a l o c a l
development  o f  a g r a d a t i o n a l  c r e n u l a t i o n  c l e a v a g e  ( P I . 3 - 6 8 ) .  
The e x i s t e n c e  o f  much t i g h t e r  f o l d s  in t h i n  s i l i c e o u s  l a y e r s  
i n te r b a n d e d  in t h e  d o l o m i t i c  marb l e  ( P I , 3 - 6 5 )  p r o v i d e s  
ev i d e n c e  c o n c e r n i n g  t h e  magni tude o f  t h e  l a y e r  p a r a l l e l  
s h o r t e n i n g  s u f f e r e d  by t h e  t h i c k e r  c a r b o n a t e - r i c h  bands.  
Apar t  from t he  b an d in g ,  smal l  boudins  and mul l  ions a r e  t he  
o n l y  r e f o l d e d  s t r u c t u r e s  obser ved .  The boudins  seem t o  be 
i m b r i c a t e d  at  t h e  c or e s  and s t r e t c h e d  out  ( a l o n g  t h e  
b an d i ng )  in t h e  o u t e r  p a r t s  o f  t he  f o l d s  ( P I . 3 - 6 8 ) .  The 
mul l  ions ,  which were observed  o n l y  a t  one l o c a l i t y  in t h i s  
domain [NG 952 7 2 0 ] ,  a r e  a t  h i gh  a n g l e  t o  t h e  f o l d  axe s .

D4 d e f o r m a t io n a I  phase

Uery open u p r i g h t  warps a f f e c t  th e  f o l d s  and f a b r i c s  
d e s c r i b e d  above.  T h e i r  a x i a l  p l a n a r  f a b r i c  is  a c on v e r g e n t
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fann i ng spaced c 1 eavage tuh i ch i s somet i mes d i f f  i cu 11 t o  
i d e n t i f y  ( P I . 3 - 6 6 ) .  T h i s  is  due t o  both  ( 1 )  t h e  
s u p e r i m p o s i t i o n  o f  f r a c t u r e s  a s s o c i a t e d  w i t h  t h e  deve lopment  
o f  t h e  N U - t r e n d i n g  f a u l t s  and ( 2 )  t h e  l a r g e  
w a v e l e n g t h / h e i g h t  r a t i o s  o f  t h e  F4 warps t h a t  make i t  
d i f f i c u l t  t o  r e l a t e  t h e  p o s i t i o n  o f  t h e  c l e a v a g e  t o  t h e  
geometry  o f  t h e  f o l d s .

3 . 2 . 5  D - L f lT E  DEFORHATIOHflL  PHASES ( i n  D O HA IH S  

I , M , I I I , I U )

fl number o f  s e t s  o f  u p r i g h t  open warps t h a t  p o s t d a t e  t h e  D4 
s t r u c t u r e s  r e t a i n  a r e g u l a r i t y  o f  a t t i t u d e , ,  i n t e r  l imb a n g l e  
and d i mens i ons  t hr ou gh ou t  t h e  whole a r e a .  A c c o r d i n g l y  t h e y  
a r e  d e s c r i b e d  c o l l e c t i v e l y  as s e t s ,  and not  domain by 
domain.  The s t r i k e  o f  a x i a l  p l a n e s  (and t r e n d  o f  a x e s )  
remai ns  f a i r l y  c on s t a n t  f o r  each se t  ( see  C h a p . 6 )  and f o r  
con ven i ence  t h e y  a r e  r e f e r r e d  t o  a c c o r d i n g  t o  t h e  s t r i k e  o f  
t h e i r  a x i a l  p l a n e s  as measured in t h e  f i e l d ;  0 0 0 ° ,  0 4 0 ° ,  
e t c .  The warps a r e  u s u a l l y  o f  smal l  a m p l i t u d e  and I a r g e  
w av e l e ng t h  and a r e  commonly c o n f i n e d  t o  r e l a t i v e l y  nar row  
b e l t s .  A x i a l  p l a n a r  f a b r i c s  a r e  g e n e r a l l y  spaced c l e a v a g e s  
and t h e  r e l a t i v e  ages of  some o f  t h e  phases was e s t a b l i s h e d  
on t h e  b a s i s  o f  c r o s s - c u t t i n g  c l e a v a g e s  in t h e  few p l a c e s  
where r e l a t i o n s h i p s  were observed ( P I .  3-71. ,  maps 3.1. ,  3 -
3 . 4 ) .

The o l d e s t  o f  t h e s e  l a t e  d e f o r m a t i o n a I  phases a r e  t h e  000°  
and 040°  s e t s ,  but  d i r e c t  e v i d e n c e  t o  e s t a b l i s h  which o f  
t h e s e  two is  t h e  o l d e r  has not  been o b t a i n e d .  The 06 0 °  and 
090°  s e t s  a r e  even younger  ( 0 0 0 °  and 040°  were a f f e c t e d  by 
060°  and 0 9 0 ° ) ,  but  once a g a i n ,  mutual  r e  I a t i o n s h i p s  o f  
t h es e  two s e t s  c ou l d  not  be e s t a b l i s h e d  w i t h  c o n f i d e n c e .  
However ,  based on f a c t o r s  such as a g en er a l  d e c r e a s e  in t h e  
d u c t i l i t y  o f  t h e  a f f e c t e d  r oc ks  ( i n d i c a t e d  by an i n c r e a s e  in
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t he i nt  e r  I i mb ang I e , wave I engt  h / h e  i ght  r a t  i os and 
p e r v a s i v e n e s s  o f  t he  a x i a l  p l a n a r  f o l i a t i o n s ) ,  i t  was 
assumed t h a t  t h e  0000°  was t h e  o l d e s t  phase o f  d e f o r m a t i o n  
f o l l o w e d  by D 0 4 0 ° , 0060°  and 0 0 9 0 ° .  A l though i t  seems 
obv ious  t h a t  f a c t o r s  such as ( 1 )  v a r i a t i o n  o f  s t r a i n  
m agn i t ude ,  ( 2 )  n a t u r e  o f  t h e  a f f e c t e d  i i t h o l o g y ,  and ( 3 )  
p r e v i o u s  a t t i t u d e  o f  t he  f o l d e d  s t r u c t u r e ,  co u ld  a l l  p roduce  
s i m i l a r  f e a t  u r e s , t h i s  sequence is cons i s t  ent  w i t h  t h e  few 
p i e c e s  o f  e v i d e n c e  f o r  t h e  r e l a t i v e ,  age o f  t h e  f o l d  s e t s  
( see a b o v e ) ,  and a I so p r ov i  des an i n i t i a l  work i ng hypot  hes i  s 
w i t h o u t  m a t e r i a l l y  a f f e c t i n g  t h e  o v e r a l l  c o r r e l a t i o n  o f  
d e f o r m a t i o n a I  phases.

R e a c t i v a t i o n  o f  t he se  I a t e - f o r m e d  c l e a v a g e s  a s s o c i a t e d  w i t h  
b r i t t l e  d e f  ormat  ion is v e r y  common. 11 i s p a r t  i c u I a r I y
s t r o n g  a l o n g  t h e  000°  and 040°  d i r e c t i o n s  g i v i n g  r i s e ,  in 
s e v e r a l  i n s t a n c e s  to  f a u l t  zones .  In some p l a c e s  where  
t h e s e  zones o f  f r a c t u r e s  i n t e r s e c t  each o t h e r  t h e  
f r a g m e n t a t i o n  o f  t he  a f f e c t e d  i i t h o l o g y  is  r e m a r k a b l e  g i v i n g  
r i s e  t o  ' chess  b o a r d ’ p a t t e r n s  ( P I . 3 - 7 2 ) .  In many 
l o c a l i t i e s  f r a c t u r e s  t r e n d i n g  060°  and 090°  cut  a c r o s s  l a t e  
crush  zones ,  s u g g e s t i n g  t h a t  t h ey  r e p r e s e n t  r e a c t i v a t i o n  
a f t e r  t h e  development  o f  t he  Loch Maree f a u l t  se t  w i t h  which  
t h e  c r ush  zones a r e  p r o b a b l y  a s s o c i a t e d .

The f o l d s  o f  t h e s e  l a t e  d e f o r m a t i o n a I  phases have sub­
v e r t i c a l  a x i a l  p l a n e s ,  a r e  not  c y l i n d r i c a l ,  and show 
v a r i a b I e  o r i e n t a t i o n  o f  axes m a i n ly  due to  t h e  c o n t r o l  by 
t h e  geomet ry  o f  t he  p r e v i o u s  s t r u c t u r e .  These ' c r o s s  f o l d s '  
were p r o b a b l y  r e s p o n s i b l e  f o r  changes in o r i e n t a t i o n s  o f  D4 
and e a r  I i e r  formed s t r u c t u r e s .  However any such changes  
would o n l y  be s l i g h t  because o f  t he  l a r g e  i n t e r ! i m b  a n g l e s  
and smal l  a m p l i t u d e s  o f  t h e s e  c o n c e n t r i c  f o l d s  which d i e  out  

a l o ng  t h e i r  a x i a l  p l a n e s .

D 000°  d e f o r m a t i o n a I  phase

Fo l ds  ( F 0 0 0 ° )  which deform F4 - S4 ,  and p a r t i c u l a r l y  t h e  t r e n d  
of  o l d e r  l i n e a t i o n s  ( L 3 ,  L 2 - L 1 ) ,  va r y  from b e i ng  c o n c e n t r i c
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asymmet r  i ca I ( s i n i st  r a  I ) uj i t h pa r a s  i t  i c mi nor  f  o I ds i n some 
of  t h e  more massive u n i t s  ( e . g .  t h e  amphi bo l e  s c h i s t  o f  t h e  
s o u t h w e s t e r n  l imb o f  t h e  maj or  synform , P I . 3 - 6 9 ) ,  t o  
s ym me t r i c a l  u p r i g h t  cheuron f o l d s  and k i n k  bands in some o f  
t h e  c h l o r i t e  s c h i s t s  i n t e r b a n d e d  w i t h  t h e  m a r b l e s .  Host  a r e  
open s t r u c t u r e s ,  w i t h  v a r i a b l e  p l unge  o f  axes but  f a i r l y  
c o n s t a n t  t r e n d  and s t r i k e  o f  t h e  a x i a l  p l a n e  ( 0 0 0 ° ) .  The 
i n t e r l i m b  a n g l e  v a r i e s  from 70°  t o  150° and t h e  f o l d s  
u s u a l l y  show round h i nges  and v a r i a b l e  w a v e l e n g t h  t o  h e i g h t  
r a t i o s  ( b ut  f r e q u e n t l y  about  8 )  (c_f. Hansen 1 9 7 1 ) .  The 
a x i a l  p l a n a r  f o l i a t i o n  is a s t e e p l y  d i p p i n g  c on ve r ge nt  
spaced c l e a v a g e  ( S 0 0 0 ° ) but  in more micaceous u n i t s  a zonal  
c r e n u l a t i o n  c l e a v a g e  is not  uncommon. E v ide nce  o f  
r e a c t i v a t i o n  o f  t h i s  c l e a v a g e  is  shown by t h e  common 
development  o f  b r i t t l e  f e a t u r e s  which c o n t a i n  c a l c i t e ,  
q u a r t z  and c h l o r i t e .

The F000°  f o l d s  a r e  i r r e g u l a r l y  d i s t r i b u t e d .  T h e i r  bes t  
development  i s  where t h e  compos i t e  band ing  was s t e e p l y  
d i p p i n g  ( P I . 3 - 6 9 ) .

D 040°  d e f o r m a t i o n a I  phase

The 040°  f o l d s  a r e  u s u a l l y  u p r i g h t  sym me t r i c a l  g e n t l e  warps  
w i t h  round h i n g e s ,  i n t e r l i m b  a n g l e s  o f  9 0 ° - 1 6 0 ° ,  and l a r g e  
w av e l e ng t h  t o  h e i g h t  r a t i o s  ( 10  upwards;  P I . 3 - 7 0 ) .  They a r e  
best  dev e l oped  where a f f e c t i n g  a s u b - h o r i z o n t a l  compos i t e  
band ing ,  and f r e q u e n t l y  deform L1 - L2  and a s s o c i a t e d  f o l d s  
( P I . 3 - 7 0 ) .  There  is an a x i a l  p l a n a r  spaced c l e a v a g e  ( S 0 4 0 ° )  
in most o f  t h e  l i t h o l o g i e s  but  in more micaceous u n i t s  a 
wide c r e n u l a t i o n  c l e a v a g e  is somet imes o bs er ved .  fls in t he  
case o f  S 0 0 0 ° , b r i t t l e  f r a c t u r e s  p a r a l l e l  t o  S040°  i n d i c a t e  
r e a c t i v a t i o n ;  in some cases t h e s e  f r a c t u r e s  appear  t o  cut  
and d i s p l a c e  0 0 0 ° - o r i e n t e d  f r a c t u r e s .  The p r ese nce  o f  
q u a r t z ,  opaque m i n e r a l s ,  c a l c i t e  and somet imes t h e  pr ese nce  
o f  f r e s h - I o o k i n g  p l a g i o c l a s e  a l ong  zones cut  by t h e s e  
f r a c t u r e s  i n d i c a t e s  t he y  were channel  ways f o r  f l u i d s .  In

Structural Geology -  Loch Maree 40 Chapter 3 -  Structural Features



p l a c e s ,  r e a c t i v a t i o n  has g i v e n  r i s e  t o  f a u I t - b r e c c i a ,  f o r  
example in t h e  m ar b l es  on t h e  n o r t h w e s t e r n  l imb o f  t h e  major  
synform [NG 958 7 2 4 ] ,  P y r i t e  c r y s t a l s  up t o  5cm a c ro s s  occur  
in a pure  c a l c i t e  ’ m a t r i x '  produced by f r a g m e n t a t i o n  and
r e m o b i l i z a t i o n  o f  t h e  host  r o c k .

The f a i r l y  c o n s t a n t  s t r i k e  o f  a x i a l  p l a n e s  and t r e n d  o f  axes
o f  t  hese f o l d s  is  one o f  t he i r  p r i  no i pa I c h a r a c t e r  i s t  i c s .

D 060° d e f or mat  i onaI  phase

The f o l d s  ( F 0 6 0 ° )  dev e l oped  d u r i n g  t h i s  phase a r e  r a r e l y  
seen in most o f  t h e  I i t h o l o g i c s ,  be i ng  r e s t r i c t e d  t o  t h e  
marbl es  and some o f  t h e  mica s c h i s t s  where S composi t e  is  
f l a t - l y i n g .  T h e r e ,  war p ing  o f  t h e  a x i a l  p l a n e  o f  F e a r l y  
recumbent  f o l d s  ( S 3 )  and o f  ' L - e a r l y '  I i n e a t  ions a r e  t h e  
most common f e a t u r e s .  They a r e  exp re ssed  as a s e t  o f  g e n t l e  
warps w i t h  a v e r y  spaced a x i a l  p l a n e  c l e a v a g e  ( S 0 6 G ° ) .  The 
b r i t t l e  o v e r p r i n t i n g  is m a n i f e s t  as f a u l t  zones showing  
e i t h e r  s i n i s t r a  I or  d e x t r a l  sense o f  movement ( P I . 3 - 7 3 ) .
Some such zones which show i n t e n s e  c a t a c l a s i s ,  c r o s s - c u t  
crush b e l t s  a s s o c i a t e d  w i t h  t h e  Loch Maree f a u l t  s e t .  T h i s  
i n d i c a t e s  t h a t  r e a c t i v a t i o n  took  p l a c e  more t han  once.

D 090°  d e f  o r m a t i o n a l  phase

L i k e  F060°  f o l d s ,  F090°  f o l d s  a r e  v e r y  r a r e .  They a r e  
u p r i g h t  g e n t l e  warps and spaced k i n k s  t h a t  a f f e c t  t h e  o l d e r  
s t r u c t u r e s ,  p a r t i c u l a r l y  t h e  most p e r v a s i v e  l i k e  L 1 —S 1. in 
v e r y  few l o c a l i t i e s  S090°  c u t s  a c r os s  SG00°,  and in p l a c e s  
i t  can be seen t o  be an a x i a l  p l a n a r  spaced c l e a v a g e  
a s s o c i a t e d  w i t h  t h e  few f o l d s  o f  t h i s  phase deve loped  in 
c a r b o n a t e - b e a r i n g  u n i t s  and in m i c a - s c h i s t s . R e a c t i v a t i o n  
o f  t h i s  s t r u c t u r e  gave r i s e  t o  smal l  f a u l t s  w i t h  d e x t r a l  
d i s p l a c e m e n t ,  some o f  which cut  a c r os s  c rush  b e l t s  
a s s o c i a t e d  w i t h  t h e  Loch Maree f a u l t  s e t .

3 . 2 . 6  FAULTS
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Normal f a u l t s

T h i s  s e t  o f  s t r u c t u r e s  i s  o n l y  seen on t h e  n o r t h e a s t e r n  l imb  
o f  t h e  m aj or  synform where i t  i s  a p p a r e n t l y  c r o s s - c u t  by 
s t e e p l y - d i p p i n g  c r ush  b e l t s  ( P I . 3 - 7 7 ) .  I t  c o n s i s t s  o f  a se t  
o f  N U - s t r i k i n g  normal  f a u l t s  w i t h  low d i p s  ( a round  4 5 ° )  and 
movement o f  t h e  hanging  w a l l  t owards  t he  SU.

Crush b e l t s

S t r u c t u r e s  a s s o c i a t e d  w i t h  t h e  Loch Naree f a u l t  compr ise  
r e l a t i v e l y  nar row ( lG-5Gm)  c r ush  b e l t s  deve l oped  in t h e  
n o r t h e r n  p a r t  o f  t h e  a r e a .  T h e i r  a t t i t u d e  g e n e r a l l y  
c or r es ponds  t o  t h a t  o f  t h e  a x i a l  p l a n es  o f  F4 f o l d s  but  
d e t a i l e d  o b s e r v a t i o n  shows t h e r e  t o  be a d i s c o r d a n t  
r e l a t i o n s h i p  ( P I . 3 - 7 4 ) .  The i n t e r d i g i t a t i o n  o f  t h e  
amphi bo l e  s c h i s t s  and a s s o c i a t e d  l i t h o l o g i e s  w i t h  t h e  
g n e i s s e s  a l o ng  t h e  HE l imb o f  t h e  l a r g e  synform is  produced  
by t h e s e  f a u l t s  which cut  a c r os s  ( a t  low a n g l e s )  t h e  
I i  t  ho l o g i c a l  b o u n d a r i e s  and t h e  normal  f a u l t s .  The d i p  o f  
t h e  c r ush  b e l t s  is u s u a l l y  c.  80°  t o  v a r i a b l e  q u a d r a n t s  
( n o r m a l l y  t o  SU) .  In t h e  few i n s t a n c e s  where t h e i r  sense o f  
movement , on a s u b - h o r i z o n t a l  s u r f a c e ,  cou ld  be d e t e r m i n e d ,  
i t  is s i n i s t  r a  I .

The development  o f  f a u I t - b r e c c i a  is a d i s t i n c t  a l t h o u g h  
l o c a l i z e d  f e a t u r e  ( P I . 3 - 7 8 ) .  G e n e r a l l y  t he  f a u l t  zone  
c o n s i s t s  o f  b l o c k s  o f  r e l a t i v e l y  l ess a f f e c t e d  r o ck s  ( w i t h  
F4 f o l d s  s t i l l  p r e s e r v e d )  sur rounded  by zones o f  more s e v e re  
c a t a c l a s i s .  Uhen a f f e c t i n g  t h e  i r o n - r i c h  s c h i s t s  o f  t h e  
' C h a r r  b a n d 1 ( s ee  F i g . 2 . 1 )  t h e  b r e c c i a t e d  zones a r e  cemented  
by l i m o n i t e  which in p l a c e s  show3 p l a n a r  s t r u c t u r e s  l o ok i ng  
l i k e  a f o l i a t i o n  ( P I . 3 - 7 5 ) .  On t h e  o t h e r  hand where t h e  
f i n e r  g r a i n e d  g n e i s s e s  and amphibo I i t e s  a r e  t h e  a f f e c t e d  
r ocks  o f  t h e  f a u l t  zone t h e y  show a w h i t i s h  c o l o u r  and look  

massive a t  a d i s t a n c e .

Reverse  f a u l t s
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fl v e r y  few examples o f  r e v e r s e  f a u l t s  were seen on t h e  
n o r t h e a s t e r n  l imb o f  t h e  maj or  syn form.  They show s t e e p  
d i p s  ( 6 0 - 7 0 ° ) ,  a p p r o x i m a t e l y  E-U s t r i k e s  and a N-NE 
d i r e c t i o n  o f  t r a n s p o r t  w i t h  d i s p l a c e m e n t s  in t h e  o r d e r  o f  
few c e n t i m e t r e s  ( P I . 3 - 7 7 ) .  A l though  t h e y  seem t o  a f f e c t  
e x i s t i n g  c a t a c l a s t i c  r o c k s ,  une qu i voca l  d e t e r m i n a t i o n  o f  
t h e i r  p o s i t i o n  in t h e  o v e r a l l  sequence or  o f  t h e i r  p r i m a r y  
or  r e a c t i v a t e d  n a t u r e  has not  been made.

3 . 3  BASES OF CO RR ELA TION AND T H E I R  A P P L I C A T I O N  TO 
THE LOCH NAREE AREA

The a p p l i c a t i o n  and v a l i d i t y  o f  t h e  methods o f  s t r u c t u r a l  
a n a l y s i s  has been an i n t e g r a l  p a r t  o f  t h e  s y s t e m a t i c  s t u d y  
o f  o r o g e n i c  b e l t s  o v e r  t h e  past  2 5 - 3 0  y e a r s  ( e . g .  Ramsay 
1 9 5 8 , 1 9 6 7 ,  T u r n e r  and Ue i s s  1963,  Hobbs e t  a I . 1 9 7 6 ) .  Much 
o f  t h e  e a r l i e r  work ( e . g .  Clough 1897,  Hi Ison 1951 ) was 
g e n e r a l l y  o f  l o ca l  n a t u r e  but  t h e  past  q u a r t e r  o f  a c e n t u r y  
has 3een a c o n s t a n t  reassessment  ot  t h e  s i g n i f i c a n c e  o f  
s t r u c t u r a l  f e a t u r e s  in r e g i o n a l  s t u d i e s ,  not  l e a s t  in 
r e  I a t  i on t o  t h e  i r  v a I u e  as c r  i t e r  i a f o r  c o r r e I  a t  i o n . fis an 
example ,  f o l d  s t y l e  which Park  ( 1 9 6 9 ,  p p . 3 3 6 , 3 2 9 )  c o n s i d e r e d  
t o  be o f  ' l i t t l e  v a l u e  in c o r r e l a t i o n '  and i t s  use ' s h o u l d  
be abandoned'  is c o n s i d e r e d  by Hopgood ( 1 9 8 4 ,  p . 233 )  as 
be i ng  o f  fundamenta l  i mpor tance  in c o r r e l a t i o n  and by 
U i l l i a m s  ( 1 9 8 5 ,  p . 2 7 0 )  as ' t h e  best  s i n g l e  c h a r a c t e r i s t i c  
f o r  mean i ngf u l  g r o u p i n g  or  c o r r e l a t i o n  o f  s t r u c t u r e s '  ( but  
3ee a l s o  U i l l i a m s  1 9 7 0 ) .  L i k e w i s e  assessment  o f  other-  
i n d i v i d u a l  s t r u c t u r a l  c h a r a c t e r i s t i c s  has r e s u l t e d  in 
s i m i l a r l y  d i v e r g e n t  o p i n i o n s .  Uhat a r e  c o n s id e r ed  t h e  more 
s e c u re  c r i t e r i a  f o r  c o r r e l a t i o n  such as o v e r p r i n t i n g  
r e l a t i o n s h i p s  (Hobb3 e t  a I . 1976,  H c L e l I a n  1984)  or  even t h e  
a p p l i c a t i o n  o f  r e s u l t s  o f  e x p e r i m e n t a l  work in s t r u c t u r a l  
a n a l y s i s ,  can be c r i t i c i z e d  i f  i n d i v i d u a l  a sp ec t s  a r e  t a k e n  
in i s o l a t i o n .  I t  i s  p o s s i b l e  to  use f a c t o r s  l i k e  t h e  non-
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coax i a I n a t u r e  o f  t h e  s t r a  i n ( B o r r a d a i I e  1 9 7 2 , 1 9 7 u , Bay Iy 
1974,  Ramsay 1976,  Gray 1981)  or  t h e  d i f f i c u l t i e s  i n v o l v e d  
in t h e  e x t r a p o l a t i o n  o f  l a b o r a t o r y  r e s u l t s  t o  g e o l o g i c a l  
c o n d i t i o n s  ( P a t e r s o n  1976)  t o  pose problems in any 
i n t e r p r e t a t i o n . However ,  use o f  t he  c o mb i n a t i o n  o f  as many 
s t r u c t u r a l  f e a t u r e s  as p o s s i b l e  would appear  t o  r e s u l t  in 
p r o v i d i n g  an i n t e g r a t e d  group o f  c r i t e r i a  t h a t  can be used 
w i t h  c o n s i d e r a b l e  c o n f i d e n c e  and lead to  s e l f  c o n s i s t e n t  
i n t e r p r e t a t i o n s  ( c f .  Huber  e t  a 1 . 1980,  Park  and Bowes 1983,  
U i l l i a m s  1 9 8 5 ) .  Uhere i s o t o p i c  da t a  can be i n t e g r a t e d  ( e . g .  
Bl a ck  e t  a l .  1979,  Hopgood et  a I . 1983,  C l i f f  1985)  
c o r r e l a t i o n  can be e s t a b l i s h e d  acr oss  l a r g e r  a r e a s  w i t h  
r e a s o n a b l e  c e r t a i n t y  ( s e e  Hobbs et  a i .  1976,  p .355  and 
Chap . 8 ) .

A l t hough  t h e  p r ese nce  o f  w e l l - b e d d e d  u n i t s  ( e . g .  q u a r t z i t e s  
which d e l i n e a t e  t h e  geomet ry  o f  l a r g e  f o l d s )  and t h e  
p r e s e r v a t i o n  o f  p r i m a r y  f e a t u r e s  ( e . g .  graded b e d d i n g )  in 
low g r ade  t e r r a n e s  lead t o  a h i g h e r  c o n f i d e n c e  l e v e l  in 
c o r r e l a t i o n ,  t h e  c r i t e r i a  u t i l i z e d  in t h e  a n a l y s i s  o f  t h e s e  
r oc ks  a r e  t h e  same as t h o s e  a p p l i e d  in h i g h e r  grade  and more 
i n t e n s e l y  deformed met amorphic  t e r r a n e s  such as in t h e  Loch 
Maree a r e a .  A c c o r d i n g l y  any c r i t i c i s m s  o f  t h e  use o f  
st  r u c t  u r a I  ana l y s i s  as a basi  s f or  c o r r e I  at  i on in t h e  I a t  t e r  
( c f .  M c L e l l a n  1984)  have t o  be v iewed in t h e  l i g h t  o f  t h e i r  
a p p l i c a t i o n  t o  t h e  f o r me r .  Such c r i t i c a l  assessment  o f  t h e  
method and o f  i t s  l i m i t a t i o n s  p r o v i d e s  t he  b a s i s  f o r  both  an 
improvement  o f  i t s  a p p l i c a t i o n  and the  development  o f  a 
b e t t e r  t e c h n i q u e  ( c f .  Popper  1 9 5 9 ) .  Such advances co u ld  not  
o n l y  p l a y  a r o l e  in r e l a t i o n  t o  the  advancement o f  
u n d e r s t a n d i n g  o f  p r o c e ss es  o p e r a t i v e  in t he  deep l e v e l s  o f  
o r o g e n i c  b e l t s  but  a l s o  in t he  sea r ch  f o r  and e x p l o i t a t i o n  
o f  t h e  commonly o c c u r r i n g  s u l p h i d e  ore  bod ies  in m u l t i p l y  
deformed h i g h - g r a d e  met amorphic  t e r r a n e s ,  p a r t i c u l a r l y  in 
P r ec a mb r i a n  S h i e l d  a r e a s  ( s e e  K o i s t i n e n  1 98 1 ) .

As t h e  t e c h n i q u e  o f  s t r u c t u r a l  a n a l y s i s  is e s s e n t i a l l y  based  
on f i e l d  o b s e r v a t i o n  i t  s hou l d  not  be s u b j e c t  t o  t h e  t y p e  o f  
v a r i a t i o n s  t h a t  a r e  i n h e r e n t  in methods t h a t  r e l y  on
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i nt  e r p r e t a t  i on (Hopgood 1980,  p.67).  However,  even in t h i s  
case some s o r t  o f  b i a s  can be exp ec t ed  t o  be p a r t  o f  t h e  
p r o c e s s .  T h i s  problem o f  ' p e r c e p t u a l  e x p e r i e n c e s  as 
emp i r  i ca I  bas i s ' ,  was d i scuss ed by Popper  ( 1959 ,  p p . 9 J —1 1 1 } 
and shown by Chadwick ( 1 9 7 5 )  t o  be a common d i s t o r t i o n  in 
s t r u c t u r a l  g e o l o g y .  Ano ther  example of  b i a s  is t h e  t endency  
t o  emphasize  t h e  r e g u I a r  i t  y and per  i od i c i t  y o f  s t  r u c t u r e s  
and t o  s i m p l i f y  and cI  ass i f  y . in add i t i  on a des i r e  f  or  
o r d e r  may r e s u I t  in t h e  s e I e c t i  on and d e s c r i  pt  i on o f  on Iy  
t h e  best  de v e l o pe d  examples o f  s t r u c t u r e s  ( c f .  CobboId and 
Ferguson 1979,  p . 9 3 ) .  Such f a c t o r s  can lead t o  t h e  
r e p r e s e n t  a t i o n  o f  an o v e r s i m p l i f i e d  p i c t u r e  o f  a complex  
geomet r y .  A c c o r d i n g l y ,  any i n t e r p r e t a t i o n  p r e s e n t e d  he r e  
s hou l d  be r e g a r d e d  as a s i m p l e  model .

Assessment  o f  t h e  use and v a l i d i t y  o f  t h e  v a r i o u s  s t r u c t u r a l  
f e a t u r e s  used in c o r r e l a t i o n  in metamorphic  t e r r a n e s  a r e  se t  
out  by Hopgood ( 1 9 8 0 ,  1984)  and t h e  work in t h e  Loch Maree  
a r e a  g e n e r a l l y  r e i n f o r c e s  some o f  t he  p r i n c i p l e s  s e t  out  and 
t h e i r  a p p l i c a t i o n .  The main e x c e p t i o n  r e l a t e s  t o  whet her  
mechanisms o f  d e f o r m a t i o n  ore o f  i mpor tance in any 
c o r r e l a t i o n .  Hopgood ( 1 9 8 4 ,  p . 235 )  c o n s i d e r s  t h a t  
d e f o r m a t i o n  mechanisms a r e  n ot ,  but  i t  now seems w e l l -  
e s t a b l i s h e d  t h a t  s i m p l e  shear  mechanisms can g e n e r a t e  
s e v e r a l  s e t s  o f  f o l d s  and banding (on v a r i o u s  s c a l e s - s e e  
C h a p . 8 )  in a c o n t i n u o u s  f a s h i o n  (CobboId e t  a l .  1980,  La 
Tour 1 9 8 1 , Coward and P o t t s  1983,  P l a t t  1983,  U i l l i a m s  and 
Campagnoni 1983,  B e l l  and Hammond 198 4 ) .  T h i s  must be t ak en  
i n t o  account  when a p p l y i n g  r e f o l d i n g  c r i t e r i a  p a r t i c u l a r l y  
where t h e r e  a r e  zones o f  h i gh  d e f o r m a t i o n ,  such as t h e  (01 ) 
zones o f  my I o n i t e  which a r e  common in t he  r ocks  o f  t h e  Loch 
Maree a r e a ;  c o r r e l a t i o n  o f  the  p r o d u c t s  o f  p r o g r e s s i v e  
r e f o l d i n g  in such zones w i t h  m u l t i p l y  deformed r oc ks  o u t s i d e  
t h e s e  zones must be a p p l i e d  w i t h  ex t reme c a u t i o n  ( se e  
b e l o w ) .  However ,  t h i s  same f a c t o r  which p r e c l u d e s  t h e  
c o r r e l a t i o n  based on s t y l e ,  o r i e n t a t i o n ,  e t c .  o f  f o l d s ,  can 
a l l o w  t h e  c o r r e l a t i o n  o f  f e a t u r e s  i n d i c a t i n g  t he  same 
k i n e m a t i c  e v o l u t i o n  such as t he  s t r e t c h i n g  l i n e a t i o n  ( c f .
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S e c t .  8 . 3 )  In a d d i t i o n  , t he  predominant  mechanism o f  
d e f o r m a t i o n  ( as  assessed on t he  mesoscopic s c a l e )  app e ar s  t o  
change w i t h  t h e  i n i t i a t i o n  o f  D2 s t r u c t u r e s ,  c o r r e s p o n d i n g  
t o  t h e  development  and p r e s e r v a t i o n  o f  more abundant  
s t r u c t u r e s  w i t h  geometry  s u g g e s t i n g  t he  a c t i o n  o f  b u c k l i n g  
d u r i n g  a t  l e a s t  t h e  e a r l y  p a r t  o f  t h e i r  deve lopment  ( s e e  
Chaps.  6 , 8 ) .  T h i s  c r i t e r i o n ,  can be used as a d i a g n o s t i c  
s t r u c t u r a l  f e a t u r e  in t h e  l oca l  s t r u c t u r a l  sequence when 
used i n assoc i a t  i on w i t  h t he fo I I ow i ng f a c t  o r s  .*

( 1 )  t h e  r e l a t i v e l y  Iow st  r a  in ( as  compared t  o F 1 f o 1d s ) 
sug ges t ed  by t h e  geometry  o f  most 1F 2 1 f o l d s ,  ( 2 )  t h e  
p r e s e n c e ,  n a t u r e ,  geometry  and o r i e n t a t i o n  o f  t h e  F2 - S2  
s t r u c t u r e s  ( s e e  S e c t . 6 . 2 . I ) )  ove r  most o f  domains I and I I ,
( 3 )  th e  1 i n t r a f o I ia I 1 n a t u r e  ( i n  r e l a t i o n  t o  t h e  m y l o n i t i z e d  
zo n e s )  o f  ' m u l t i p l e '  s e t s  o f  FI  f o l d s  when compared t o  t h e  
F2 s t r u c t u r e s  which a l s o  a f f e c t e d  t he  s u r r o u n d i n g  r o c k s ,  and
( 4 ) t h e  f a c t  t h a t  t h e  p r e s e n t  i n v e s t i g a t i o n  was r e s t r i c t e d  t o  
a s i n g I e maj o r  f o I d  whi ch occupi  es a r e  I at  i v e I y  smaI I a r e a  . 
In t h i s  way,  t h e  s t r u c t u r e s  r e f e r r e d  t o  in t h e  f i e l d  as F2 
f o l d s  d i d  not  r e c e i v e  t h i s  denomina t i on  based o n l y  on t h e  
f a c t  t h a t  t h e y  were seen f o l d i n g  one ( o r  more)  s e t ( s )  o f  
f o l d s ,  but  a l s o  on t h e  o b s e r v a t i o n  t h a t  t h e y  showed 
s h o r t e n i n g  e q u i v a l e n t  ( i n  o r i e n t a t i o n  and 
magni tude  ?)  t o  t he  f o l d s  o u t s i d e  the  my I o n i t e  zones .  
Al th ou gh  t h i s  seems a h i g h l y  s u b j e c t i v e  c r i t e r i o n ,  i t  is not  
u n r e a s o n a b l e  i f  t he  e xp ec t ed  D2 s h o r t e n i n g  a f f e c t s ^ a  p i l e  o f  
t e c t o n i c a l l y  j u x t a p o s e d  r ocks  ar e  c o n s i d e r e d .  Thus i f  t h e  
s t r a i n  n ec e s s a r y  tu  produce ( ' norma I ' )  F2 f o l d s  on non-  
m y l o n i t i z e d  r o c k s  a few met res  away from a my I o n i t e  zone  
was r o u g h l y  homogeneously d i s t r i b u t e d  over  t h i s  s h o r t  
d i s t a n c e ,  t hen  i t  is c o n s i d e r e d  l e g i t i m a t e  t o  make some 
p r e d i c t i o n s  about  i t s  e f f e c t s  upon these,  e . g . t h i n  competent  
q u a r t z o f e I d s p a t h ic bands i n  a f i n e  m i c a - r i c h  m a t r i x  ( s e e  
s e c t . 6 . 2 . 2 . 5 ) .  A l t hough  t h e r e  is a lways t h e  p o s s i b i l i t y  
t h a t  some o f  t h e s e  e f f e c t s  cou ld  have been produced by t h e  
s h o r t e n i n g  which gave r i s e  to  F4 f o l d s ,  t h i s  was c o n s i d e r e d  
u n l i k e l y  3 i n c e  where F2 f o l d s  a r e  dominant  no s i g n i f i c a n t
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development  o f  F4 f o l d s  ujqs observed (Maps 3 . 2 / 3 . 3 ) .
The c o n v o l u t e  and p o l y c l i n a i  F2 f o l d s  were i n t e r p r e t e d  as  
r e p r e s e n t i n g  an i n t e r f e r e n c e  p a t t e r n  produced m a i n l y  d u r i n g  
D 2 . T h i s  is  not  based o n l y  on t h e  c r i t e r i a  sst  out  above  
( r e f o l d e d  f o l d s , e t c . ) ,  but  a l s o  on t h e o r e t i c a l  p r e d i c t i o n s  
o f  how h i g h  v i s c o s i t y  q u a r t z o f e I d s p a t h i c  bands e n c l o s e d  in a 
s o f t  medium l i k e  a m i c a - r i c h  m a t r i x  would behave under  h i g h  
d e f o r m a t i o n  ( c o m p r e s s i o n ) .  The p t y g m a t i c  geometry  f r e q u e n t l y  
shown by t h e s e  and a s s o c i a t e d  f o l d s  ( i n  q u a r t z  bands)  
i n d i c a t e  t h e  impor tance  o f  b u c k l i n g  d u r i n g  t h e i r  
d e v e I o p m e n t . Th i s s o r t  o f  s t r u c t a r e  i s p a r t  i c u I a r I y  common 
in m i g m a t i t i c  r o c k s ,  where an ana logous  s i t u a t i o n  is  
observed ( where h i gh  competence leucosomes w i t h i n  d u c t i l e  
melano somes a r e  s t r o n g l y  s h o r t e n e d ) .  S i m i l a r  geomet r y  o f  
s t r u c t u r e s  has a l s o  been produced e x p e r i m e n t a l l y  by 
b u c k l i n g  o f  a competent  l a y e r  in a i r  ( t h e  ' e l a s t i c a s '  o f  
Ramsay and Huber  1 9 8 3 , p.12 ) ,  so t h a t  t h e r e  is no need t o  
p o s t u l a t e  a s p e c i a l  m e l t i n g - d o m i n a t e d  d e f o r m a t i o n a I  
mechan i sm ( " v i s c o u s  f o I d  i ng")  t  o e x p l a i n  t  he i r  o r  i g i n as 
proposed by Mel l e i  an ( 1 9 8 4 , p . 3 4 0 ) .  A c c o r d i n g I y , i n  t h e  case  
o f  t h e  Loch Maree my I o n i t e s  , as in many o t h e r  s i t u a t i o n s  
where t h e s e  s t r u c t u r e s  a r  e o b s e r v e d  , t h e r e  no e v i d e n c e  
f o r  p a r t i a l  m e l t .  The absence o f  a coh er en t  r e f o l d i n g  
geometry  o r  c r o s s - c u t t i n g  r e l a t i o n s h i p s  not  i n d i c a t i v e
o f  an unusual  c o n t r o l l i n g  mechanism o f  development  o f  t h e s e  
s t r u c t u r e s  ( s i n c e  ' n o r m a l '  r e l a t i o n s h i p s  can be o bs er ved  in 
t h e  s u r r o u n d i n g  o u t c r o p s )  but  i n s t e a d  , r e f l e c t s t h e  h i g h
competence c o n t r a s t  and perhaps h i gh  s t r a i n s  produced in 
m y l o n i t i c  zones ,  fi more d e t a i l e d  d i s c u s s i o n  o f  t h e  e v i d e n c e  
f o r  D2 d e f o r m a t i o n  pr oc e ss es ,  which in some way can 
c o n s t r a i n  t h e  proposed ' c o r r e I  a t i o n ' ,  is deve loped  in 
c h a p t e r s  6 and 8.

fls t h e r e  is  no i n d i v i d u a l  s t r u c t u r e ,  o r  no se t  o f  
s t r u c t u r e s ,  t h a t  is  p e r v a s i v e l y  d ev e lo ped  and u n i q u e l y  
r e c o g n i z a b l e  th ro u g h o u t  th e  Loch Maree a r e a ,  t h e  s i m p le  
a p p l i c a t i o n  o f  t h e  'k e y  s t r u c t u r e '  concept  o f  Hopgood ( 1 9 8 0 ,  
p . 6 3 )  was not  used.  In s t e a d  s e v e r a l  s e t s  o f  f e a t u r e s  a r e
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used t o g e t h e r  ( c f .  Huber et  q l . I 9 6 0 .  Park  and Bowes 1 98 3 ) ;  
t hose  used show both p h y s i c a l  c o n t i n u i t y  a c r o s s  domains and 
haue s i m i l a r  c h a r a c t e r i s t i c s  and p o s i t i o n s  in t h e  l o c a l  
sequences .  In p a r t i c u l a r  t h e  open u p r i g h t  S E - t r e n d i n g  warps  
( F f ,  Fe,  Fe,  F ‘ m i d ' in domains I ,  I I ,  I I land ID r e s p e c t  i ue I y -  
T a b l e  3 . 1 )  a r e  cons i s t  e n t I y  s e p a r a t e d  f rom boudi  n 
deuelopment  by f o l d  s e t s  (one f o l d  set  in domain !U)  and 
thes$ in turn, ,  p recede  t h e  deuelopment  o f  i s o c l i n a l  f o l d s  
( F b ) assoc i a t  ed w i t h my I on i t e f  ormat i on i n doma i ns I , I I ( HE ) 
and I I I  ( see Ta b le  3 . 2 ) .  S i m i l a r i t y  o f  s t r u c t u r a I  
e x p r e s s i o n  o f  t he se  f e a t u r e s  in t h e  d i f f e r e n t  domains and 
t h e i r  c o n s i s t e n t  s e q u e n t i a l  deuelopment  p e r m i t s  bo t h  an 
o u e r a I  I c o r r e l a t i o n  t o  be made and o t h e r  s t r u c t u r a l  e l e m e n t s  
t o  be i n t e g r a t e d  w i t h i  n t h i s  f r a me w or k .

Because o f  t h e  wide r ange  o f  l i t h o l o g i c a l  t y p e s  o r  
a s s o c i a t i o n  o f  t y p e s  s p e c i a l  a t t e n t i o n  was p a i d  t o  
competence c o n t r o l .  T h i s  ensured t h a t  ( 1 )  t h e  use o f  
' s t y l e '  was r e s t r i c t e d  t o  l oca l  sequences. ,  ( 2 )  cons i d e r a t  i on 
was g i u e n  t o  l o c a t i o n  in r e l a t i o n  t o  t he  l a r g e  F2 synform  
and ( 3 )  t h e  assessment  o f  D2 d e f o r m a t i o n  o f  m u l t i l a y e r  
assemblages in smal l  a r e a s  cou ld  be c o n s i d e r e d  as h a u i ng  
been s u b j e c t e d  t o  an a p p r o x i m a t e I y  i d e n t i c a l  s t r e s s  h i s t o r y  
( c f .  Ramsay 1 9 8 2 ) .  In t h i s  way e x t r a p o l a t i o n  o f  f o l d  
geometry  was made between o u t c r o ps  o f  s i m i l a r  l i t h o l o g i c a l  
t y p es  t a k i n g  i n t o  account  t he  t h i c k n e s s  o f  t h e  bands and t he  
i n t e r b a n d e d  n a t u r e  of  t h e  sequence,  fis a c o r o l l a r y  o f  t h i s  
and based on both the  geometry  o f  t he  f o l d s  and a 
c o n s i d e r a t i o n  o f  t h e  s i z e  o f  t h e s e  smal l  areas. ,  i t  has been 
p o s s i b l e  t o  make a g e n e r a l  assessment  o f  t h e  mechanica l  
b e h a u i o r  o f  a p a r t i c u l a r  l i t h o l o g i c a l  l a y e r  under  g i u e n  
p h y s i c a l  c o n d i t i o n s  (Ramsay 19 8 2 ) .  Such assessment  in 
r e l a t i o n  t o  t h e  D2 d e f o r m a t i o n a I  euent  is based on t h e  
a ssumpt i on  t h a t  t h e  D2 s t r u c t u r e s  were super imposed on 
f a i r l y  r e g u l a r  and a p p r o x i m a t e l y  p l a n a r  D1 s t r u c t u r e s  ( se e  
C h aps . 5 and 8 ) .
The p r ese nce  or  absence o f ^ a x i a l  p l a n a r  f o l i a t i o n ,  as w e l l  
as i t s  n a t u r e  ( se e  d e s c r i p t i o n  o f  S2 in a l l  domains) . ,  was 
used as p a r t  o f  t he  o u e r a l l  concept  o f  ' s t y l e '  ( c f .  Hopgood
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1984,  p . 2 3 3 ) .  In most p l a c e s  t he  S2 f o l i a t i o n  c o u l d  be used 
as an i m p or t a n t  marker  due t o  i t s  r e g u l a r i t y  and 
c h a r a c t e r i s t i c  f e a t u r e s .  However in some u n i t s  o f  domain  
I I I  ( e . g .  s i l i c e o u s  mica s c h i s t } where q ua r t  zo f  e I d s p a t  h i c  
bands and micaceous u n i t s  were f o l d e d  in c o n v o l u t e  o r  
p o l y c l i n a l  s t y l e s ,  t h e  absence or  poor  development  o f  t h e  S2 
f o l i a t i o n  was i n t e r p r e t e d  in terms o f  t he  r h e o l o g i c a l  
c h a r a c t e r i s t i c s  o f  t h e  i n t e r b a n d e d  assemblage and t h e  
dominant  mechanism o f  d e f o r m a t i o n  in t he se  r ocks  ( s e e  Chap.  
6 ) .  In such i n s t a n c e s  and a l s o  where i n te r b a n d e d  
m y l o n i t i z e d  g n e i s s e s  and a m p h i b o l i t e s  were deformed c o n c ep t s  
l i k e  ' t h e  a s s o c i a t e d  metamorphic  f a c i e s '  and ' v e r g e n c e '  
were o f  no p r a c t i c a l  use.

G e n e r a l l y  any use o f  f o l i a t i o n s  in t h e  c o r r e l a t i o n  needs t o  
bea r  in mind t h e  p o s s i b i l i t y  o f  t h e  e x i s t e n c e  o f  u n d e t e c t e d  
t r a n s p o s i t i o n s  ( P a r k 1 9 6 9 ,  p . 322 ,  Hobbs et  a 1 . 1 9 7 6 . p . 3 5 1 .  
U i l l i a m s  1 9 8 5 , p . 2 7 7 ) .  However in t he  Loch Maree a r e a ,  
e x t e n s i v e  t r a n s p o s i t i o n  was c o n f i n e d  t o  D 1 . The e f f e c t s  o f  
super imposed e v e n t s  were r e t r o g r e s s i v e  and t h e  e x p r e s s i o n s  
p r o g r e s s i v e I y  l ess  p e n e t r a t i v e .  A c c o r d i n g l y ,  in such a 
r e l a t i v e l y  smal l  and we I I - e x po se d  a r e a  i t  is p o s s i b l e  t o  be 
c o n f i d e n t  t h a t  any p o s t - D I  t r a n s p o s i t i o n  o f  any n o t i c e a b l e  
amount was o n l y  d u r i n g  D2, and then l o c a l i z e d  ( se e  
d e s c r i p t i o n  o f  D2 in domain I I ) .  In t h i s  way m i s ta k en  
i d e n t i f i c a t i o n  o f  f o l i a t i o n s  is not  c o n s i d e r e d  t o  be a 
f a c t o r  in c o r r e l a t i o n  o f  l oca l  d e f o r m a t i o n a I  sequences .  In 
a d d i t i o n ,  a l t h o u g h  o v e r l a p p i n g  ranges o f  v a r y i n g  s t y l e s  was 
not  a problem in domains I and I I ,  i t  was a s e r i o u s  problem  
in domains I I I  and IU ( S e c t s .  4 . 3 . 1  and 4 . 3 . 2  b e l o w ) .

A l t hough  t h e  smal l  s i z e  o f  t he  a r e a  s t u d i e d  means t h a t  
f a c t o r s  l i k e  t e c t o n i c  l e v e l  and metamorphic grade  cannot  
p l a y  i m p o r t a n t  r o l e s  ( c f .  Hopgood 1 9 8 0 ) ,  t h e r e  a r e  s p e c i f i c  
f e a t u r e s  and problems t h a t  had t o  be c o n s i d e r e d  in t h e  
s e t t i n g  up o f  t h e  c o r r e l a t i o n  shown in T ab l e  3 . 1 .

1. Th e re  is  no s i n g l e  c o n t i n u o u s  l i t h o l o g i c a l  u n i t  t h a t
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d e f i n e s  t he  shape o f  t he  major  f o l d s ,  a l t h o u g h  t h e  amphibo Ie  
s c h i s t s  and some o f  t h e  l a r g e  banded amphibo I i t e s  p l a y e d  
t h i s  r o l e  in domain I I  and p a r t  o f  domain I .  Over  most o f  
t h e  a r e a  t h e  banding is o f  smal l  s c a l e  and o f  i r r e g u l a r -  
e x p r e s s i o n  so t h a t  i t  co u ld  not  be used t o  t r a c e  out  
s t r u c t u r e s  o f  c o n s i d e r a b l e  s i z e  ( se e  a l s o  Chap.  2 ) .

2.  The u n c e r t a i n t y  about  t he  p o s i t i o n  in t h e  o v e r a l l  

s t r u c t u r a l  sequence o f  t h e  f i r s t  r e c o g n i z e d  s e t  o f  f o l d s  in 
t h e  marb l es  is  due bot h t o  t h e  absence o f  d i s t i n c t  f e a t u r e s  
o f  t h e se  s t r u c t u r e s  and t o  t h e  lack  o f  more t ha n  one 
g e n e r a t i o n  o f  t i g h t  f o l d s  in any s i n g l e  o u t c r o p  o f  t h i s
domain.  The f o l d s  a f f e c t  t he  composi te  banding  and a r e
u s u a l l y  v e r y  we I I - d e v e I  oped (see  domain !U) but  t h e y  show
c h a r a c t e r i s t i c s  which a r e  common t o  both  F2 and F3 f o l d s .
The f a c t  t h a t  in p l a c e s  t h e y  show a symmetry c o m p a t i b l e  w i t h  
t h e  major  F2 synform in domain I [MG 9 5 1 7 2 0 ]  has t o  be put  
a g a i n s t  t h e i r  h av ing  geometry  c o n s i s t e n t  w i t h  t h a t  o f  t h e  F3 
f o l d s  in domain I I  [NG 976704 & NG 9 6 5 7 0 9 ] .  U i t h  f o l d s  
we I I - d e v e I  oped in p r a c t i c a l l y  e v e r y  o u t c r o p  o f  t h i s  u n i t ; i t  
seems u n l i k e l y  t h a t  r e f o l d i n g  r e l a t i o n s h i p s  would not  
somewhere be shown i f  t h e r e  were r e p r e s e n t a t i v e s  o f  more 
than  one phase p r e s e n t .  In a d d i t i o n  o n l y  one c l e a v a g e  is  
seen a s s o c i a t e d  w i t h  t h e  f o l d s  in r ocks  not  c on duc i ve  t o  t h e  
development  o f  d i s t i n c t i v e  m i n e r a I o g i c a I  assemblages .
The f a c t  t h a t  t he  f o l d s  a f f e c t  smal l  boudins  c ou l d  suggest  
t h a t  t h ey  be l ong t o  t he  F2 s e t ;  such a c o n c l u s i o n  is  based  
on t he  assumpt ions t h a t  ( 1 )  t he  boudins  a r e  o f  l a t e  D1 age 
as t h ey  a r e  in domain I ,  and ( 2 )  t he  f o l d s  r e p r e s e n t  t h e  
f i r s t  phase o f  d e f o r m a t i o n  to  a f f e c t  t he  bou d i ns .  However  
t h e  d i s c o n t i n u i t y  o f  t h e  marble  u n i t  (domain IU)  a l o n g  t he  
boundary between t he  g ne i s s e s  o f  domain I and t h e  amphibo Ie  
s c h i s t s  o f  domain I I ,  as w e l l  as t h e  r e l a t i v e l y  c l e a r  
p i c t u r e  o f  t h e  s t r u c t u r e s  and t h e i r  r e l a t i o n s  in t h e s e  two 
domains,  means t h a t  l ack  o f  u ne qu i voca l  d e m o n s t r a t i o n  o f  t he  
r e l a t i v e  t i m e  o f  development  o f  t h i s  se t  o f  f o l d s  ( w h a t e v e r  
t h e y  a r e  -  F2 or  F3 f o l d s )  was not  an o b s t a c l e  t o  t h e  
o v e r a l l  c o r r e l a t i o n  w i t h i n  t he  a r e a  as a whole .  The l oca l
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c o r r e l a t i o n  cou ld  be e s t a b l i s h e d  between domain iU and o t h e r  
domains in t h e  l a t e r  p a r t s  o f  t h e  sequence as t h e  u p r i g h t  
open buck i es whi ch r e  f  o I d  t h e  ’ t i  qht  f o I d s 1 have bot  h 
a t t i t u d e  and c h a r a c t e r  I s t i c s  o f  F 4 s t r u c t u r e s .

J. D i s t i n c t i o n  in t h e  f i e l d  between F2 and F3 f o l d s  Is  
d i f f i c u l t  in s e v e r a l  of  t he  o u t c r o p s * o f  the  met ased Iment s  
tdomain I I I ) ,  p a r t i c u l a r l y  in t he  s i l i c e o u s  mica s c h i s t  u n i t  
because o f  ( 1 )  t h e  c o a x i a  1 n a t u r e  o f  t he  l i n e a l  i ons ,  ( 2 )  the  
problems ot  d i s t i n g u i s h i n g  between a v e r y  t 1Qht zona l  
c r  e n u I a t  i o n c I e a v a a e ( S 3.) a n d t  h e S 2 c I e a v a q e a s b o t  h a r  e 
r e t r o g r e s s i v e  and show t h e  b e g i n n i n g s  o f  t r a n s p o s i t i o n ,  ( 3 )  
the  lack  o f  cont  inuous exposur es  and ( 4 )  t h e  c o n u o I u t e
geometry o f  t h e  f o l d s .  t l i c r o f a b r i c  s t u d i e s  p r o v i d e d  answers  
f o r  a l i m i t e d  n u mbe r  o f  o ut  c r  o ps bu t t  ho s e r  e qui  r e  d a I a r  g e 
number o f  t h i n  s e c t i o n s  and much t i m e .  where exposure  was 
good,  and t h e  whole sequence of  s t r u c t u r a l  f e a t u r e s  we M -  
d e ve l oped ,  i t  was g e n e r a l l y  p o s s i b l e  t o  i d e n t i f y  e a r l i e r  and 
l a t e r  s t r u c t u r e s .  H o w e v e r , I n  many l o c a l i t i e s  where s e v e r a l  
s e t s  o f  f o l d s  were dev e l oped  t h e r e  was no c o n f i d e n c e  about  
which f o l d  phase was be i ng  d e a l t  w i t h .  Data  from t he se  
p i a c e s we r  e not  f  ur  t he r  a na Iy  s e d .
De s p i t e  t h i s un e e r  t a i  n t y , de r  i v i n g f r  o n t he c om monIy  
coI  i n e a r  qe omet r  u o f  t he s t r  u c t u  r  e s , t he  in t e r p r  e t  a t i  o n o f 
the  I i  neat  i ons as i ndi  c a t i  ng t he st  r e t  ch i ng di  r e c t  i on 
pro v i ded a va I uab I e el  ement f  or  t he ( k i nemat I c ) e o r r e  I at  i on 
between t h e s e  e a r l y  s t r u c t u r e s  in t he  met ased iments  and the  
e q u i v a l e n t  ones in t he  g n e i s s e s  o f  domain I i c f . Ch ap . 8 ) .

4.  The F3 recumbent  f o l d s  p l a y e d  an i mpor tan t  r o l e  in t he  
c o r r e l a t i o n  between t h e  domains 1, I I  and i l l .  Use fu l  
a sp e c t s  were ( 1 )  t he  way t h e  f o l d s  c o n t r o l l e d  o u t c r o p  
shapes,  ( 2 )  t h e  c o n t i n u i t y  o f  t h e  f o l d s  ac r oss  t h e  domain 
b o u n d a r i e s  a l ong  t he  s o u t h w e s t e r n  l imb o f  t he  l a r g e  F2 
synform,  ( 3 )  t h e i r  r e g u l a r  geomet ry  and o r i e n t a t i o n  a l ong  
most o f  t he  boundary between domains I I  and I I I  where t h e r e  

are  few e f f e c t s  of  the D4 phase,  and (4) prominent

Structural Geologg - Loch Maree 51 Chapter 3 -  s tructura l Features



deveIopment  in most u f  t h e  o u t c r op s  o f  mica s c h i s t s  o f  
domain I N  where i s o c l i n a l  f o l d s  w i t h  a m p l i t u d e s  o f  10 - 15  
met res  a r e  not  r a r e  [MG 9 6 0 7 0 7 ] ,

5.  The a lmost  c o n s t a n t  s t r i k e  o f  t h e  a x i a l  p l a n e s  o f  t h e  F4 
and F - l a t e  f o l d s  makes t h e s e  s t r u c t u r e s  u s e f u l  in t h e  

c o r r e  I a t  i on r e g a r d  i nq t h e  ! a t e  s t r u c t u r a  I h i s t o r y . Hoiueuer 
both  t h e i r  sporad i c d i s t  r  i but  ion and t h e  v a r  i a t  i on i n t he  
ang Ie ( bu t  not  d i r e c t  i o n } o f  p I u n g e , because o f  t  h e c o n t  r  o I 
o f  p r e v i o u s  s t r u c t u r e . ,  mean t h a t  t h e y  cannot  be used in 
i s o l a t i o n .  In a d d i t i o n  w h i l e  t h e s e  l a t e  b u c k l e s  a r e  best  
deve loped  on s u b - h o r i z o n t a l  p a r t s  o f  any p r e v i o u s  f o l d s  ( F I ,  
F2,  o r  F 3 ) f i t  is not  common t o  f i n d  them d e f o rm in g  massive  
u n i t s ,  h i nges  or  s t e e p l y - d i p p i n g  l imbs o f  o l d e r  s t r u c t u r e s .

6.  The e x t r e m e l y  l o c a l i z e d  d i s t r i b u t i o n  o f  D2a d u c t i l e  shear  
zones ( o n l y  seen in p a r t s  o f  domain I )  as w e l l  as t h e  
l i m i t e d  r e l a t i o n s h i p s  shown w i t h  o t h e r  s t r u c t u r e s  meant t h a t  
d e t e r m i n a t i o n  o f  t h e i r  p o s i t i o n  in t h e  o v e r a l l  sequence o f  
e v e n t s  was not  s t r a i g h t f o r w a r d . They show, ( 1 )  r e l a t i v e l y  
c on s t a n t  o r i e n t a t i o n  a c r o s s  t h e  maj or  F2 f o l d ,  ( 2 )  f o l d i n g  
o f  t he  composi te  banding  and a d i s c o r d a n t  r e l a t i o n s h i p ,  in 
some p l a c e s ,  o f  t h e  a s s o c i a t e d  p e g m a t i t e s  t o  t h e  composi te  
banding ( P I . 3 - 2 6 , 2 6 ' ) ,  ( 3 )  d u c t i l e  d e f o r m a t i o n  o f  t h e  
p o r p h y r i t i c  a m p h i b o l i t e  ( P I . 3 - 2 5  ) and ( 4 )  a g e n e r a l l y  more 
' d u c t i l e  app ea r a nc e '  t han  D - l a t e  s t r u c t u r a l  f e a t u r e s .  Th i s  
e v i d e n ce  p o i n t s  t o  t h e  she a r  zones,  f o l d s  and p e g m a t i t e s  as 
r e p r e s e n t i n g  a p o s t - 0 2  event  ( t h e  s u b s c r i p t  2a is used 
because o f  t h e i r  e x t r e m e l y  l o c a l i z e d  n a t u r e  and p o s t - 0 2  
a g e ) .  There  is no d i r e c t  e v i d e n c e  to  p l a c e  t hese  s t r u c t u r e s  
b e f o r e  or  a f t e r  t h e  D3 phase.  The f o l d s  t h a t  a f f e c t  t he  
p e g m a t i t e s  have c h a r a c t e r i s t i c s  in common w i t h  F3 f o l d s  
e l s e w h e r e .  F4 f o l d s  a l s o  show a geomet ry  c o m p a t i b l e  w i t h  
NE-SU s h o r t e n i n g  ( s e e  Chap.  6 ) .  The l o c a l i z e d  n a t u r e  o f  t h e  
she ar  zones and p e g m a t i t e s  in domain I and t h e i r  absence in 
t h e  o t h e r  domains su g ge s t s  a l i t h o l o g i c a l  c o n t r o l  o f  t h e i r  
development  (Ramsay 1982)  as w e l l  as a weak e x p r e s s i o n  o f  
t h e  o p e r a t i v e  c o n d i t i o n s .
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7.  U i t h  t h e  q u a l i f i c a t i o n s  a t t a c h e d  t o  t h e  c r i t e r i a  used for- 
a s s i g n i n g  a se t  o f  f o l d s  t o  a p a r t i c u l a r  d e f o r m a t i o n a I  
phase,  t h e  p o s s i b i l i t y  o f  an e r r o ne o us  c o r r e l a t i o n  i s  a lways  
p r e s e n t .  T h i s  is i l l u s t r a t e d  by t h e  se t  o f  fo I ids shown in 
P l a t e s  3 - 3 0 j 31 and F i g u r e  6 . 3 ,  i n t e r p r e t e d  here  as F4 
f o l d s .  Du r i ng  f i e l d  work t h e  p o s s i b i l i t y  t h a t  t h e y  were  
deve loped d u r i n g  D2 r a t h e r  t h an  d u r i n g  D4 was c o n s i d e r e d .  
A s s i g n i n g  them t o  D4 was p r e f e r r e d  not  o n l y  on t h e  b a s i s  o f  
t he  absence o f  an a x i a l  p l a n a r  f o l i a t i o n  showing t h e  t y p i c a l  
f e a t u r e s  o f  S2,  but  a l s o  due t o  t h e  f a c t  t h a t  t h e y  f o l d  a
we I I - d e v e I  oped I i n e a t  ion ( 1 0 °  t o  30°  c l o c k w i s e  t o  t h e  f o l d  
a x i s )  w i t  h t  he c h a r a c t  e r  i s t  i cs o f  L I - L 2 . However , i t  shouId  
be borne in m i nd t hat  ot  her  poss i b i I  i t  es ex i s t , i n c I u d i  ng 
( a )  t h a t  t h e s e  f o l d s  a r e  F2 w i t h  lack  o f  e x p r e s s i o n  o f  S2 
f o l i a t i o n  be i ng  due t o  t he  p r o p e r t i e s  o f  t he  h i g h  
competence c o n t r a s t  o f  t h e  i n t e r b a n d e d  sequence  
( q u a r t z o f e I d s p a t h i c  g n e i s s e s  w i t h  d e c i m e t r e  t h i c k  b i o t i t e -  
r i c h  bands)  and ( b )  t h a t  t h e  r e f o l d i n g  o f  t h e  L 1 - L2  
I i nea t  ion was produced by m i g r a t i o n  o f  t h e  f o l d  h i n g e  d u r i n g  
a po S 3 i b l y  l a t e r  s h o r t e n i n g  ( wh i ch  cou ld  be t he  D4 e v e n t ) .
U h i I e  t h e  i n t e r p r e t a t i o n  o f  t h e s e  s t r u c t u r e s  as F4 f o l d s  
seems to  be t h e  most l i k e l y  one in t h e  l i g h t  o f  t h e  p r e s e n t  
e v i d e n c e ,  some q u e s t i o n s  s t i l l  r emai n  unanswer ed , e . g .  why 
F2 f o l d s  were not  d ev e l oped  in such a we I I - i n te r b a n d e d  
sequence when t h e y  a r e  observed  in t he  s ur r o u n d i n g  r o c ks  and 
a l s o  show f e a t u r e s  i n d i c a t i n g  b u c k l i n g .

8.  There  a r e  l i m i t a t i o n s  t o  t h e  use o f  s t r u c t u r a l  a n a l y s i s  
in t he  e l u d i c a t i o n  o f  b a s e m e n t - c o v e r  r e l a t i o n s h i p s ,  
something which has been a m a t t e r  o f  deba te  in t h e  Loch 
Maree a r e a  s i n c e  t h e  p i o n e e r  work o f  Peach et  a I . ( 1 9 0 7 ) .
One major  q u e s t i o n  i s  whe t her  t h e  g n e i s s e s  and amphibo I i t e s  
(domain I )  a r e  a s l i c e  o f  basement  r ocks  t e c t o n i c a l l y
emplaced above a younger  v o l c a n o - s e d i m e n t a r y  assemblage  
domains II and I I I  ( c f .  Peach and Horne 1 93 0 ) .  The 
s t r u c t u r a l  concordance o f  t h e  D1 m y l o n i t i c  f a b r i c  and 
a s s o c i a t e d  f e a t u r e s  in t h e  g n e i s s e s  and metased iments  is  
ev i den ce  t h a t  t he se  u n i t s  were j u x t a p o s e d  d u r i n g  a t  l e a s t
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p a r t  u f  t he  01 e p i so d e .  U h i i e  t h i s  does not  d e m o n s t r a t e  
t h a t  t h e  deformed banding in t h e  g n e i s s e s  is  o f  t h e  same age 
or  o r i g i n  as t h e  deformed (and l a r g e l y  t r a n s p o s e d )  banding  
in t h e  met ased i ment s ,  t he  p o s s i b i l i t y  o f  such c or r e sponden ce  
cannot  be ex c lu d ed  on t he  b a s i s  o f  s t r u c t u r a l  a n a l y s i s  o n l y .

The presence  o f  e x t e n s i  ve e f  f e e t s  o f  01 my I on i t  i z a t  i o n , 
p a r t i c u I a r I y  in l o c a l i z e d  zones,  means t h a t  s t r o n g  
t r a n s p o s i t i o n  has been o p e r a t i v e .  in a d d i t i o n  t h e r e  is  t he  
p o s s i b i l i t y  o f  both  ( a )  t h e  l o c a l i z e d  development  o f  
d e f o r m a t i o n a I  phases and ( b )  t h e  compl et e  o b l i t e r a t i o n  o f  
o t h e r s  r e s u l t i n g  in t h e  j u x t a p o s i t i o n  o f  assemblages showing  
d i f  f e r e n t  s t  r u c t  u r a I  h i s t  o r  i es ( c f . HcLeI  I an 1 9 8 4 ) .
However,  in t h e  Loch Maree a r e a  both  t h e  j u x t a p o s i t i o n  o f  
s c h i s t s  and g n e i s s e s  and t h e  p r esence  o f  my I o n i t e s  a l o n g  t h e  
main l i t h o l o g i c a l  b o u n da r ie s  sug gest s  a t e c t o n i c  j u n c t i o n  
between t h e s e  u n i t s .  However t h e  p o s s i b i l i t y  t h a t  t h e  r o c ks  

were p a r t  o f  t h e  same assemblage whose v a r y i n g  r h e o l o g i c a l  
p r o p e r t  i es r esu  I tecj in d i f f  e r enc es  i n mechan i ca I behav i or  
d u r i n g  d e f o r m a t i o n  had t o  be borne in mind u n t i l  r a d i o m e t r i c  
d a t a  were o b t a i n e d .

T e c t o n o - s t r a t i g r a p h i c  markers  l i k e  t h e  b a s i c  i n t r u s i o n s  
l o c a l l y  d i s c o r d a n t  t o  t he  banding ( b ut  a l s o  p r e s e n t i n g  01 
f e a t u r e s )  in domain I cou ld  not be used due t o  t h e i r  absence  
in t he  metased iments  and u n c e r t a i n t i e s  o f  t h e i r  un i que  
o r i g i n .  U-Pb z i r c o n  and Fib-Sr w h o l e - r o c k  i s o t o p i c  d a t a  f o r  
some of  t he  g ne i s s e s  and my I o n i t e s  i n d i c a t e  t he  
super  i mpos i t  i on o f  eaviy P r o t e r o z o i c  t  ec t ono the rma  I a c t i v i t y  
on r ocks  o f  l a t e  Archaean age ( see  a l s o  C h ap . 8 ) .  The 
c o n s i d e r a t i o n  o f  i n i t i a l  8 7 S r / S 6 S r  in t h e  met ased iment s  
whose metamorphism was c . 1 . 9  Ga i n d i c a t e s  t h a t  c r u s t a l  
h i s t o r y  d i d  not  go back beyond c.  2 . 1 - 2 . 2  Ga (B i ke r man  et  
a 1. 1975,  O 'N ions  e t  a l .  1 9 8 3 ) .  T h i s  t o g e t h e r  w i t h  t h e  
e v i d en c e  f o r  t he  r e p e t i t i o n  o f  t h e  mar b l e  u n i t  ( b e t wee n  t he  
domains I and IU)  a l ong  t h e  boundary between t h e  g n e i s s e s  
and t he  amphi bo l e  s c h i s t s  in t he  h i nge  zone o f  t h e  ma j or  
f o l d  (see  C h a p . 8 )  p o i n t s  t o  t h e  e x i s t e n c e  o f  a ma j or
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s t r a t i g r a p h i c  b r eak  between t h e  gne isses  and t h e  amphibo!e  
sch i st  s and met ased iment s  marked m ai n l y  by t h e  m y i o n i t i z e d  
c a r b o n a t e - r i c h  r o c k s .  U n f o r t u n a t e l y  due t o  t h e  p r e s e n t  

s t a t e  o f  deve lopment  o f  t h e  r a d i o m e t r i c  d a t i n g  t e c h n i q u e s  
t h e y  a r e  o f  l i m i t e d  use in c o r r e l a t i o n  where d e t a i l e d  
sequences o f  f o l d  phases and r e l a t e d  s t r u c t u r e s  a r e  
concer ned .  T h i 3  is  due t o  t h e  p o s s i b i l i t y  t h a t  two or  more 
d e f o r m a t i o n  e p i s od e s  t a k e  p l a c e  in a p e r i o d  o f  t i m e  w i t h i n  
t h e  e r r o r  o f  t h e  method,  fls p o i n t e d  out by P f i f f n e r  and 
Ramsay ( 1 9 8 2 )  l o n g i t u d i n a l  s t r a i n s  ( 1 + e )  as measured in many 
r ocks  , o f t e n  r ange  from 1 t o  40 and 1 t o  0 . 0 2 5  , so t h a t  
t h e  t i m e  span a v a i l a b l e  t o  produce such s t r a i n s  in e r o g e n i c  
b e l t s  can be as s h o r t  as o r  even less t han  1 Ma. A l t ho ug h  
Hopgood e t  a I . ( 1 9 8 3 )  have o b t a i n e d  s h o r t e r  t im e  i n t e r v a l s  
between t e c t o n i c  and maqmat ic ev e n t s  than most a u t h o r s  ( c f .  
B lack  e t  a I . 1979)  t h e s e  a r e  s t i l l  r e gar de d  as c r ude  
a p p r o x i m a t i o n s  o f  t h e  n a t u r a l  c o n d i t i o n s .  T h i s  s i t u a t i o n  
w i l l  r ema i n  unchanged u n t i l  h i gh  r e s o l u t i o n  r a d i o m e t r i c  
t e c h n i q u e s  become a v a i l a b l e .  On t he  o t h e r  hand,  as- 
d e mon st ra t ed  by Tob isc h  and F i s k e ,  ( 1 9 8 2 )  f e a t u r e s  showing a 
c o n s i s t e n t  geomet ry  between s t r u c t u r a l  e lement s  
( o r i e n t a t i o n ,  s t y l e ,  e t c . )  cou ld  have been deve loped  at  
s u c c e s s i v e  d e f o r m a t i o n  e p i sod es  s e p a r a t e d  by t i m e  i n t e r v a l s  
o f  s e v e r a l  m i l l i o n  y e a r s .  Thus,  t he  f o l l o w i n g  p ar a g r a p h  from 
Tobisch and F i s k e  ( 1 9 8 2 )  seems t o  g i v e  u se f u l  g u i d e l i n e s  t o  
be f o l l o w e d  by any s t r u c t u r a l  i n v e s t i g a t i o n ,  be i ng  a l s o  v e r y  
adequate  t o  c l o s e  t h i s  s e c t i o n .  "To e s t a b l i s h  a r i g o r o u s  and 
d e t a i l e d  s t r u c t u r a l  s u c c es s i o n  f o r  any g i v en  a r e a  i t  may be 
n ec essa ry  t o  g a i n  a t h or ough  u n d e r s t a n d i n g  o f  t he  
s t r a t i g r a p h y ,  t h e  r e l a t i v e  and a b s o l u t e  age o f  t h e  u n i t s ,  as 
wel l  as c a r r y i n g  out  r a d i o m e t r i c  d a t i n g  o f  rock  b o d i e s  which  
have key r e l a t i o n s h i p s  t o  s t r u c t u r e s  i n v o l v e d .  U n t i l  one 
a r r i v e s  a t  t h i s  l e v e l  o f  u n d e r s t a n d i n g ,  i t  wi l l  be p o s s i b l e  
o n l y  t o  d e l i n e a t e  t h e  b r o a d e s t  o f  t i m e  sequences f o r  t h e  
s t r u c t u r e s  i n v o l v e d "  ( p .  1 9 4 ) .

C o r r e I  a t i o n  problems i n v o l v i n g  l a r g e  s c a l e  s t r u c t u r a l  
f e a t u r e s  w i l l  be f u r t h e r  d i s cus s ed  in s e c t i o n  8 . 3 .
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P U u p T C D  Q _  P u p T  I fif.JC f iC DI u T C C
f—- 1 II II I L  I I J  1— III ! I UI  I • J  UI  I l_ I I I i_ .J

DOHA IN 1 -  P l a tes  3 - 1 to 3-36
DOHA IN l i  -  P la tes  3-37 to 3-52
DOHA IN I I I  -  P l a tes  3-53 to 3-63
DOHA IN IU -  P l a tes  3-64 to 3-68
LATE PHASES -  P la tes  3-69 to 3-78

Unless otherwise s ta ted  a i l  p ic tures  were taken of  outcrops  
facing Nil.

DOHA IN I
P l a t e  3-1 Tight  FI fo lds wi th thickened noses and a t te n u a te d  
l imbs a f f e c t i n g  S banding shown by varying proport ions of  
quartz. ,  f e ldspar  and mafic m in e ra ls  in gneiss.; note the 

subhorizontal  S3 spaced cleavage.  [NG 960 721]

PI ate 3-2  Quar tzofe Idspath i  c neosome CSb1) d i scordant to the 
oIder  band i ng ( Sb) i n gnei ss and marki ng F1 f o l d s ; sea Ie 

2.5cm.[NG 956 718]

Pla te  3-3 FI ' f l ame '  fo ld in banded amphibo! i t e  amongst 
quarztot ’e I dspath i c gneisses,  a f fec ted  by open F2 ant i  form.
[NG 974 718]

P l at e  3-4 De ta i l  of  P l a t e  3-3 showing the S2 mineral  growth 

( p a r a l l e l  to pen) and F2 minor folds. [NG 974 718]

Pla te  3-5 Fe ldspath ic  vein ( Sb ' )  showing t i g h t  FI fold in mafi  
amphibol i te;  lens cap 5 em.[NG 961 711]

P l a t e  3-6 S h ea t h - l i k e  FI fo ld  in banded amphibol i te;  coin 2 .5  

cm.[NG 976 708]
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Pla te  3-7 Large F1 folds in banded amphibol i te s l i g h t l y  
a f f e c te d  by F2 and possibly F3 folds;  arrow indicates hammer 
handle (» 70cm); sketch from photograph. [HG 964 718]

PI ate  3-8  01 ' i mbr i cat  ed boud i ns ‘ o f  ma f i c mat er  i a I ( ornament e
and black)  permeated by fe ldspath ic  mater ial  (u)  in banded 
amph i bo I i  t e ; sea Ie 6 cm; sket ch f rom phot ograph. [ HG 975 710]

P l a t e  3-9 Late 01 boudins a f f e c t i n g  S composite in banded 
amphibol i te;  note small  i n t r a f o l i a !  FI fold to the l e f t  of  
penci l  t i p . [ H G  973 70S]

P l a t e  3-10 SH-plunging LI fo ld  mull ions in myloni t i zed  
q ua r t zo f e l dspat h i c  gneiss near the contact  wi th marbles,
[NG 973 704]

Pla tes  3 - 11 , 1 2 , 1 3  Three examples of  the progressive change of  
phenocrysts from undeformed to pro l a t e  ( L I )  to obla te  ( S I )  
shapes in p o r p h y r i t i c  amphibo I i t e s ;  lens cap 5cm, scale  2cm, pe 
15cm r es pe c t i ve l y ;  exposure ( 3 -11 )  faces SE. [NG 978 712]
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STRUCTURES IN NYLON ITI ZED GNEISSES

P 1 ate 3 - H  I soc l ina l  FI f o l d  w i th  limb a f fec ted  by F2-S2 in 
my I on i t i c gnei ss ; note the convoIute geometry o f t  he f o I ds 
a f f e c t i n g  the t h i n  bands at the core of  the FI synform; the 
s i m i I a r  i t y of  t hese st ruct  ures wi t  h Iarger  sea Ie exampIes i s 
s t r i k i n g  (see P l at e  3 - 1 5 ) . [NG 971 716]

PI ate 3-15 Smal l i nt ra f o I i  a I FI f oId and ' conon l u t e '  F2 f o I ds 
a f f e c t i n g  myloni t i zed  gneiss; the darker  bands correspond to  
mafic layers of  the o r i g i na l  rock; width of  photograph 50cm.
[NG 971 716]

P l a t e  3-16 FI fo ld  wi th reverse sense of  closure of  the hinge 
( co in)  f  oIded by F2 fold wi th paras i t  i c mi nor s t r uc t  ures 
(synform at  the top)  and hinge detachment ( ant i  form at  the 
bottom);  the dark layers are myloni t i zed mafic bands; penci l  = 

15cm long.[NG 971 716]

P l a t e  3-16a De ta i l  of  P la te  3 - 1 6 . [NG 971 716]

PI ate 3-17 I1y I on i t i zed gne i ss show i ng the la te  01 my I on i t i c 
banding a f fe c t e d  by F2 folds wi th detachment of  hinges and 
wavelength c o n t r o l l e d  by layer  thickness;  length of  scale (above 

detached hinge of  ant i  form) 10cm.[NG 971 716]

P l a t e  3-18 LI s t re t ch i ng  Jment ion folded around f l a t t e n e d  non-  
c y l i n d r i c a l  F2 f o l d 3 in myl on i t i c  gneiss;  coin 2cm; exposure 

faces SU.[NG 972 716]
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PIqte  3-19 Large upright  F2 folds a f f e c t i n g  interbanded gneiss 
and mafic amphiboi i te (dark layers) ;  hammer ( j u s t  aboue F2 
l abe l )  10cm long.[MG 972 715]

PI ate  3-20 F2 ant i form i n banded amph i bo I i  t e ; t h i n  u11ramaf i c
layers show pinch-and-swel I s t ructures folded at small  
wave length;  compass 10cm long.[NG 975 708]

P I a te  3-20a tie I ! -deue I oped 52 b i ot i t e  and amph i bo I e fo I i at i on 
ax ia  I -p Ia n a r  to asymmetrical  (towards HE) F2 fo ld  in banded 
amphiboi ite  (same uni t  as in Pla te  3 - 2 0 ) . [NG 975 708]

P la te  3-21 Large F2 folds in gneiss with qua r t zo f e I dspat h i c  and 
b i ot i t  e - r  i ch bands; not e fo ld  geomet ry and good deueI opment o f 
S3 crenuI at i on c I eauage ( see a I so P I at e 3 - 2 9 ) ; sketch f r om
phot ograph; sea I e 150cm. [ NG 968 716]

P la te  3-22 S i n i s t r a  I displacement of  g r a n i t i c  neosome ( Sb' -
mark i ng FI fo lds)  a Iong S2 in quar tzof  e !dspath i c gne i s s ; i n 
hinge zone o f  F2 fold;  hammer 10cm iong.[NG 975 701]

P la te  3-23 S in is t r a !  shear and pressure so lu t io n  e f f e c t s  of SI 
quartz  bands along S2 f o l i a t i o n  in myloni t ized  gneiss; coin 
2.5cm (see nap 3 .2 )  [NG 971 716]
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P 1Qts j  -  2 4 S2a crenuI  a t i o n  and spaced c i eauage ax i a I - p ! anap to  
F2a fold a f f e c t i n g  composite banding of gneiss;  note the  
c a t a c l a 3 t i c  aspect of  the rock in the d i scr et e  part  of  t h i s  
s i n i st  ra I shear zone ( t op o f phot ograph); hor i zonta i sur face  
(see map 3 . 1 )  [NG 975 704]

P l a t e  3-25 Narrow duct i I  e s i n i s t r a l  D2a shear zone a f f e c t i n g  
f  e Idspar  phenocrgsts i n porphgri  t i c amph i bo I i  t e ; co in 2 , 5cm 
[NG 975 704] .

P l a t e  3-26 F2a folds in pegmati te (pg) discordant  to the  
composite banding (Sc) which is de f l ec ted around f old  hinges in 
quar t zo f e l dspat h i c  gneiss;  hor i zonta l  surface (see map 3 . 1 )
[NG 975 704] .

P l at e  3-26a Sketch of  Pla te  3-26;  scale 15cm.

P l a t e  3-27 Thick i r r eg u l a r  pegmati te body (peg) wi th sharp 
contacts wi th composite banding of  i n te r  layered gneiss and 
amphiboi i te  (black bands); sketch from photograph; scale  40cm; 
hor i zonta l  surface. [NG 975 704]

P l a t e  3-26 F3 recumbent fold a f f e c t i n g  composite banding in 
gneiss;  hammer 40cm.[NG 961 711]

P l a t e  3-29 Widely spaced S3 crenula t ion cleavage in c h l o r i t i z e d  
b i o t i t e - r i c h  band of  quar tzofe ldspathic  gneiss ( d e t a i l  of  lower 
part of  P l a t e  3 - 21 ) ;  hammer 40cm.[NG 966 716]
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PI ot e 3- j l ]  F4 buckle folds a f f e c t i n g  composite banding ujhich is 
an a l t e r n a t i o n  of quar tzofe ldspathic  and blot  i t e - r i c h  layers  
(more eroded spaces);  S000° a f f e c t s  long limbs of  these folds  
(see also Fig.  6 - 3 ) ;  hammer 40cm.[HG 966 7163

PI a te  3-31 Shoulder development and hinge detachment of  F4 
buckle folds in banded quart zofe ldspath ic  gneiss;  the spaces 
correspond to more weathered b i o t i t e - r i c h  bands; hammer 40cm.
[MG 966 718]

P l a t e  3-32 ’ He Iange’ o f more duct i I e  mi ca - r  i ch mater i a I a Iong
the hinge of  F4 folds a f f e c t i n g  quar t zofe ldspath ic  gneiss and 
mafic amphiboi i te;  note the S4 zonal crenuI  at  ion cleauage at  the  
core of  the f o I d . [ NG 962 722]

P l a t e  3-33 Concentr ic s l i g h t l y  recf ined ( to  SU) F4 fo ld  
r e f o l d i n g  the L1-L2 composite I ineat  ion in q ua r t zo f e I dap t h i c  
gneiss;  exposure faces l i . [H6 964 712]

P l a t e  3-34 F4 re f o l d i ng  of  detached hinge of  F2 f o l d  in b iot  i t e  
(black l ayer )  gneiss;  sketch from photograph; sca le  20cm.
[NG 966 721]
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PI cite 3-35 Concordant maf i c amph i bo i i te w i th i nt erna I 
composit ional  ( f low?)  banding; note d e f l e c t i o n  of  amphiboi i te  

margin ( lower )  around coarse-grained quar t zofe l dspath i c  band 
with pinch-and-swel I  s t ruc t ur e ,  (see map 3 . 1 )  [HG 975 704]

P 1 ate 3-36 Discordant mafic amphiboi i te cu t t ing  across banding 
but present ing a we I I -deueI  oped SI f o l i a t i o n  (see P l at e  2-6 for  
d e t a i l ) ;  hammer 40cm.[HG 975 717]

P l at e  3-37 F2 fo Id  a f f e e t i  ng fe Idspathi  c band i ng i n amphI bo Ie 
schis t ;  note the geometry of  the ant i  form (c lass  2 f o ld )  and 
reuerse sense of  hinge closure of  fold in t h i n  layer  aboue 
t. h i ckest band; co i n 2. 7cm. [ HG 952 717]

P l at e  3-37a F2 folds in discordant  quartz  uein in amphibole 
s c h i s t ; coin 2 . 2cm. [ HG 952 717]

Pla te  3-38 Discordant f e ldspat hi c  ueins ( fdp)  folded by F2 in 
amph i bo Ie sch i s t ; note the deueIopment of  f i  ne feIdspat  h i c 
segregat i on bands ai ong S2; co i n 2 . 2cm. [ HG 952 717]

Pla te  3-39 Low d u c t i l i t y  contrast  01 boudins in f e ldspath i c  
bands a f fe c te d  by NE-uerging asymmetrical  F2 f o I d . [ HG 954 715]

Pla te  3-40 Coaxial  r e f o ld i n g  of  F2 by F3 fold in banded 
amphibole schist . [HG 960 710]
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P 1 Qt ^ 3-41 B iock d i qgrams and sket  ches show i na re  I ot  i onsh i ps 
between 01 t 02 and 04 s t ructures  in myloni t i zed quartz-mica  
sch i st i nterbarided w i t h amph i bo Ie sch i s t , ( a ) I I q h t  F1 re foIded  
by F4 fold;  note angle L1-L4; sketch from sample; scale bar  
5cm.(b)  Coaxial  r e fo l d i ng  of  FI by F2 fold;  note curved ax ia l  
plane of  F2; sketch from photograph; scale 3cm.(c)  I n ter ference  
s t r uc t ur e  between i soc l ina l  F1 fold and c u r v i l i n e a r  hinge F2 
folds;  sketch from part  of  P la te  3-43;  scale 5cm.[NO 971 722]

PI a te  3-42 Non-cy i i ndr i caI  F2 fold af  fect  i ng Isoc11naI F 1 fold  
in quartz-mica schis t ;  note folded LI and developing L2 
st r e t  ch i ng l i  neat i on; sket ch f rom samp I e ; sea Ie 8cm. [ H6 971 722]

Pl at e  3-43 I n te r fe rence  s t ruct ures  between i soc I ina I  F1 foIds  
and sev er a1 non-cyI i  ndr i caI  F2 foIds i n quartz-m i ca sch i s t ; co i n 
2cm.[MG 971 722] ”

P 1 ate 3-44 Uari  able I n t e r I i  mb angIe of  F3 chevron fo Id  a Iong 
fo ld p r o f i l e  in banded amphibole sch is t ;  sketch from photograph;  
scale 15cm.[NG 956 714]

Pla te  3-45 Tight  F2 folds wi th sharp hinge a f fe c te d  by open 
chevron F3 fold;  the F3 fold is the cont inuat ion ( towards the 
core)  of  the s t ruc t ur e  shown in P la te  3-44;  note the S3 spaced 
cleavage. [NG 956 714]

P l a t e  3-46 Type 3 in te r f erence  pat te rn  between t i g h t  F2 folds  
and open F3 wi th round hinges in amphibole sch is t ;  sketch from 
photograph; scale IOcm.[NG 961 702]
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P 1 q t e 3-17 flsymmetr i ca I F3 fold wi t h  curved axia l  plane in 
f i neIy banded amph ibo 1e sch i s t , [ NG 961 702]

P 1 ate 3-18 S3 crenuI  at  ion cleauage a f f e c t i n g  f i n e l y  banded 
micaceous amphibole sch is t ;  coin 2cm. [NG 970 701]

P i at e  3-19 Minor thrust  along F3 fold limb in f i n e l y  banded 
amphibole sch is t ;  coin 2cm. [NG 956 711]

PI ate  3-50 Concentr ic to chevron F3 folds wi th hinge
det achment; the spaces are l e f t  by d i ssoIved mat er  i a 1; co i n
2.2cm.[NG 956 711]

P l a t e  3-51 F1 open foId a f f e c t i n g  asymmetricaI  F3 foIds in 
banded amphibole schist  ; sketch from photograph; outcrop is 10m 
wide and faces SE.[MG 961 707]

P l at e  3-51 a De ta i l  of  F3 fold -  SI  cleavage r e l a t i o n s h i p ;  
sketch from photograph.  [HG 961 707]

P l at e  3-52 Concentr ic to chevron F3 folds wi th quar tz  saddle
r eef s  in banded amphibole sch is t ;  coin 2.2cm.[NG 956 711]

Structural Geology - Loch Maree 64 Chapter 3 - Structural Features



P la te  3-53 FI coax i a I 1 y re  f  o i ded by F2 f  o Id in mi ca sch i s t ; the 
FI a f f e c t s  an c id e r  s c h i s t o s i t y  CD ban d in g ) ;  see map 3 .1 .
[NG 970 696]

P 1 ate 3-51 Coaxial  r e fo ld i ng  of  i soc l ina l  FI fo lds  by recumbent 
F3 folds in quartz  mica sch is t ;  note the t h i ck  nose of  the ear l y  
folds and t he uje I I -deue I oped crenu I at i on o f t he m i c a - r  i ch 
l i t ho l ogy ;  exposure faces SE,[HG 963 703]

P l a t e  3-55 Non-cyI I ndr ica I  F2 folds in l ineated ( L I )  quar t z -  
r i c h  bands of  myloni t i zed s i l i ce o us  mica sch is t ;  note the f ine  
S2 cleauage incl ined toward NE.[NG 975 695]

Pl at e  3-56 Conuolute F2 folds in fe ldspath i c  bands of  
my I on i t i zed s i I i ceo us  m i ca sch i s t . [ NG 975 695]

P l at e  3-57 Hinge of  F2 fold in mica sch is t ;  ornamented bands 
are more s i l i ceous ;  c i r c l e d  area is Pla te  3-57a;  sketch from 
photograph; hor izon ta l  sect ion.  [NG 973 693]

Pla te  3-57a Detai l  of  t ranspos i t ion  of  compositebanding and 
quartzose layers by S2; large pre-Q2 garnet in ou t l ined  diamond 

shape.[NG 973 693]

P la te  3-58 Relat ionships between F2.,F3 and F010° folds in mica 
sch is t ;  black layers are j us t  markers and coarse dots represent  
the surface of  composite banding; sketch from photograph;  
exposure faces SE; scale 1m.[NG 973 693]
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£ J.Pf.V -'9 Rec! ined F j  f o l d  in s i  i iceous mica s c h i s t ,  wi t h  
boudinaged quartz  bands along the outer layers and inverse  
f rac tu res  in the core ( j u s t  above I a b e I ) , [NG 963 701]

PI Qte 3-59a H y i o n i t i c  band along lower limb of  asymmetr i ca I F3 
fo ld  (vergence towards SU) a f f e c t i n g  quartzose band (nose) in 
rusty  schist . [NG 960 698]

PI ate  3-60 Hinge b i f u r c a t i o n  of  F3 recumbent fold in rusty  
sch i s t ; sketch frow phot ograph, [ NG 953 718]

PI ate  3-61 f l cy l i ndr ica l  F3 fold a f f e c t i n g  L1-L2 l i ne a l  ion at  
very Iow angIe to s I ickens i des ( para i I e I  to hammer hand I e ) in 
rusty  sch is t ;  sketch from photograph.[NG 966 702]

P l a t e  3-62 Angular r e l a t i o n s h i p  between Ios^lunging L3 and f ine  
L2 I ineat  ions in mica schist  ; exposure faces bl-1.[NU 971 701]

P l a t e  3-63 Open concentr ic  upright  F1 a f f e c t i n g  mica schist . [NG  
961 700]

P l at e  3-61 Detachment surface between massive (bottom l e f t )  and 
banded marbles producing an F - *ea r ly *  box f o ld .  [NG 965 709]

P la t e  3-65 Buckl ing of  competent quartz band wi th in  more 
massive marble; sketch from r ig h t  hand side of  P l at e  3-61.  [NG 

965 709]
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P I flt £ 3 66 T i ght F- ‘ ear I y 1 f o j d w i t h h i nqe det achment a f f ect ed 
by open F- mid t F 4 ,* warp with spaced cieauage (papal  iei  to 
hammer) in marbles.[HG 951 721]

P1 ate  3-67 T i ght non-cyI i  ndr icaI  piane F - 1 ear I q ' fo ld cut  
across by S'! spaced cl eauage in white marble; exposure faces SE; 
width of  photograph -50cm.[HG 951 721]

P l a t e  3-68 F - ‘ ear I y ' fold a f f ec t i  ng Int erbanded marbIe ( wh i t  e 
bands) and micaceous amphibole schist ;  hor i zonta l  sur face.
[HG 952 720]

P l a t e  3-69 Open F00U° folds in amphibole schist  showing 
wavelength thickness r e l a t i o n s  in bands of v a r i a b l e  thickness  
( t i p  of  pen) ;  hori  zonta I sur f a c e . [ HG 953 716]

PI ate  3-70 Open F040° folds in quar t zofe ldspath ic  gneiss 
a f f e c t i n g  the Li s t re tch ing I ineat  ion; some of  the v e r t i c a l  

f r ac tu res  might have been produced by r e a c t i v a t i o n .  Outcrop 
faces SU; hammer 40cm [HG 961 714]

PI ate 3-71 I nter ference between F4, F000° andF040°; d e t a i l e d  
examinat ion reveals  several  d i f f e r e n t l y  o r i e n t e ^ r e n u l a t  ion 
cleavages in t h i s  quar tzofe ldspathic  gneiss.[HG 963 723]

P l a te  3-72 Pat tern produced by inter ference of  8000°,  8040° and 
S090° in quar t zofe ldspath ic  gneiss; hor i zontal  sur face;  scale  

30cm.[HG 959 722]

Structural Geology - Loch Maree 67 Chapter 3 - Structural Features



PI ate 3-73 Dext.ro I displacement along S060° of  a quartz  vein  
(.b l ack ) in quar tzofe ldspathic  gneiss; hor i zontal  sur face;  scale  
20cm.[NG 965 713]

PI ate  3-74 Crush be l ts  (cbj  obl ique to S4 f o l i a t i o n  in 
quar t zof e l dspat hi c  gneiss; sketch from photograph; exposure 
faces SE.[NG 969 722]

P l a t e  3-75 St ructure  resembling f o l i a t i o n  formed by l i m o n i t i c  
mater ia l  p r e c i p i t a t e d  along f a u l t  zone; in i r o n - r i c h  sch is t  of  
Charr band; width of  block diagram 150cm.[HG 971 722]

P l a t e  3-76 Steeply dipping crush be l t  (cb)  c u t t i n g  across Sl-1- 
d i pp i ng norma I fau11 s a Iong the cont act between my I on i 11 zed 
gneisses and amphibole schists;  sketch from photograph; height  

of  c l i f f  -20m.[NG 969 722]

PI ate 3-77 Late 'en echelon1 reverse f a u l t s  wi th a northward 
movement of  the hanging wa 11 af  fect ing  quar t zof e I dspat hi c  
gneisses;  scale 25cm.[NG 977 711]

P l a t e  3-78 Faul t  breccia in crush bel t  ( p a r a l l e l  to  pen) 
a f f e c t i n g  quar t zofe ldspath ic  gneiss.[NG 967 722]
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CHAPTER 4 -  FABRIC STUDIES
4 .1  IHTRODUCTI OH
4 . 2  DESCRIPT I OH
4 . 3  DISCUSSION

4 .1  IHTRODUCTI OH

The microstructures present in these rocks vary between l i th o lo g ie s  
in both t h e i r  expression and the extent of t h e i r  development; no 
i nd i v i dua I doma i n shows a comp 1 ete record . For examp 1 e ., wh i I e  t he 
gneisses of domain 1 preserve the ea r ly  fabr ics  these have been 
o b l i t e r a te d  or only comprise fragments or r e l i c s  in the marbles. In 
addi t ionf as mith the mesoscopic fe a tu re s , microstructures display  
t rans i t i onaI character  i stcs r e f I e c t  i ng the d i verse nature of the 
af fected l i th o lo g ie s  and the heterogeneous character of the 
deformation. This presents a number of problems in the 
cI ass i f  i cat i on and i n te rp re ta t  i on o f t  he m i crostruct  u res .

The approach which produced the most coherent representation of the 
microstructural features was the descr ip t ion of microfabrics in 
sequential  order of development (D1 to D - la te )  and from the least  
to the most deformed representat ives  of the several phases in the 
d i f f e r e n t  domains. I t  permitted the grouping of s im i la r  features  
superimposed on the same mineral assemblage ( e . g . the grain  size  
reduction taking place during D1. D2, e t c . ) .

Due to the s t ruc tura l  complexity of the rocks, sampling., in most 
cases, had to be done separate ly  for each fabr ic  in those places 
where the features were best expressed. Generally the indiv idual  
fabr ic  elements were followed in the f i e l d  to establ ish  the extent  
to which morphology (usua l ly  I i thoIogy-dependent) and geometry 
changed. This approach increased the confidence with which the 
various micro fabr ics  described could be considered to be 
representat ive  and with which the e f fe c ts  of deformation were 
in terpreted .  However, even when t h is  procedure is followed the age 
and a f f i n i t y  of several deformationaI features remain ambiguous.
This ambiguity is most problematic in the marbles of domain IU 
(see Chap.3) so that with exception of SI (m y lo n i t ic ) ,  no other
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microfabric of th is  dumain w i l l  be described here .

The most useful sections were those that were cut at an angle to 
the pIanar and 1inear f a b r ic s . The ' L 1 - 1ectonite  fa b r ic  of  most of 
these rocks mean that a section along the fold p r o f i l e  did not 
perm i t  d i scr i m i nat i on bet ween t he f oIded and t he new Iy formed 
minerals of each fabr ic  (e .g .  S-banding and S I ) .  Resolution of th is  
prob 1 em has o f t  en re I i ed on i nd i rect  ev i d e n c e e . g .  st ruct  ura I and 
s t r a t i  graph i c re I at i onshi ps ( see be Iow).

The term i no Iogy used i n the cI ass i f i cat i on of the f o I i  at  i ons was 
that  of Borradaile  et a I . (1982) which is based on c r i t i c a l  
assessmentj is e s s e n t ia l l y  d escr ip t ive  and can be amended to 
incorporate new observations.

4 . 2  DESCRIPTION OF FRBRICS

4 . 2 . 1  SI F o l i a t  ion

4 . 2 . 1 . 1  Domain I -  Quartzofe ldspath ic  gneisses and amphibolites

Quar tzo fe Idspath ic  gne isses

On the basis of isotopic data (see Chap.8) and s t r u c t u r a l -  
s t r a t ig ra p h ic  c r i t e r i a , t h e  d er iva t io n  and age of the banding in the 
gneisses and banded amphibolites has been shown to be d i f f e r e n t  
from that  in other domains. Although the rocks of domain I were 
the least modified during the 01 event (see Chap.3) probably due to 
t h e i r  rheo logical properties., the recrysta l  Iat  ion during the ear ly  
stages of the D1 event (Ml)  has a f fec ted  most of the older  
microfabric .  Since i t  is v i r t u a l l y  impossible to d is t ingu ish  
between the products of Til and the h-banding (which is probably the 
resu l t  of pre-Laxfordian recrys ta11 iza t ion -see  S e c t .8 .3 )  i t  is 
assumed that  a l l  the fabr ics  which pre-date  the D1 m y lon i t iza t ion
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were developed or strongly modified during the ear I y stages of 01 
r e c r y s t a l l i z a t i o n  (M l ) .  The fol lowing features support such an 
assumpti on.

1. Uhere the gneisses and amphibolites are l i t t l e  a f fec ted  
or unaffected by 01 my I on i t  izat ion., they show a we I I -developed  
granobIast i c poIygonaI t ext ure wi t h re I at i ueIy Iarge gra in size  
(1 -2mm, P I . 4 -1 ) .

2. Bot h t he maf i c amphi bo I i  t e s , di scordant t o t he 
segregation banding of the gneisses and Icke p o rp h y r i t ic  
amphi bo I i  t es show the same met amorphi c ' egu i I i  bri  urn' t ext u r e . Even 
i n Iow s t r a in  s i t  uat i ons, where t he phenocrysts s t i  I I re t  a i n t he i r  
i gneous shape, t hey show a wel l -deveI  oped granobIast i c poIygonaI 
texture  with several smaller c rys ta ls  replacing the o r ig in a l  large 
fe ldspar  ( 'B las toporphyr i t ic  t e x t u r e ' ,  P i . 4 -2 ) .

3. The evidence that a l l  the subsequent metamorphic events 
were re trogress ive  in nature (see Chap.?) together with the  
deformation of these recrys ta l  I ized  phenocrysts giv ing r i s e  to LI 
st re t  ch i ng I i  neat ion ( P I .3—11) i nd i cates t hat th is  t ext ure formed 
dur i ng 111 at t he I at est ( see a I so Sec t . 6 . 3 ) .

In the fe Id spar - r ich  port ions of the gneisses, a granobIast ic 
poIygonaI t e x t u r e , with s t ra ig h t  grain boundaries and 120* t r i p l e  
points is a common feature ( P I . 4 -1 ) .  This 'equ i l ib r iu m '  tex ture  is 
r e s t r ic te d  to the phyI I osi I icate-poor bands. Uhere b i o t i t e  and, 
or, muscovite is present even in subordinate proportions, the 
texture  is contro l led  by the tec tos i l ica t .es  and there is no 
preferred o r ien ta t io n .  Uhere quartz ,  b i o t i t e  and muscovite are 
r e l a t i v e l y  abundant the predominant texture  is a grain shape fabr ic  
with elongate grains of fe ldspar and quartz with s l i g h t l y  i r reg u la r  
contacts ( P I . 4 -3 ) .  The phyI I osi I icates show a preferred  
o r ie n ta t io n  and the grain size is in general smaller (c.lmm).
There is always a s t ructura l  control (see Sect. 4 .3 )  and the 
st ructures described here are best represented along limbs of  
microfolds. This recrysta I  I iza t ion  texture  is common in the  
gneisses ( P I . 4 -3 ) ,  grain s ize  being control led by ' inc lus ion  
i n h ib i t io n '  (Hobbs et a I . 1976,p . 1 12 ) .  The ra te  of crys ta l  growth is
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reduced by the attachment of small second-phase grains ( e . q , micas) 
to a large number of grain boundaries, so that these 
phyI I o s i I i c a te s  can control the development of the grain shape 
fabr ic  (see P I , 4 - 3 ) .  The la te ra l  increment of the deformation  
across the f o l i a t i o n  is indicated by the i r r e g u l a r i t i e s  of quartz  
crysta l  boundaries, strong undulose ex t inc t ion  and even some sub­
grain development in most c ry s ta ls .

In sect i ons a Iong t he pro f i I e  of F1 f oIds the S1 f oI i at i on cons i st s 
of small b i o t i t e  f lakes al igned p a ra l le l  to the axia l  plane of the 
folds ( P I . 1 - 4 ) .  This feature  is however an exception since the 
fabr ic  is,  in general ,  that  of a ' L ' - t e c t o n i t e  with amphiboIes and 
deformed quartz and fe ldspar aggregates marking the strong grain  
shape or ientat  i on ( P I . 4 - 5 a , b, c ) .  In n few pI aces muscovi te  and 
epidote poiKiIobIasts enclose smaller c rys ta ls  of feldspar ,  
quartz,  b i o t i t e  e tc ,  ( P I . 4 - 6 ) .  Whether t h e i r  growth was syn or 
post- tec ton ic  in r e l a t i o n  to SI f o I i a t  ion is something di f f  icu11 to 
assess due to the ’ g r a n u la r 1 fab r ic  of the rock which makes i t  
d i f f i c u l t  to es tab l ish  the re la t io n s h ip s  between the inclusions and 
the external  ( to  the porphyrobIast) f o l i a t i o n  ( c f . Uernon 1978, 
pp.299-302).  There is no doubt, however, that a l l  the above 
described minerals were s t rongly  a f fected  by the la te  D1 
m ylon i t iza t ion  ( P I . 4 - 7 ) .

fi$phfhoh'tes

fis in the gneisses, the nature of the SI fabr ic  in the banded 
amphibolites is complex, varying between a l inear  fab r ic  ( ’ L ' -  
t e c to n i te )  and a l in e a r -p la n a r  fab r ic  ( ’ L -S ’ t e c to n i te )  in 
phyI 1 os i I i  cat e - r  i ch l i th o lo g ie s .  flmph i bo Ie cryst a Is and eIongat e 
feldspar  aggregates ( in  the p o rp h yr i t ic  amphibolites) mark the 
former fabr ic  ( ‘ L ' - t e c t o n i t e  , P I . 4 -8 ) .  Even in the hinge zones of  
FI folds i t  is p r a c t i c a l l y  impossible in most cases to d is t ingu ish  
(under the microscope) the older  mineral growth (banding) and the 
SI fab r ic .  This is probably due to the type of s t ra in  suf fered by 
these rocks during D1-D2 deformations (see S e c t .6 .3 )  as well as to 
the widespread recrys ta l  I i z a t i o n  and reor ien ta t ion  of  a l l  the
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(ii i nera I og i ca I c o m p o n e n t  3 dun i ng the assoc i ated metamorph i sm ( see 
Chap. 7 ) .  Even inhere fe ldspar  phenocrysts show1 l i t t l e  or 
p r a c t i c a l l y  no deformation , the l inear  fabr ic  is we i I -marked by 
the d i mens i onaI a Iignment 0 f the surround i ng amph i bo Ie pr i sms. 
However} i n some bi ot i t  e - r i  ch samp Ies a weak pIanar fabr i c para Mel  
to the axia l  plane of FI folds is sometimes observed (P is  4 - 9 ,1 0 ) .

4 . 2 . 1  . 2 . Oomain I I -  Amphibo 1e s c h i s t s

Apart from remnant s 0 f caI c—s i I i  cate gne i sses, amph i bo Ie sch i st s 
and some amph i bo I i  t es showi ng a we I I -deveI oped granobIast i c 
poIygonaI t ext ure ( average gra i ns i ze 1-3 mm) preserved wi t h in 
large garnet crysta11ocIasts;  no other mineral growth which could 
be ascribed to S-banding/SI f o l i a t i o n  was observed. The remnants 
of these l i th o lo g ie s  are in mylonites of an isolated outcrop along 
the northeastern limb of the large synform [NG 971722], They were 
protected from the strong e f fe c ts  of the 01 m y lo n i t i z a t io n  by the 
armouring e f fe c t  of the garnet overgrowth (see 'mixed mylonites '  in 
Chap.5 ) .

4 . 2 . 1 . 3 .  Domain 111 -  Metasediments

The SI fabr ic  in th is  domain is represented by a f ine  ( g r a in 's i z e
0.5-1 mm) mica growth along the axia l  plane of small fo lds ( P I . 4-  
11) or as remnants of a quartzofe ldspath ic  rock with granobIast ic  
polygonal texture  preserved as l i th o c la s ts  in some mylonites ( P I . 5— 
4 ) .  The former is usual ly  shown as muscovite and b i o t i t e  f lakes  
s t i l l  marking the remnants of a I i t  ho logical layering strongly  
modified (mainly by D2). The micas generally  show g r a in -s iz e  
reduction along t h e i r  contacts and frequently the only observed 
features are the darker and l ig h te r  bands which def ine the fold  
forms. In the quartz and fe ld s p a r - r ic h  rocks the tex tu re  is ra ther  
granular with the folds showing no associated a x ia l -p la n a r  mineral 
growth. The fabr ic  is of an ' L ' - t e c t o n i t e  type and sect ions at low 
angles to the fold axes and I ineat  ion ( L I )  show a marked elongation

Structural Geology - Loch Maree 74 Microfabric Studies



of quartzofe Idspathic  aggregates and dimensionaI o r ie n ta t io n  of 
amphiboIes and micas.

4 . 2 . 1  . 4 .  Doma i n IU -  Harb I es

S im i la r ly  to domain I I I  the only features of possible D1 age, which 
have survived the strong e f fe c ts  of the my I on i t i z a t i o n  in t h is  
domain , are few l i t h o c la s t s  of c a l c - s i I i c a t e  gneisses with  
granobIast ic  polygonal tex tu re ,  surrounded by the f ine  carbonate-  
r ich  mylonit ic  f o l i a t i o n  ( P I . 5 -67 ) .  The extreme condit ions of la te  
D1 m y ion i t iza t ion ,  probably contro l led  by the rheological  
propert ies of these rocks, meant that no SI fab r ic  older  than the 
my I on i t i z a t i o n  has remained in the carbonate-r ich l i th o lo g ie s  (see 
Chap.5 ) .

4 . 2 . 2 .  S2 F o l i a t  ion

4 . 2 . 2 . 1  Domain I -  QuartzofeIdspathic gneisses and amphibolites  

(h/ar tzo fe i  dspath fc gne tsses

The S2 cleavage in the quartzofe Idspathic  gneisses is expressed by 
f ine  discontinuous zones of shear looking l ike  d i f fu se  'seams' in 
polished surfaces of hand specimens ( P I . 4 - 12 ) .  Their sinuous 
geometry is probably contro l led  by the r e l a t i v e  competence of 
minerals and aggregates (Lebedeva 1982) so that quartzose bands are 
transected while fe ldspar  and epidote are f requent ly  surrounded by 
the f o l i a t io n .  The e f fe c ts  of shear in the cleavage 'zones' are 
evident in a l l  scales (Pis  4 -12 ,13 ) .  Such a fabr ic  would be 
classf ied  by Borradaile  et a I . (1982) as a spaced crenula t ion  
cleavage with a 'rough' degree of p la n a r i ty  and an 'anastomosing' 
pattern of cleavage surface. In terms of the r e l a t i v e  width of the 
cleavage domains i t  would be c la s s i f ie d  as 'narrow zonal '  and as 
'd is c re te '  due to the abrupt t ra n s i t io n  between the micro Ii thons.
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The S2 f a b r i c  i s  b e s t  d e v e l o p e d  i n  t h e  mqI u n i t i z e d  g n e i s s e s ,  but 
since it  also produces g ra in -s iz e  reduction l ike  that seen in SI 
( my I on i t i c ) i t poses a probIem regard i ng t he d i st inet i on bet ween 
de formati ona! f eat ures f at mi croscop i c sea I e ) produced duri ng D1 
and 02, Since SI is not everywhere a penetra t ive  s t ruc ture  i t  is 
usua11y possibIe to observe i ts  ef  fects upon the oIder  fabr ics 
(Pis  4-15 to 4 -18 ) .  Quartz, iriuscov i t e , ep i dote and m i croc I i ne 
suf fer  fu r ther  g ra in -s iz e  reduction "to that imposed during 01, in 
pI aces down t o a submi croscopi c gra i n s i zed matr i x cont a i n i ng ovo i d 
feldspars produced from lath-shaped c rys ta ls .  The narrower the S2 
shear zone, the smaI Ier  the grains (Pis 4 -1 4 ,1 5a ,1 6 ) .  This 
reduction continues to the point where there is no evident  
o r ien ta t ion  in the matrix; a feature very s im i la r  to that  shown by 
the 01 u11ramyI on i t e s ,

Consistently s i n i st ra I sense of movement is shown by ro ta ted  
c r y s ta l io c la s ts ,  the asymmetry of muscovite f lakes caught by the 
shear zones and displacement of f ine  quartzose bands (P is  4-  
16 ,17 ,18 ) .  f l i t  hough muscov i t e crysta  Is are usuaI Iy observed with i n 
the S2 zones, they occur as long p a r t i a l l y  destroyed mica
flakes, and p r a c t i c a l l y  no b i o t i t e  is l e f t .  The presence of  
aggregates of c h lo r i te s  probably accounts for the absence of  
b i o t i t e .  These aggregates are p a r t i c u la r l y  common along the axia l  
planar posit ion of small F2 folds where some remnants of b i o t i t e  
s t i l l  survive and the grain s ize  is frequent ly  sub-microscopic.  
Uhere quartz bands (mostly formed during D1 m y io n i t i z a t io n )  are 
cross-cut by these shears the deformation bands and other s im i la r  
st ructures are well deveI oped (Pis 4 -17 ,18 ) .

Factors determining the more or less penetra t ive  character of S2 
include:

1. The grain s ize  of the a f fec ted  f o l i a t i o n  (S1 m y lo n i t ic ) .
In places where a f ine  SI mylonit ic  banding is cross-cut by S2 , 
the l a t t e r  tends to be more pervasive ( P I . 4 -18 ) .

2. The r e l a t i v e  abundance of quartz and feldspars compared to 
micas. In sections where large and abundant c las ts  of feldspars  
are present the S2 f o l i a t i o n  presents more b r i t t l e  features and is 
less penetra t ive  (compare Pis 4 - 1 5 , 15a).  in t h is  way the ro le
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played by the D1 m ylon i t ic  processes could have been important not 
on Iy for the reduct i on of the gra i n-s i ze ( fac i I i  t a t  i ng the 
pervasiveness of S2) but also because of the associated mineral  
t rans format i ons ( see Chap.7 ) .

Being less pervasive than the D! mylonit ic  banding the S2 shear 
bands tend to wrap around the i i th o c la s ts  that survived D1 
my I on i t i z a t i o n .  In general,  these fragments display granobIast ic  
polygonal textures and are elongate p a r a l le l  to SI where S2 is 
absent or less developed. In areas where S2 is s trongly developed 
( i nvar i abIy co i nc i di ng w i th areas of strongIy  deveI oped my I on i t  i c 
SI )  t hese I i  t hoc Iast s seem t o su f fer  f urt  her gra i n-s i ze comm i nuti on 
and rot at i on o f the i r  Iong ax i s i nto para I I e 1i sm w i t h S2. SmaI I 
folds are frequent ly  observed in these regions. Along the limbs of 
these folds shear features are we 11-deveI oped and the elongation of 
deformation bands in quartz c rys ta ls  are invar iab ly  al igned  
p a r a l le l  to t h e i r  ax ia l  plane ( P I . 4 -19 ) .

Sections at high angles to the folds axes tend to show larger  
displacements along the S2 shear bands than other o r ien ta t io n s  of  
sections, suggesting that  the extension d i re c t io n  ( ' H ' )  is at^high  
angles to the fold axis  (see Chap.6 ) .

In the hinge zone of the large F2 synform in th is  domain, a b i o t i t e  
mineral growth cross-cuts the older  composite fab r ic  (S-banding 
+ SI ,  P I . 4 -20 ) .  The physical continuation of t h is  mineral growth 
in pure quartz layers is represented by deformation bands and 
r e c r y 3 t a l I i z a t i o n  ( P I . 4 -21 ) .

The r e l a t i v e  strength of indiv idual  minerals to 02 grain size  
reduction processes seems to be the same as that during 01 
my I on i t i z a t i o n ,  with epidote and feldspars being more res is tan t  
than muscovite and b i o t i t e  (see also Chap.6) .

B io t i t e s  and amphiboIes express the S2 a x ia l -p la n a r  f o l i a t i o n  in 
the amphibolites. The b i o t i t e  is present as small f lakes be t te r  
observed in the fe ld s p a r - r ic h  bands than in the mafic ones where 
epidote amphiboles are the dominant mafic minerals ( P I . 4 -2 0 ) .  In
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the nna f i c amph i bo I i t es int. erbanded w i t h the my I on it  i zed gne i sses 
S2 is a gradational  crenu ia t ion  cleauage a f fe c t in g  the SI mylonit ic  
banding. Due to the presence of large porphyrocIasts in these 
rocks pI us the smaI I amp I i  tude/waveIength rat  i o of the crenuI at i on, 
the microfolds do not show a regu lar  geometry. The presence of a 
large porphyrocIast or a group of porphyrocIasts appears to inh ib i t  
the formation of foIds ( P I . 4 -2 2 ) .

Quartz, wherever present , shows wel I -  d e v e Ioped deformat ion bands, 
i nvar i abIy elongate para I IeI  to t he ax i a I pi ane o f t he crenu iat i on. 
fimph i bo Ies, where they are folded in a concentric s ty le ,  have 
opaque m i neraI i n f i l l s  in concent r  i c f ra c tu re s , probabIy deveI oped 
during fo ld ing.  Uhere the folds are t ig h t e r ,  grain s ize  reduction  
e f fe c ts  are observed,with the production of aggregates of c h l o r i t e ,  
epidote and opaque minerals.  Reor ientat  ion of amphibole c rys ta ls  
by ro ta t io n  of  c rys ta ls  towards p a ra l le l ism  with S2 is common.

Generally speaking the s ize  of S2 b i o t i t e s  and amphibolites is 
smaller than t h e i r  SI equiva lents .

4 . 2 . 2 . 2 .  Ooma in I I  -  fimphi bo Ie sch i st s

In the amphibole schists  hornblende c rys ta ls  mark the S2 f o l i a t i o n .  
While in most samples cross -cu t t ing  re la t ionsh ips  are not c lea r  
( P I .4 -1 0 ,2 3 ) ,  in some, large pr ismatic  c rys ta ls  ( t re m o l i te ? )  mark 
the S2 f o l i a t i o n  ( P I . 4 -24 ) .  The absence of a we l l -de f ined  S2 
f o l i a t io n  in some samples is probably due to the mechanism of  
deformation (see Chap.6) as well as r e c r y s t a l l i z a t i o n  during M2. 
In these samples although the c rys ta ls  do not show p a r t i c u la r l y  
stra ight  contacts,  the e f fe c ts  of deformation are very few. Uhere 
present,  the quartz c rys ta ls  r a r e ly  show deformation bands though 
the development of sub-grains is not uncommon.

Uhere la te  D2 quartzofe ldspath ic  veins are present,  we I I -deveI oped 
mylonit ic  features are observed, a f fe c t in g  both the quartz and the 
feldspar .  The adjacent amphiboIes look unaltered,  with minimal 
grain reduction along the crys ta l  boundaries. The deformation
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features observed in these veins are younger than S1 and were 
folded by F2 folds,  ind ica t ing  t h e i r  02 age with c e r ta in ty ,
L i kew i se, quart z de format i on bands within the ve i ns show e 1ongat i on 
p a r a l le l  to S2. The fe ldspars present features l ike  bent twins and 
kink bands.

4 . 2 . 2 . 3  Domain M l  -  Metasedintents

Probably due to the e f fe c ts  of the mechanism of deformation which 
formed most of the F2 folds., as well as the nature of the 
interbanded sequence- in which most of the folds recognized as F2 
were described ( q u a r t z - r ic h  bands ' immersed' in f ine  mica-r ich  
matrix)  the S2 f o l i a t i o n  is not we 11-developed (see Chap.6 ) .

Crystal  lociasts remaining from the 01 mylonit ic  episode are here 
seen folded around F2 hinges. They comprise fe ldspars and 
part i c u Ia r Iy  Iarge muscov i t e f 1akes, the 1 at t e r  frequent 1y seen i n 
disrupted hinges of F2 folds ( P I . 4 -25 ) .

Ptygmatic F2 folds are common in th is  domain, p a r t i c u la r l y  in the 
m ylonit ic  mica schis ts .  These folds ( P I . 4-26) presenting var iab le  
layer thickness and large distances between adjacent fold crests  
(measured along the la y e r ) ,  when compared to fold wavelength and 
layer thickness, indicate considerable shortening re s u l t in g  from 
buckling (see Chap.6 ) .  Although the presence of a fa in t  cleavage  
and layer thickness control over fold wavelength could also suggest 
the act ion of layer p a r a l l e l  shortening ( P I . 4-27)  most of t/ie 
rocks show only r e - o r ie n ta t io n  of the old minerals. ^

In general,  the S2 f o l i a t i o n  is a gradational crenuI at ion cleavage 
with broad zones corresponding to the limbs of the folds.  Uhere 
the folds are very t ig h t  i t  is d i f f i c u l t  to d is t ingu ish  between D1 
and D2 features.  However, deformation bands in quartz showing 
elongation p a ra l le l  to the ax ia l  plane of small folds and higher  
density along the (high s t r a in )  short limb of folds and large 
number of grains along the short limbs of folds are c e r t a in ly  02 
features ( P I .4 -2 8 ) .

Large muscovite f lakes,  genera l ly  show a f a n - l i k e  (undulose)
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ex t inc t ion  ( P I . 4 -2 5 ) .  In some of these isolated hinges, f ractures  
f i l l e d  uj i t h ch I or i t i zed b i o t i t e  are present . The I at t er is also 
f requent ly  observed along the cleavage planes of large muscovite 
f lakes probably ind ica t ing  that  these structures acted as channels 
for percoI at i on of f lu id s  duri  ng part of the deformat i on ( fo Id  ing) 
of these rocks. In other  samples, features ind ica t ive  of the 
operation of pressure so lu t ion  mechanisms are uj ides pread. They 
consist of dark discontinous seams along the limbs of most small 
folds,  fi strong gra in  s ize  reduction along these zones as well as 
a I ong some o f t he h i nges o f t he crenu I at i ons uj i t h concent ra t  i on o f 
opaque m i nera Is and seri  c i t i za t i  on of t he Iarge muscov i t e re I i  ct s 
is observed (Pis  4 -2 9 ,3 0 ) .  The dark seams show anastomosing 
pat terns surroundi ng cryst a I IocIast  s of fe Id s p a r . In severa I 
examples these s tructures  tend to develop along the more competent 
quartz bands, being si igh t Iy  deviated from t h e i r  i n i t i a l  posit  ion 
( P I . 4 -30 ) .  In very f ine -gra ined  sampies the foided Iayers show 
displacements and/or pressure solut ion along the F2 axia l  planes 
character iz ing  the i n i t i a l  stages of t ransposit ion  of the SI fabr ic  
( 4 -3 1 ) .  Transposit ion of th in  quartz bands is loca l ly  observed 
( 4 -3 2 ) .  Other common features include remnants of the p r o t o l i t h ,  
usual ly  present as well-rounded 'c rys ta l  loc ias ts '  surrounded by the 
S1 my I on i t e band i ng ( P i . 4 -3 3 ) .  In t he cy I i  ndroi da I F2 foIds Iarge 
muscovite f lakes are commonly al igned along S2 (4 -3 4 ) .  The 
presence of isolated hinges indicatesj in those cases., the advanced 
t ransposit ion  the rock has suffered., leaving c lear  the nature of 
the mica f lakes as old c rys ta ls  rotated towards alignment with S2. 
The non-cy I i nd i ca I d r a L ' supercy T mdrU-ca I ' F2 f o I ds show no v i s i b l e  
axial  planar f o l i a t i o n  (Pis  4 -35 ,36 )  while a f o l i a t io n  can be 
observed in the 1s u p e r c y I in d r ic a I ' folds.

4 . 2 . 3 .  S2a F o l i a t i o n

4 . 2 . 3 . 1  Domain I -  Quartzofe ldspath ic  gneisses and amphibolites  

Quartzofe? dspath ic  gneisses
Under the microscope the S2a fabr ic  is marked by a we 11-deveI oped
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crenuI a t ion cleavage with long deformation hands in quartz  c rys ta ls  
p a r a l le l  to the fo ld ax ia l  p ianes . The width of the bands 
decreases considerably where a porphyrocIast of a more res is tan t  
mineral is present.  Some of these bands show a subdivision  
( internaI deformat ion IameMae) obI ique to the elongat ion of the 
large ones ( P I . 4 -3 7 ) .  However, i t  is d i f f i c u l t  to be sure about 
the contemporaneity of t h is  feature  and the development of the 
shear zones. in the strongly deformed parts of the rock these 
small oblique deformation bands dominate with the large ones only 
preserved in r e l i c t  o u t l in e  ( P I . 4 -37 ) .  The r e s t r i c t i o n  of these 
'sub-bands' to parts  of the rock a f fected by the shear zones seems 
to indicate t h e i r  association ( in  places where the D2a shear zones 
are we I I -d eve I  oped D1 and 02 m ylon i t ic  s tructures are uncommon).
The frequent presence of large p e r th i te s  in feldspars with  
o r ie n ta t io n  p a r a l l e l  to the small deformation bands in quartz  could 
also indicate t h e i r  association with 02a deformation processes.

The extreme heterogeneity  of the D2a deformation is suggested by 
the development of ' lo c a l i z e d '  (d is c re te )  shear zones and the  
presence of both (a)  l i t t l e  deformed 'pods' of gneisses surrounded 
by bands with intense deformation and (b) kink bands in mica f lakes  
show i ng var i abIe or i en ta t i  on.

Duct i le  shear of fe ldspar  c ry s ta ls  is marked by bending of twins 
( P I . 4 -38 ) .  The shear planes are s l i g h t l y  rotated (clockwise) in 
re la t io n  to the axia l  planes of the F2a crenuI at ion. The l a t t e r  is 
marked by deformation bands in quartz; some of which are al igned  
p a r a l le l  to the shear bands. Whether they have been ro ta ted  to or 
formed in that pos it ion  (marking a ‘ S ' -sur face )  w i l l  be discussed 
in chapter 6.

Wore than one set of shear zones with d i f f e r e n t  o r ien ta t ions  were 
observed in a few samples. Despite the fact that some sets show 
geometry compatible with a conjugate system or show features  
typ ica l  of b r i t t l e  deformation i t  is very d i f f i c u l t  to assess t h e i r  
r e l a t i v e  age, since factors l ike  deformation ra te ,  and type of  
material  a f fec ted  are very important and can eas i ly  determine the 
nature ( p la s t i c  or c a t a c la s t i c )  of  the produced features (see 
Chap.5 ) .
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In more intensely deformed samples zones of pseudotachyIite have 
developed surrounding and intruding pods of less deformed rock.
The grain s ize  reduction is extreme, producing angular fragments of 
crys ta ls  immersed in a sub-microscopic matrix ( P I . 4 -39 ) .  In the 
least a f fec ted  parts  of the rock ©el I -deveI oped deformation bands 
in quartz are invar iab ly  present ©ith associated feldspars showing 
internaI  d is loca t ion s .  The progressive increase of density of  
deformation bands towards the zones ©ith pseudotachyIite seems to 
indicate that  features of d u c t i le  deformation ©ere generated at the 
same time or on the ©ay to the production of pseudotachy I i te . The 
absence of ove rp r in t ing  of these structures by la te r  fa u l ts  seems 
to ru le  out the p o s s i b i l i t y  of r e a c t iv a t io n  of the once d u c t i le  
zones during la te r  b r i t t l e  deformation. The presence of 
pseudotachyIite amongst d u c t i l e  deformed rocks has been recent ly  
i d e n t i f ie d  ( cf* Sibson 1980 j Passchier 1982).

8®phihoi f tes

The microstructura l  02a features developed in these rocks ©ere not 
invest igated in d e ta i l  due to t h e i r  r e s t r i c t  occurrence 
(see Chap.3 ) .  However the minerals ( p a r t i c u l a r l y  the fe ldspars)  
show evidence of much more p la s t i c  deformation than t h e i r  
conterparts  in the quartzofe Idspath ic  gneisses.

\

4 . 2 . 4 .  S3 F o l i a t i o n

4 . 2 . 4 . 1  Domain I -  Q uartzo fe I dspathic gneisses and amphibolites  

Quar tzo fe  I  dspath ic  gneisses

The S3 f o l i a t i o n  is expressed mainly as a spaced cleavage. This is 
probably a function of the I i th o lo g ic a l  control although in some 
places, the development of  a gradational crenuI at ion cleavage
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r e f le c ts  the interbanded nature of the sequence. The associated  
folds show conuoIut e geonetry w i th pat t erns suggest i ng re fo Id  ing 
( P I . 4 -40 ) .  Howeverj these patterns were probably produced by the 
comp I ex st ra i n deoeI oped i n detachment zones in mi ca-sch i st s 
immediately above the hinge of a thick,, folded, quartzofe I dspath ic 
band. Like the s t ru c tu ra l  expression of D2 features,  th in  layers 
of quartz with deformation bands are elongate p a ra l le l  to the axia l  
planes of small F3 folds.  These folded layers frequent ly  show 
smaller grain s ize  along the inner arc than along the outer arc 
( P I . 4 -41 ) .  Since most of the microscopic features are probably 
inheri ted from D1 and D2 deformationaI episodes these bands in 
quartz c ry s ta ls ,  with o r ie n ta t io n  p a r a l l e l  to S3, are the only 
deformationaI features at 83the grain scale which can be 
a t t r ib u te d  to D3 deformation with c e r ta in ty .  In contrast the 
micaceous bands show more regular  features l ike  small box folds and 
conjugate kinks. Along the fold hinges mica f lakes show rad ia l  
ex t in c t io n .  Carbonate f i l l s  the spaces l e f t  by deco! lenient along 
the hinges of folds and ra d ia l  f ractures  which are commonly seen 
cross-cutt ing  quartzose bands.

4 . 2 . 4 . 2 .  Ooma in I I  -  Amphi bo Ie sch ists

The S3 f o l i a t i o n  in t h is  domain is a gradational crenuI at ion 
cleavage best developed in schistose units  ( P I . 4 -42 ) .  Most of the 
long amphibole prisms seem to have suffered grain boundary s l id in g ,  
p a r t i c u la r l y  along the hinges of microfolds where features of grain  
size reduction are p a r t i c u l a r l y  we I I -deveI oped. The general aspect 
and posit ion of the grains suggests the act ive  character of the 
older composite f o l i a t i o n  during th is  phase of deformation (see 
Chap.6.) .  Although most of these features are probably inher i ted  
(products of D1 m y lo n i t i z a t io n )  the act ive  character of the 
sch is tos i ty  is shown by small chevron folds presenting imbrication  
of c rys ta ls  in the core of the folds ( P I . 4-42)  as well as 
development of f rac tures  and reverse micro fau l ts  propagated along 
the f o l i a t i o n .  Detachment of the fo ld hinges is a very common 
feature and carbonate usually  f i l l s  the spaces. Uhere a s ingle  
crysta l  is present in a sharp hinge i t  shows d i f f e r e n t  parts  with 
diverse crysta I  Iographic o r ie n ta t io n .
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C h lo r i te  is the most common mineral both in those zones where there  
has been grain s ize  reduction and in fold hinges, Generally  i t  is 
associated with opaque minerals which are abundant along the 
s ch is to s i ty  planes and so ass is ts  in the id e n t i f i c a t io n  of fold  
hinge zones,

Where the proportion of  fe ldspar  and quartz to amphiboIes and micas 
is high the m ylon i t ic  features are more evident.  These are 
part  i c u Ia r Iy  we I I -deveI oped a Iong t he ax i a 1 pianes o f t he recumbent 
fo i ds, where narrow ( 0 , 25mm) zones w i th amph i bo Ie cryst a I loc iast  s 
are surrounded by a very f ine  matrix,  composed of amphibole 
fragments, opaque minerals ,  f ine-gra ined feldspars and carbonate 
(Pis  4 - 4 3 , 43a).  General ly  these zones are qui te  i r re g u la r ,  
branch i ng around Iarge amph i bo Ie cryst a I IocIasts but keep i ng an 
overa ll  o r ie n ta t io n  p a r a l l e l  to the axia l  plane of the microfolds.

In some samples where large garnets overgrow the composite 
f o l i a t i o n  the crenu la t ion  produces a sort of imbricat ion of  these 
crys ta ls  due to t h e i r  dimensions ( la rg e r  than the wavelength of the­
rn i c r o f o I d s ) .

4 . 2 . 4 . 3  Domain I I I  -  Metasedimerits

fis in the case of S2, the S3 s tructure  in these rocks is a 
gradational  crenu la t ion  cleavage, usually best developed in mica- 
r ic h  units  (PL ,4 -44 ) .  In the more s i l iceous  uni ts  the crenu la t ion  
is less v i s i b le  and where present i t  shows a larger  wavelength than 
in micaceous bands, while some of the quartz bands show no 
crenulat ion  whatsoever. In these layers, deformation bands 
oriented p a r a l l e l  to the ax ia l  plane of the crenula t ion seem to be 
the equivalent s t ructures .  In addit ion to the la te  D1 garnet 
porphyrobIasts,  which do not show evidence of D3 deformation, large 
muscovite f lakes ,  where not interbanded with q u a r tz - r ic h  layers,  
show open kink bands. They are mainly or iented s l i g h t l y  oblique to 
the S3 crenula t ion  but in some considerably th icker  bands t h is  
re la t io n s h ip  is not that  c le a r .
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The 53 crenu la t ion  is less developed in quartz - r ich  bands where, i f  
present, i t  shows a considerably larger  wavelength than in the 
pel i t  ic u n i ts .  In the quartz  bear ing units  in ter Iayered with  
carbonate-r ich layers however., deformation bands are present in the 
quartz ( P I . 4 -4 5 ) .  I t  is surpr is ing that these quartz c ry s ta ls  
appear to have been r e l a t i v e l y  in tact  before the imposition of  03 
deformation. Such an appearance may be the resu l t  of recovery  
probably during the la te  stages of 02 deformation.

4 . 2 . 5  S4 F o I i  a t  i on

4 . 2 . 5 . 1  Domain I -  Quartzofe Idspathic gneisses and amphibolites  

Quar tzo fa  /dspath /c  gne /sses

In muscovite-rich bands of the gneisses the S4 f o l i a t io n  is 
represented by a c renu la t ion  cleavage of large wavelength and kink  
bands ( P I . 4 -4 6 ) .  Commonly the c rys ta ls  show strong undulose 
extinction.;  deformation bands with elongation p a ra l le l  to the axia l  
plane of the crenu la t ion  cleavage are also seen in many places.  
'Retrogression' to s e r i c i t e  occurs p a r t i c u la r l y  along the limbs of  
m i cro folds., where S4 is best deve I oped. More res i st ant m i nera I s 
l ike  feldspars and epidote show no v i s i b le  signs of deformation 
which could be a t t r ib u t e d  to 04 except when they l i e  in a fo ld  
hinge. Here S4 is genera l ly  expressed as a fracture  which 
propagated along the fold hinge in a fashion s im i la r  to that  seen 
in hinges of chevron folds.  Uhere it  is muscovite that is a f fec ted  
rad ia l  ex t in c t io n  is developed.

In samples where a prev iously  developed mylonit ic fabr ic  is present 
i t  is very d i f f i c u l t  to d is t ingu ish the e f fe c ts  of 04 from those of  
e a r l i e r  deformationaI phases. This d i f f i c u l t y  is i l l u s t r a t e d  by 
the sigmoidal shapes shown by some deformationaI bands which could 
have been produced e i th e r  by D4 or 01 , the phase during which the 
bulk of the m ylon i t ic  features were developed.
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8®ph/ ho I / 1es

In the amphibolites., the feature  c o n t ro l l in g  the formation of the 
microstructures during D4 was the presence or absence of a we I I — 
developed s c h is to s i ty .  Uhere the rock shows a granobIastic  tex ture  
the crenu la t ion  is not very evident and some of the grains are 
1i mbr i cat ed1. Uhere b i o t i t e  i s re I at i ueIy abundant a Iarge  
amp I i  t ude and regu Iar  ( s i nuso i da I ) crenuI at i on i s deveI oped.
Quartz and b i o t i t e  d isplay m ylon i t ic  features (deformation bands 
and g ra in -s iz e  reduction)  developed during D4. These features are 
frequent ly  seen along detachment zones invar iab ly  developed along 
q u a r tz - r ic h  bands in fo ld  hinges. in the outer arc of most folds  
t he amph i bo Ies are s I i  gh t Iy  bent and t he m i cas d i spI ay rad i a I 
ext i net ion. In the i nnner arc t hese pr i smat i c cryst a Is are 
imbricated and have i r r e g u la r  and d i f fuse  contacts ( P I . 4 -4 7 ) .  In 
some of the folds the detachment zones seem to have propagated 
along the limbs where g r a in -s iz e  reduction zones with angular  
c r y s ta l lo c la s t s  ( c a t a c l a s t i c  deformation ?} are observed.

4 . 2 . 5 . 2  Domain I I  -  fimphibole schists

The development of the S4 cleavage in th is  unit  is also contro l led  
by the nature of the p re -e x is t in g  f o l i a t i o n .  Uhere amphibole (and 
plagioclase)  dominate the most frequent structure  is a gradational  
crenulat ion cleavage ( P I . 4 -48 ) .  Although most of the mylonit ic  
features along the folded f o l i a t io n s  have been developed in pre-04 
episodes, the presence of deformation bands in quartz c rys ta ls  
showing elongation p a r a l l e l  to the ax ia l  planes of the folds  
indicates the influence of D4 deformation. The amphibole c rys ta ls ,  
on the other hand, show very l i t t l e  signs of deformation, fls in 
domain I I ,  detachment zones are local ized along quartzofe Idspathic  
bands, where the quartz c rys ta ls  are strongly deformed and the 
feldspars occur as remnants (P I .4 -4 8 A ) .  These bands show the 
e f fe c ts  of much stronger deformation than the surrounding 
amphibo Ie - r i c h  layers. Although ra re ,  some bent single c rys ta ls  of
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feldspar are seen surrounded by the matrix,  Their geometry suggest 
they were caught in between c rys ta ls  with d i f f e r e n t i a l  r e l a t i v e  
movement. In other  samples f rac tu re  zones occur along F4 limbs 
where t he gra in s ize  reduct i on reaches the u11 racI at acI as i t e st age,

Samples with higher percentages of phyI I o s i I i c a te s  show a 
crenuI at i on with 1arge amp I i  tude and smaI I wave I ength. Delachment 
zones in fo ld hi nges f reguentIy  occur a Iong chI or i t e - r  i ch bands 
( P I . 4 -49 ) .  Th i s mi nera I shows eIongati  on para Mel  to the axia l  
plane of the microfolds that  do not show the S4 crenula t ion  (stack  
of s t ra ig h t  f l a k e s ) .  This,  together with i t s  constant presence 
around amphibole c ry s ta ls  is suggestive of i t s  secondary o r ig in .  
Carbonate is also a common mineral in the saddle reefs  formed 
during D4 fo ld ing .

4 . 2 . 6  S -LflTE

4 . 2 . 6 . 1  S-000°

Depending on the nature of the a f fec ted  l i tho logy t h is  is an open, 
gradational c renu la t ion  cleavage ( p e l i t i c  uni ts  of domain 111) or a 
variably-spaced set of f ine  f ractures  (most domains). IJherever the 
interbanding shows v a r ia b le  competence both types of f o l i a t i o n  
seems to be present.  No mineral growth is present. In several  
case3 the old composite f o l i a t i o n  can be seen to have been rotated  
giving r is e  to a r e l a t i v e l y  t ig h t  crenulat ion cleavage frequent ly  
very well del ineated by opaque minerals.

4 . 2 . 6 . 2 S-040°

In most l i th o lo g ie s  the S-040° is a gradational crenulat ion  
cleavage ( P I . 4 -50 ) .  I t  usually  shows large wavelength and 
associated ' d u c t i l e - b r i t t l e '  features.  Along most of the hinges of  
small folds fractures  are present fol lowing approximately the
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var i at i on i n or i ent at i on o t t he h i nge. Th i s t oget her ijj i t  h t he 
presence of areas of  g r a in -s iz e  reduction along these zones, 
indicates a possible genet ic  l ink between the crenula t ion formation  
and the f ra c tu re  zone. The detachment zones along the fo ld  hinges 
seem to have been establ ished along b i o t i t e - r i c h  bands. 
' Im br ica t ions '  of c rys ta ls  at the core of the small fo lds,  where 
m icro - fau l ts  are conspicuous point to the compressible nature of 
these regions. The fact that  some of the small fau l ts  propagated 
a Iong the my I on i t i c band i ng ( f o Ided) i ndi cat es t he p re fe ren t i  a I

reac t ioa t  ion of t h is  f o l i a t i o n  during the development of the S-040u 
crenu i at i on ci eaoage.

Bent amphibole c ry s ta ls  are not uncommon. Some of theses show 
patterns of conjugate f rac tures  along the inner part of the fo ld  
while the outer  zones presents the beginning of kink bands 
deoeIopment ( P I . 4 - 5 0 A ) .

4 . 2 . 6 . 3  S -060° /S -090°

These s t ructures  are shown as sets of planar spaced (2-10 cm) 
cleavages with c h l o r i t e  and opaque minerals f i l l i n g  the planes.
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4 . 3  DISCUSSION
f1 i cro f abr i c ana lys is  has been cons i dered an essent i a I and re I i ab i e 
technique for the e luc ida t ion  of re la t ionsh ips  between deformation 
and mineral growth in rocks showing polyphase metamorphism and 
m ult ip le  deformation ( c f .  Park 1969, Hobbs et a I . 1976, McLeiian 
1984). Increased understanding of the processes taking place 
during deformation and mineral growth caused a m u l t ip l i c a t io n  of 
the number of possible in te rp re ta t ions  (c f .  Uernon 1977, 1978; 
Ferguson and Harte 1975; Olesen 1978; i i i l i iams and bchoneveld 1981; 
l -l il liams 1985).  Although the c r i t e r i a  f i r s t  systematized by 2wart 
(1962),  in general hold i f  care is taken to id e n t i fy  fab r ic  
elements, the s im p l is t ic  appI icat ion of the ' cI assic approach1 can 
f a i l  to expla in several features,  or may lead to a much more 
comp I i  cat ed h is t  ory of de f ormati on and m i nera I growth t han i s 
necessary. I f  in te rp re ta t io n s  of t iming of metamorphism and 
deformat i on i n the ana lys is  of fold be l ts  are equi vocaI then 
mineral paragenesis used to set up the isograd and isotherm 
patterns ,  and in turn the determination of geothermal gradients,  
and f in a l  Iy const ruct i on o f t ect on i c mode Is w i I  I a i l  be Iikew i se 
equivocal.  In add it ion ,  i f  complexit ies l ike  the influence of  
fo ld ing ,  thrust ing  (Hason 1984, Andreasson 1980, Chamberlain 1986), 
erosion processes (England and Richardson 1977), f a u l t in g  and other- 
common structures (o f  several scales) remain undetected or are 
misinterpreted (Bel l  and Brothers 1985) the pattern and nature of  
the s im p I is t ic a I  Iy determined heat flows can even be erroneously 
extrapolated to other geological periods (see discussion in England 
and Richardson 1977, p . 205).

Recent invest igat ions in the re I at ionships between metamorphism and 
deformation have posed two major questions (Jones 1981). The f i r s t  
is whether there is any evidence for the control of the deformation 
by metamorphic phase changes. The second is whether deformation 
has any d i rec t  e f fe c t  n the ra te  of e q u i l ib r i a  of the 
contemporaneous metamorphic reactions.  The answer for these two 
questions is in t im ate ly  re la te d  and w i l l  be discussed, in more 
d e ta i l  in chapters 5 and 7 respec t ive ly .  The ob ject ive  of the 
present section is to discuss the d i f f i c u l t i e s  faced during the 
microtectonic studies emphasizing the deformation aspects of the 
problem (see also Chap.7 ) .
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In sp i te  of the several examples in the l i t e r a t u r e  uf metamorphic 
reactions being con tro l led  by deformation (e .g .  Jamieson 1986.,
Brod i e 1981., flax 1981),  some o f t he porphyr i t i c amph i bo I i t es i n t he 
Loch flaree area show granobIast ic  polygonal textures in s l i g h t l y  
de formed f e I dspar phenocr y st s ( '  BI ast opor phyr i t i c t ext u r e 1)., 
suggesting that although deformation was not pervasive in t h is  
case^ recrys ta I  I iza t ion  processes seem to have a f fected  the rock 
throughout (see section 4 . 2 ) .  Although the contemporaneity between 
metamorphism and deformation cannot be d i r e c t l y  demonstrated in 
th is  case, several l ines of evidence seem to suggest t h e i r  close  
association (see Chap.6 ) .  in most l i tho log ies  where no primary  
( p re - t  ect on i c ) markers were f ound, the re I at i onshi ps bet ween 
mineral growth and deformation remained ambiguous and several  
problems were faced. These w i l l  be discussed below.

Despite the fact that  the presence of layers and grains with  
d i f f e r e n t  mechanical propert ies  seem to be of fundamental 
importance during deformation, scant a t ten t ion  has been paid to the 
ro le  played by such heterogenei t ies  in the development of tec ton ic  
structures at microscopic scale.  Apart from the work of Lebedeva 
(1979) where the influence of heterogeneit ies at the grain scale in 
the modelling of development of rock cleavage is invest igated, and
t he more t heoreti  caI ana lys is  of de f ormati on by Bell (1981),  Li st er
and Wil liams (1983) and Wil l iams and Schoneveld (1981),  the author
is not aware of any other d i rec t  app l icat ion  of th is  approach to
the study of the re I at ionships between deformation and mineral 
growth u n t i l  the very recent work of Bell (1985) and Bell  et a I .
(1986).  In add i t i on to the i mpIi cat i ons of B e l l ' s  work i n t erms o f
the establishment of geothermal gradients,  th is  kind of approach 
also gives a framework for a se l f -cons is tent  in te rp re ta t io n  of the 
microstructura I features observed in the Loch Maree rocks. I t  also  
provides a more consistent synthesis of the microstructuraI  data in 
r e la t io n  to the mesoscopic scale s tructura l  sequence, being at the 
same time consistent with other l ines of evidence l ike  the 
radiometric  data and the cl iTnactic metamorphic condit ions (see 
Chaps 7 8c 8 ) .  For these reasons the p r inc ip les  of "deformation 
p a r t i t io n in g "  ( L is te r  and Wil liams 1983) and the ro le  played by
"progressive bulk,  inhomogeneous s t ra in"  (Bel l  1981, Bell  et a I .
1981, Bell and Rubenach 1980) w i l l  be b r i e f l y  reviewed.
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From the observation of n a tu r a l ly  deformed rocks. Bell  (1981)  
developed a number of s t r a in  models and geometries produced by 
progressive, bulk,  inhomogeneous shortening, The models reproduce 
the inhomogeneities at several scales and shows the s t r a in  
va r ia t io n s  produced by deformation of a rock composed of minerals  
(and aggregates) of va r iab le  resistance to deformation. Figure 4,1 
( a ,b ,c )  shows the geometry produced for both, coaxial  and non­
coax i a I de format i on pat hs .

The Loch Maree rocks show local ized features indicat ing the act ion  
of both types of deformation, but th is  is to be expected, since 
once a st ra i n i nhomogene i ty  is estabI i  shed, w i t h i n t he sea Ie of 
that inhomogeneity, a s p e c i f ic  s t r a in  f i e l d  is developed (Bel l  
1981, p .281) .  Thus t he concept s o f coax i a I and non-coax i a I st  ra i n 
paths during deformation are scale dependent and could be important 
on one scale but not on another.  In the case of the Loch ilaree 
rocks the presence of mylonites, some of which are marking the  
locus of a movement zone of tectonic  importance (the 'Loch Maree 
thrust zone' between domains 1 and I I ) ,  seems to suggest that  non­
coaxial  deformation has played a major part during the s t ruc tu ra l  
evolut ion of these rocks (see Sect, 5 ,3 ) .

Heterogenei t ies present in these rocks incIude both primary  
(sedimentary) and secondary ( tectono-metamorphic). The l a t t e r  seems 
to have played a more important ro le  at macro and mesoscopic scales  
since the f i r s t  phase of deformation has progressively a f fec ted  
in te r leav ing  of basement and cover. In th is  section emphasis w i l l  
be given to the primary (modified by metamorphism) and small scale  
secondary heterogenei t ies  since they are the most important factors  
c o n tro l l in g  the p a r t i t io n in g  of deformation at microscopic scale,  
from la te  D1 times onwards.

Notation of the pos it ion  of the specimens in r e la t io n  to the  
mesoscopic scale s tructures  was of great help in the 
in te rp re ta t ions  of the microstructuraI re la t ionsh ips ,  since, for  
instance, d i f f e r e n t  parts  of a fold present diverse s t r a in  
d is t r ib u t io n ,  which were c e r ta in ly  re f lec te d  in the re la t ionsh ips  
between minerals (e .g .  porphyrobIasts and m atr ix ) .  S im i la r l y ,  the
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nature of the deformation processes reproducing structures  
belonging to the same generation at several scales, has permitted  
c Ia r i  f icat i on of t he re I a t i  onshi p between foId ing and mi neraI  
growth in most of the th in  sections. I t  was then clear., that  
minerals l ike  garnets were f la t tened  and boudinaged when occurring  
a Iong I i  mbs of mi cro folds wh i Ie  the same m i nera i couId show 
pract i caI Iy no def ormat i on when present a Iong foid hinges.
De f I ect i on o f f o I i at i on, deve I opment o f cr enu i at i ons and sever a ! 
other microstructura I  c r i t e r i a  were also observed to be dependent 
on factors l ike  (a)  the local composition of the rock, ( b ) the 
var i at i on of res i stance of d i f  ferent m i nera is to the de f ormat i on 
processes, (c )  the wavelength, (d) amplitude and other  
c h a ra c te r is t ic s  of the microfolds, a l l  these demonstrating the 
extreme inhomogeneous nature of s t ra in  d is t r ib u t io n .  In t h is  way, 
at several stages of the deformation h is tory ,  d i f f e r e n t  port ions of  
the rocks take up (1)  no s t r a in ,  (2)  mainly progressive shortening 
s t r a in ,  (3 )  progressive shortening plus showing s t r a in  and (4 )  
progressive shearing s t r a in  ( c f . Bell 1985, p . 109).

Figure 4 .2  reproduces the s t ra in  va r ia t ion  observed in a strongly  
deformed quartzofe Idspath ic  gneiss, for instance, where the 
feldspars show l i t t l e  e f fe c t  of the deformation^which is almost 
completely taken by the phyI I o s i I i c a t e s . The l a t t e r  anastomose 
around the fe ldspar  porphryoclasts because of the inconstant 
character  of the progressive shear s t ra in  along the f o l i a t i o n  due 
to the presence of these heterogeneit ies (Bell  et a I . 1986). The 
pattern  is even more complicated i f  we consider the e f fe c ts  of  
factors l ike  (a) the poIymineral ic nature of the rocks giv ing r is e  
to 1domains' of va r iab Ie  dimensions ( F i g . 4 .2 ) ,  ( b) the va r iab Ie  
degree of pervasiveness of the st ructures,  (c) the polyphase 
deformation and (d) the in te rac t ion  of d i f f e r e n t  mechanisms of  
deformation during the evolut ion of these rocks. Accordingly,  
during the microstructura I  analysis each s i tu a t io n  had to be 
in d iv id u a l ly  assessed bearing in mind that s im i la r  microscopic 
features (e .g .  deformation bands in quartz c rys ta ls )  could have 
eas i ly  been developed during several of the deformationaI phases.
In sp i te  of the large number of possible combinations of these 
features,  in most cases the microstructures followed patterns which 
agree very well with the ones predicted by the above discussed
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models. This., together  with careful sampling ( fo r  each group of  
features in a l l  the domains) made possible the i d e n t i f i c a t io n  of  
the r e l a t i v e  age of several of these features.

The t iming of  garnet growth and development of f o l i a t i o n  posed the 
great est m i crost ruct uraI  ana Iy t i c a I  probIem. The presence of  
id io b la s t ic  and deformed garnet c rys ta ls  side by side was a common 
feature .  In several cases, the crys ta ls  did not show c le a r  signs 
o f de format i on. However, t he phyI I o s i I i  cat es surround Inq t hese 
(more competent) porphyroblasts seem to have taken up most of the 
deformation, showing advanced stages of grain size reduction. In 
other cases the deformation seems to have been strong enough to 
a f f ect t  he porphyroblasts as we I I , produci ng 1f I  a t tened ' cryst a I s . 
These f requent ly  present features l ike  microboudinage and other  
ext ens i onaI m i crost ruct ures ( see Sec t . 5 .3 ) .  Th i s was t he case o f 
most my I on i t e s , where on Iy in except i onaI s i tuat i ons i d i obIast  i c 
porphyrobIasts have remained intact  ( P I . 5 -61 ) .  However, even in 
these cases, the p o s s ib i l i t y  of l a te r  (112) recon st i tu t ion  of the 
garnet ( r ims)  must be considered (see below). Figures 4.1 and 4.2  
reproduce the geometry of most of the observed features of  
deformation at th is  scale.

Whether we are dealing with just  one (set of )garnet  growth or not is 
d i f f i c u l t  to assess ( c f . McPoweI I and Uernon 1979, p . 42; Etheridge  
and Uernon 1961).  However, the (a)  f a i r l y  homogeneous composition 
and id io b la s t ic  shape of these c rys ta ls  together with (b) the 
pos i t ive  c o r re la t io n  between low s t r a in  zones and id io b la s t ic  
crys ta ls  as well as (c) the presence of s im i la r  inclusion patterns  
in 'deformed' and ' non-deformed1 porphyrobIasts seem to suggest 
that some c rys ta ls  shapes are a function of s t ra in  v a r ia t io n  and/or  
that  low s t r a in  zones were preferred for post-01 garnet growth, 
f iccordingly,  in interbanded quartzofel  dspathic and pie I i t  i c rocks 
the id io b la s t ic  garnets are generally  preserved in the f e l s i c  bands 
( P I . 5-61)  unless high s t r a in  was achieved. Also, where these 
crys ta ls  occur in 'she l te red '  parts of the rock (e .g .  s t r a in  shadow 
of a larger  porphyrobIast -  PI .5 -52,  F ig .4 .3 f l )  or along the hinge 
zone of a microfo ld,  they show large dimensions and be t te r  
preserved shapes. This would imply that d i f f e r e n t  rock types have 
been through markedly diverse s t ra in  h is to r ies  at the scale of a
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th in  section., i l l u s t r a t i n g  very well the geometry out l ined  by 
B e l l ' s  (1981,1985)  model. On the other hand, the presence of  
i d i obIast i c garnet crysta  Is with ( a ) sp i ra I i ncI us i on pat t  erns and 
(b) erenu la t ion  c leakages usual ly  marked by quartz., fe ldspar and 
iron ores in t h e i r  central  zones., indicate that there was another  
episode of garnet growth in these rocks. The observation that  in 
some cases s t ra ig h t  garnet rims overgrow the my I on i t i c banding in 
pe I i t i c my I on i t es ( PI s 5-65B, 650),  t oget her w i t h t he open nat ure o f 
t he crenuI at i on cIeavage ( i n some amphi bo Ie schi st s ) suggest t hat 
t h is  garnet growth ep isode was post-01 my I on i t i zat i on, possi bIy 
t ak i ng pI ace at re I at i veIy  ear Iy st ages of 02 shorten i ng. This 
( l a t t e r )  in te rp re ta t io n  is also supported by the weak expression of  
my I o n i t i c  features in the amphibole schists as well as the absence 
of FI folds in th is  u n i t .  E v idence from t he met asedi ment s i s a I so 
dubious. There, id io b la s t ic  garnets with sp ira l  inclusion patterns  
are in terpreted as pre-DI my I on i t i z a t io n  ( ro ta ted )  porphyroclasts  
which have been used as nuclei for garnet growth during the M2 
ep i sode. However due t o t he poss i b i I i  t y of:

(a )  recu r rence  o f  de fo rm a t ion  processes ( m y l o n i t i c  f e a tu re s  
a ls o  we I I -deve loped du r in g  in D2 and to  less ex ten t  in seve ra l  o f  
the  deformat i ona I phases) ,

(b) uncer ta in t ies  about the age of the external f o l i a t i o n  at 
several l o c a l i t i e s  and,

(c )  the lack of con t inu i ty  between the internal  and external  
f ab r ic  in most porphyrobIasts,  the above in te rp re ta t ion  was 
regarded as a working hypothesis un t i l  i t  could be cross-checked 
with other sources of evidence (see Chap.7) .

fi number of other (general )  problems which had to be faced include:
(a )  The v a r ia t io n  of wavelength and amplitude of the 

erenulat ion  cleavages ( S2, S3, S4 and S — 1 ate)  which was also an 
important factor  due to i ts  e f fe c ts  on the deformation of the 
porphyrobIasts. Several large porphyrobIasts showed no signs of  
being a f fec ted  by erenu la t ion ,  the l a t t e r  dying out against the  
crysta l  boundary (Figs 4 .3R/B) .  Other smaller or already f la t tened  
porphyrobIasts were eas i ly  crenulated and folded, fo l lowing the 
behaviour of the f o l i a t i o n  (Fig .  4.3C).  Some of the th ic ke r  
quartzofe Idspath ic  bands show, in the same way as the large  
porphyrobIasts,  no e f fe c ts  of erenulat ion,  due e i th e r  to t h e i r  
thickness or to t h e i r  posit ions in re la t io n  to the local s t r a in .
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(b) The r e a c t iv a t io n  of the older composite f o l i a t i o n  
p a r t i c u la r l y  along p r e fe re n t ia l  zones (e .g .  hinges of micro fo lds)  
of the crenuI at i ons, where 1detachments' a Iong t he f o I i  at i on are 
shown by features l ike  spaces., de format i on bands and other ( ' d u c t i l e  
and b r i t t l e ' )  f ea tu res , de veI oped on m i neraIs marki ng the f o I i  at i on 
(P is  4—47 j 48 4 8 f l 49 5 - Porphyrob I asts of garnet present in these 
zones show p r a c t i c a l l y  no e f fe c ts  of fur ther  deformation., probably  
due to the r e l a t i v e  ease of shear along the smal l-grained c ry s ta ls  
mark i ng the f o 1i at i on. Th i s ueformat i on was 1 oca 1i zed a 1ong narrow 
zones, where grain boundary s l id in g  is bel ieved to be the p r inc ipa l  
mechanism (see Chap.6 ) .  i t  represents another form of p a r t i t i o n in g  
o f de format i on, g i v i ng r i  se t o a d i f ferent st ra in hi story  f  or t  hese 
bands in r e l a t i o n  to the bulk deformation h is tory  of the rock 
(U i l l ia m s  and Schoneveid 1981).

In the marbles t h is  s i tu a t io n  was p a r t i c u la r l y  c r i t i c a l ,  due to the 
widespread character  of the re a c t iv a t io n .  There, not only 
mechanical r e a c t iv a t io n  has occurred, but the act ion of  
accompany i ng f Iu  i ds ( see Chap.7) react i ng wi th the carhonates and 
most s i l i c a t e s ,  has destroyed most of the o r ig ina l  grain  
boundaries, so that  the determination of the porphyrobIasts-matr ix  
re la t ionsh ips  is p r a c t i c a l l y  impossible.

This study shows the extreme di f f  i c u I i t  ies invoIved with the 
app l ica t ion  of the c lass ica l  microstructuraI  techniques to h ighly
and hetrogeneousIy deformed rocks where e .g .  my I o n i t i z a t io n  is a
recurr ing process and gra in -s ize  destruct ion dominates over
recrys ta I  I i z a t i o n . I t  seems also to be c lear  from th is  above
discussion that the p a r t i t io n in g  of deformation should rece ive  
special  a t te n t io n  during micro fabr ic  studies, even considering  
that  the confection of a larger number of th in  sections in 
d i f f e r e n t  posit ions could help to solve most of the previously  
discussed s i tu a t io n s ,  in addit ion ,  the c r i t i c a l  analysis  of every 
th in  section bearing in mind the p a r t i c u l a r i t i e s  involved in the 
deformation of each mineral and aggregate is thought to be 
essent ial  for the construction of a se l f -cons is ten t  deformation  
h is to ry ,  which is also in agreement with the other sources of  
geological evidence ( c f . Chaps 5 , 6 , 7 ) .
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F igure 4 .1 .  Deformat i on part i t ioning around porphyrobIasts .

(fl) Coaxial s t r a in  model constructed at constant area showing a 
t rans i t i on f rom unst r  a i ned t o s t  ra i ned w i t h a bu I k st ra i n ra t  i o of  
2 .5 /1 ;  the model is drawn to represent the HZ plane of s t r a in .  
However i t  could equally well  represent the VZ i f  extension  
occurred in V. Even i f  extension did not occur on the bulk scale  
in V the s t r a in  pattern could s t i l l  be anastomosing. This model 
provides a possible solut ion for the two boundary d is c o n t in u i t ie s  
unique to progressive pure shear (reproduced from Bell  1981 
f i g . 7 f l ) .

(B) S t ra in  f i e l d  diagram for  a geometry developed by non-coaxial  
progressive bulk inhomogeneous shortening; three zone types of  
deformation p a r t i t io n in g  are indicated. No s t r a in  has occurred 
with in  the dashed l ines ( the e l l i p t i c a l  areas out l ined by these are 
not s t r a in  e l l i p s e s ) .  Between the dotted l ines the deformation
i nvoIved progress i ve shortening pi us shear i ng st ra in .  This d i agram
shows no examples of progressive shearing without a component of
shortening with shearing s t r a in  (reproduced from Bell  1985 f ig  la 
and Bell  et a I . 1986 f ig .  l a . ) .

(C) Diagram of the s t ra in  f i e l d  resu l t ing  from non-coaxial
progressive bulk inhomogeneous shortening (see S e c t .5 .3 )  where the. 
deformation has re p a r t i t io n e d  around a porphyroblast (dashed 
l in e s ) .  Zones of deformation p a r t i t io n in g  are del ineated as in 
Fig. 4 . 1 . ( B ) .  The shearing component of the deformation is 
p a r t i t io n e d  about the porphyrobIast which thus protects  and 
e l l ip s o id a l  island of matrix from the e f fe c ts  of progressive  
shearing (reproduced from Bell  f i g . 1 b ) .
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FIGURE 4.1 DEFORMflTI OH PART I HONING AROUND PORPHVROBLRSTS
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Figure 4 .2 .  Geometry of the s t ra in  oar ia t  ion shown by m y lon i t ized  
quartzofe ldspath ic  gneisses; the matrix (not ornamented) wraps 
around porphyroclasts of more res is tant  minerals (grey areas)  which 
show no deformation (area within dashes) or shortening ( d o t s ) .
Host of the shearing is taken by phy11o^siI icates (b lack seams) and 
the f ine -g ra ined  matrix  (modified from Bell et a 1. 1986 f i g . 1 b ) .

Figure 4 .3 .  Relationships between shape., grain size and o r i e n t a t io n  
of minerals and the waoelength-amplitude of crenulat ions in mica 
schis ts  of  domain i l l .

(fi) F3 erenu la t ion  cleavage dying out against large garnet  
porphyrobIast ; note the folded quarrz band (top l e f t )  and the small 
i d io b la s t i c  garnets (bottom le f t  and top r ig h t ) ;  sketch from th in  
section of mica sch is t ,  scale bar 1mm.

(B) Low-ampIitude 02 erenulat ion cleavage (S2) forming box - fo ld  in 
small muscovite grain ( f a r  l e f t )  but dying out against large  
muscovite c rys ta l  ( f a r  r ig h t ) ;  sketch from th in  section of  mica 
schis t ;  scale bar 0.5mm.

(C) Boudinaged garnet (D1) with b i o t i t e  crystal  I i z a t io n  along 
extensional f ractures folded by F2 erenulation cleavage; quartz  
layers show deformation bands p a ra l le l  to axial  plane o f  fo lds;  
note also buckling geometry of microfolds and grain s ize  reduction  
of garnet ( in s e t ) ;  sketch from th in  section of mica sch is t ;  sample 
157 X' (see Tables 7 . 1 , 2 ) ;  scale bar 0.5mm.
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FIGURE 4 .3  RELATIONSHIPS BETUEEN I1IHERRL GROUTHS AND
CRENULRTIONS
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P i a  te  4 -1  G ranobI a s t i  c p o ly g o n a l te x tu r e  in  f e l s i c  band o f  q u a r tz o fe  i d s p a th Ic  

g n e is s ;  n o te  th e  s m a l le r  g r a in  s i z e  o f  th e  a d ja c e n t  bands ( to p  r i g h t  and b o tto m  

l e f t  c o rn e rs  o f  p i c t u r e )  w here b i o t i t e  and m u s c o v ite  a r e  more a b u n d an t; s e c t io n  

c u t  p e rp e n d ic u Ia r  to  s t r e t c h in g  I I n e a t  ion  < L 1>, XN, X10 IMG 979  7 1 2 1 .

P 1 d te  4 - 2  R e c ry s ta  M i zed  ( i l l )  f e ld s p a r  p h e n o c ry s t o f  p o r p h u r i t ic  amph I bo I I te  

( d e l in e a t e d )  show ing  g r a n o b la s t ic  p o ly g o n a l te x t u r e  in  p la g io c la s e  c r y s t a ls  

( '  b I as  to p o rp h y r  i t i  c  te x  t u r e  ) ;  'c lo u d y ‘ ap p ea ran ce  Is  g i yen by f  i n e -g r a In e d  

r e  t r o g r e s s i  ve  m i n e r a I s ; X N , X 10 [ NG 957  7 1 1 1 .

P l a t e  4 - 3  G ra i n -s  i z e  con  t r a s t  be tw een mi c a - f r e e  q u a r tz o  f e Id s p a t h i  c ( to p  r Ig h  t  > 

and b io t i t e - b e a r in g  ban ds (b o tto m  l e f t )  m a rk in g  S1 in  g n e is s ;  XN, X10 [HG Q79 

7 1 2 3 .

P la t e  4 - 4  C h l o r i t i z e d  b i o t i t e  g ro w th  m ark in g  S I f o l i a t i o n  in  m ic a - r ic h  

q u a r t z o f e ld s p a t h ic  g n e is s ;  n e g a t iv e  p r i n t  o f  t h in  s e c t io n  (p e r p e n d ic u la r  to  f o ld  

a x i s ) ;  X6 [NG 9 7 3  71 8  3.

P la t e  4 - 5  D i f f e r e n t  ty p e s  o f  11 ! in e a t  io n ; d e f in e d  by ( f i )  g r a in  a g g re g a te s  

(sh ap e  f a b r i c ) ;  (B >  p r is m a t ic  m in e ra ls  ( am p h ib o les  in  p a r t i c u l a r )  and ( C )  p la t y  

g r a in s  (m ic a s ) .

P la t e  4 - 5  Nuscov i t e  p o r p h y r o b la s t  o v e rg ro w j ng q u a r tz o  fe  i dspa th  i c a g g re g a  te  in  

g n e is s ;  XN, X10 CNG 9 5 0  71 5  3.

P la t e  4 - 7  I n i t i a l  s ta g e s  o f  g r a i n - s i z e  r e d u c t io n  o f  a m u s c o v ite  p o rp h y ro b 1 a s t  

i n q u a r tz o  f  e Id s p a  th  i c  gne i s s ; XN, X 10 ING 972  7 1 5 3 .

P la t e  4 - 8  G ranobI a s t i c  p o ly g o n a l t e x t u r e  in  q u a r t z o f e ld s p a t h ic  g n e is s  a f f e c t e d  

by I a te  D 1 my I on i t  i z a  t  i o n ; no te  th e  more advanced s ta g e  o f  my I on i t  i z a  t  i on aro u n d  

th e  fe ld s p a r  a g g re g a te  ( ' m a t r i x ' ) ;  and th e  g r a i n - s i z e  co m m in u tio n  a lo n g  th e  

c r y s t a l  b o u n d a r ie s ; XN, X10 ING 95 6  7 2 13 .

P la t e  4 - 9  D im e n s io n a lly  o r ie n t e d  ( c h l o r i t i z e d )  b i o t i t e s  and a m p h ib o le s  d e f in in g  

S1 and S2 f o l i a t i o n s  in  banded am phibo I i t e ; s e c t  ion  p e r p e n d ic u Ia r  to  f o ld  a x is  

and L 1 -L 2  I in e a t  io n ;a r ro w  m arks p a r t  e n la r g e  in  P I . 4 - 1 0 ; n e g a t iv e  p r i n t  o f  t h in  

s e c t io n ;  X2 [NG 97 5  7 0 8 3 .
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PI a te  4~10

S1 b i o t i t e  g ro w th  r e p r e s e n te d  by th e  la rg e  ra ica f la k e s  w ith  S2 c u t t i n g  a e ro  

C S E > ,re p re s e n  te d  by f  i ne c h 1 o r  i t  iz e d  b i o t i t e  f I a k e s ; P P L , X 10 IMG Q75 7 0 S ] .

Structural Geology - Loch Maree 101 Chapter 4 - Fabrics



P I a t e  4 -1 1  1 so c  1 i na i <F 1 ) f o ld  us i th  t" i nt; muscov i t e  ax  i a  I p i a n a r  f  o i i a  i  i on

r e f o ld e d  by F2 f o ld  in  mu I on i t  i zed  m ica s c h is t ;  n e g a t iv e  p r i n t  o f  t h in  s e c t io n ,  

X2 IMG 971 7 2 2 1 .

P la t e  4—12 0  i s e re  te  S2 my I on i t  i c  zo nes cu 11 i ng S 1 o f  a  Ire a d y  myI on i t  i c a s p e c t  

i n q u a r tz o  f  e  I d sp a th  i c gne i s s ; nega t  i ve  p r  i n t  o f  th  i n s e c  t  i on , X2 I MG' 9 5 5  7 2 0 1 .

P la t e  4 -1 3  G ra in  s i z e  r e d u c t io n  e f f e c t s  a lo n g  S2 in  q u a r t z o f e ld s p a t h ic  g n e is s ;  

PPL, X10 IMG 9 7 2  7 1 5 1 .

P la t e  4 -1 4  D iv e r s e  02  d e fo rm a t io n  e f f e c t s  o f  q u a r tz  and fe ld s p a r  c r y s t a l s  in

gran o b  I a s t  i c  gne i s s ; sk e  tc h  from  th  i n sec  t  i on; sea  i e b a r  0 .  5mm [MG' 9 7 2  7 1 5 1 .

P la t e  4 -1 5  C a t a c la s t ic  f e a t u r e s  in  f e ld s p a r  c r y s t a l  lo c ia s t s  w here 32  c u ts

mg I on i t  i zed  < D 1 ) q u a r tz o  fe Id s p a  th  i c gne i s s ; PPL, X 10 E MG 971 7 1 6 1 .

P la t e  4 - 15ft D e t a i l  o f  D2 g r a i n - s i z e  r e d u c t io n  e f f e c t  in  K - f e id s p a r  

c r y s t a I  Io c I  a s t  o f  my I on i t  i zed  <D 1> gne i s s ; PPL, X25 EMG 971 7 1 5 1 .

P la t e  4 -1 5  S i n i s t r a !  s h e a r  a lo n g  d is c r e t e  S2 c le a v a g e  In  q u a r t z o f e ld s p a t h ic  

g n e is s ;  n o te  o r i e n t a t i o n  o f  d e fo rm a t io n  bands in  q u a r tz  w h ich  c o u ld  h ave been  

p ro d u ced  d u r in g  th e  same d e fo rm a t io n  e p is o d e ; s k e tc h  from  t h in  s e c t io n ;  s c a le  

b a r  0.5mm [MG 9 7 2  7 1 6 1 .

P la t e  4 -1 7  P e n e t r a t iv e  32  f o l i a t i o n  in  <31> banded my I o n i t e ;  n o te  th e  m a g n itu d e  

o f  d is p la c e m e n t a lo n g  3 2 ; XN, X10 ENG 971 7 1 6 3 .
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P 1a te  4 - 1b’ P e n e t r a t iv e  b2 f o l i a t i o n  in  m icaceous f i n e l y  banded my i o n i t e ;  n o te  

th e  ’ w rong * se n s e  o f  d is p la c e m e n t to  be ac co u n te d  o n ly  by p re s s u re  so 1u t  i o n ; XN, 

X25 ING 971 7 1 6 1 .

P la t e  4 - 1 9  P r o g r e s s iv e 1y d e t a i l e d  fe a tu r e s  in  ( 0 2 )  d e fo rm a t io n  bands o f  q u a r t z  

la y e r  a lo n g  th e  I i mb o f  a  F2 smai 1 f o ld ;  s k e tc h  from  t h in  s e c t  io n ; s c a le  b a r  

0.5mm [MG 971 7 1 5 1 .

P la t e  4 -2 0  R e la t io n s h ip  b etw een  S2 and S1 b i o t i t e  g ro w th s  and th e  c o m p o s it io n a l  

b a n d in g  in  am ph ibo i i t e ;  PPL, X10 fh'G 975  7 0 8 2 .

P la t e  4 -2 1  D e fo rm a tio n  band and s u b -g r a in  d eve lo p m e n t e x p re s s in g  8 2  in  q u a r tz

c r y s t a l  o f  g n e is s ;  XN, X10 [NG 950  5 9 8 1 .

P la t e  4 - 2 2  01 c r y s t a l  lo c ia s t s  a f f e c t e d  by F2 fo ld s ;  n o te  th e  e f f e c t s  a ro u n d

la r g e  g r a in s  and  th e  o r i e n t a t i o n  o f  th e  d e fo rm a tio n  bands o f  in t e r —c r y s t a l  1 in e  

q u a r t z ;  s k e tc h  from  t h in  s e c t io n ;  s c a le  b a r  1mm ENG 97 3  7 1 8 1 .

P la t e  4 - 2 3  F2 f o ld  in  f e ld s p a t h ic  la y e r  o f  banded amph i bo Ie  s c h is t ;  n o te  th e

s t r o n g e r  n a tu re ,  o f  th e  ( N E > o b l iq u e  f o l i a t i o n  ‘'unknown a g e ) ;  n e g a t iv e  p r i n t  o f  

t h in  s e c t io n ;  X3 IMG 95 2  717  2.

P la t e  4 -2 4  L a rg e  amph ibo  I e c r y s t a  i s ( e x t  in c t  ion  p os i t  io n ) m a rk in g  82  t"o i i a t  i on 

i n amph i bo Ie  s c h i s t ; XN, X 10 ING 96 2  7 0 1 2 .

P la t e  4 - 2 5  D is r u p te d  F2 h in g e  my I o n i t i c  q u a r tz  m u s c o v ite  s c h is t ;  s k e tc h  from  

t h in  s e c t io n ,  s c a le  b a r  0.1mm IMG 971 7 2 2 3 .

P la t e  4 - 2 6  F2 b u c k le  fo ld s  in  q u a r tz  bands o f  m y lo n it iz e d  s i l ic e o u s  m ica  

s c h is t ;  n o te  l i t h o c l a s t  o f  o r i g i n a l  ro c k  ( * X ‘ >; n e g a t iv e  p r i n t  o f  t h in  s e c t io n ,  

X2 [NG 971 6 9 6 3 .
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P la t e  4 -2 7  L a y e r  th ic k n e s s  c o n tro l  o f  f o ld  <F2> i.uavelength  in  my 1 o n i t i z e d  

me ta s e d  i men t  ; no te  c r y s  ta  11 oc 1 as  ts  a t  th e  h i nge zo ne o t" I a rg e  an t  i f  orm ; nega t  i ve  

p r i n t  o f  t h in  s e c t io n ;  X2 [NG 973  6 9 3 3 .

P la t e  4 -2 3  Oe f  o rm a ti on hands p a ra  l i e !  to  ax  i a  1 p ia n e  o f  F2 f o 1ds i n mu 1 o n i t i c

g n e is s ;  n o te  s m a l1 d im e n s io n  and h ig h  c o n c e n tr a t io n  o f  th e  bands in  th e  s h o r t  

1 imh o f  fo ld s ;  Xn, X10 [NG 973  7 1 8 3 .

F* 1 a te  4 —29 G ra i n s i ze reduc t  i on and p re s s u re  so I u t  i on a 1 ong 8 2  ( and 8 1 )

a f f e c t i n g  m uscov ite  f la k e s  In the  h inge  zone o f  a F2 f o ld  in  m etased im ent; XN,

X10 [NG 9 7 3  9 6 3 3 .

P la t e  4 -3 0  P re s s u re  s o lu t io n  S2 seams a f f e c t i n g  q u a r tz  bands in  m y lo n it iz e d  

g n e is s ;  n o te  th e  s i n i s t r a  I and d e x t r a !  a p p a re n t d is p la c e m e n t a lo n g  each  f o ld  

lim b  and th e  com petence c o n t r o l le d  ( ? )  d e f le c t io n  o f  th e s e  s t r u c t u r e s  to w a rd s  

p a ra  I le i  ism w ith  p a r t s  o f  th e  fo ld e d  band ( to p  l e f t ) ;  s k e tc h  from  t h in  s e c t io n ;  

s c a le  b a r  0.5mm [NG 9 7 3  71 8  3.

P la t e  4 -3 1  P re s s u re  s o lu t io n  a n d /o r  d is p la c e m e n t su p erim p o sed  on c u s p a te -a n d -  

lo b a te  s t r u c t u r e s  p ro d u ced  d u r in g  th e  i n i t i a l  s ta g e s  o f  f o ld in g  o f  i r o n -  

g r a p h i t e - r i c h  my I o n i t e  o f  th e  C h a rr  band; PPL. X10 [NG 971 7 2 2 3 .

P la t e  4 -3 2  L o c a l iz e d  t r a n s p o s i t io n  o f  q u a r tz  bands a lo n g  S2 in  my I o n i t e  o f  th e  

C h a rr  band; PPL, X10 [NG 971 = 722 3 .

P la t e  4 -3 3  H in g e  o f  sm a11 F2 f o 1d in  i r o n -g ra p h i t e - r i c h  my 1 o n i t i z e d  

m e ta s e d im e n ts ; n o te  th e  la y e r  th ic k n e s s  c o n tro l  o f  th e  f o ld  w a v e le n g th  a t  th e  

h in g e  zo n e ; l e n t i c u l a r  c l a s t s  a r e  fe ld s p a r s ;  PPL, X10 [NG 96 4  7 0 0 3 .
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F 'lg te  4-'o 4 D is r u p te d  h in g e  o f  F2 f o ld  a f f e c t i n g  ia rq d  muscov i te  f l a k e  in  

my I on i t  i zed  muscovi te  sen i s t ;

P la t e  4 -3 5  N o n - c y l in d r ic a l  ( F 2 ) fo ld s  in  my I o n i t i z e d  m e ta s e d im e n t; s e c t io n  a t  

h ig h  a n g le  to  th e  I inear- fa b r  ic ;  n e g a t iv e  p r i n t  o f  t h in  s e c t io n :  X2 ENG 971  

7 2 2 3 .

P la t e  4 -3 6  P r o f i  le  s e c t io n  o f  h ig h ly  c y ! in d r ic a l  F2 fo ld s  In  m etasedim ervfcary  

my Io n i t e ;  n o te  th e  ab sen ce  o f  a x i a l - p l a n a r  f o l i a t i o n  and th e  layer- t h ic k n e s s -  

wave Ien g  th  r e  I a t  io n s ; PPL, X 10 [ NG 971 7 2 2  3.

P la t e  4 -3 7  D e fo rm a tio n  la m e lla e  < d ’ > w i t h in  d e fo rm a t io n  bands p a r a l l e l  to  a x ia l  

p la n e  o f  F2a f o ld s  in  q u a r t z  o f  s h e a re d  q u a r t z o f e ld s p a t h ic  g n e is s ;  XN, X10 ING 

978  7 1 2 3 .

P la t e  4 -3 8  ’ Due t i l e ’ de fo rm a t  i on o f  tw  i ns in  p ia g  i o c 1a s e  o f  s h e a re d  

q u a r t z o f e ld s p a t h ic  g n e is s ;  n o te  th e  o r i e n t a t i o n  o f  d e fo rm a t io n  bands in  q u a r tz  

(.to p  r i g h t ) ;  XN, X25 ING 9 7 8  7 1 2 3 .

P la t e  4 -3 9  P s e u d o ta c h y Ii te  in  0 2 a  s h e a r  zo n e ; XN, X10 ENG 976  7 0 4 3 .

Structural Geology - Loch Maree 105 Chapter 4 - Fabrics



PI a t e  4 -4 0  C o n v o lu te  Fo f o ld s  o f  t h in  q u a r tz  bands < d a rk  l a y e r s )  in  c h l o r i t i z e d  

b i o t i t e  r  i ch I ayers ; nega t  i ve  p r i n t  o f  th  i n sec  t  i o n ; X2 C NG 9 6 2  7131

Plate 4 -4 1  E Io n g a  t  i on o f  de fo rm a t  i on bands p a ra  i I e  J to  a x  i a  I p i one o f  F3 f  o I d

in quartz band of m etased ifn en t ; n o te  v a r i a t i o n  o f  g r a in  s i z e  c o in c id e n t  w ith  

co m p re s s io n a i zo nes o f  ( b u c k le )  fo ld s ;  s k e tc h  from  t h in  s e c t io n ;  s c a le  b a r  1mm 

ING 961 7 0 4 1 .

P la t e  4 -4 2  Im b r ic a t io n  o f  a m p h ib o le  c r y s t a ls  a t  th e  c o re  o f  F3 c h e v ro n  f o ld  in  

am p h ib o le  s c h is t ;  n o te  th e  ab sen ce o f  s h a rp  c o n ta c t  b e tw een  g r a in s ;  XN, X10 CNG 

95 6  7 1 4 1 .

P la t e  4 -4 3  D is c r e t e  zo n e s  o f  <D 3) m y lo n i t i z a t io n  p a r a l l e l  to  a x i a l  p la n e  o f  F3  

f o ld  in  a m p h ib o le  s c h is t ; r e c t a n g le  m arks P i . 4 -4 3 A ; n e g a t iv e  p r i n t  o f  t h in  

s e c t io n ;  X2 CNG 956  7 1 4 3 .

P la t e  4 -4 3 R  D e ta i I o f  F'l . 4 -4 3  show ing D3 my 1 o n i t i z a t i o n  o f  am phibo  1 e s c h is t

a lo n g  d is c r e t e  zo n es  < S 3 ); PPL, X25 {NG 95 6  7 1 4 3 .

P I a t e  4 -4 4  S3 g r a d a t io n a l  e r e n u la t io n  c le a v a g e  in  m u s c o v ite  s c h is t ;  PPL, X10  

[NG 960  7 0 8 J .

Plate 4-45 03 deformation bands in quartz layers along the hinge of F3 fold in 
mica schist; XN, X10 ING 961 7041.
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P la te  4-46 82 k in k  bands in  muscovite gne iss ; PPL, XtU INU y6U 724]

P la t e  4 -4 7  D etachm en t zo ne w ith  q u a r tz  d e fo rm a t io n  bands in  m a f ic  am phibo I i t e ; 

n o te  r e v e r s e  o f  se n s e  o f  c lo s u r e  o f  h in g e  in  th e  c o re  o f  th e  f o ld  w here  g r a in  

c o n ta c ts  a r e  m o s tly  d e s tro y e d ;  s k e tc h  from  t h in  s e c t io n ;  w id th  o f  p la t e  ■'■•3mm {NG 

973  7 1 7 3 .

P Ia  te  4 -4 3  84  g ra d a  t i  o na I c re n u I a t io n  c Ie a v a g e  i n my I on i t i  zed  amph i bo Ie  s c h i s  t ;

d e tach m en t a lo n g  q u a r t z - r i c h  la y e r s  w here d e fo rm a t io n  bands a r e  p a ra  I l e l  to  f o ld  

a x  i a  I p i a n e ; nega t  i ve  p r  i n t  o f  th  i n s e c  t  i o n ; X 1 .5  [ NG 97 3  7 1 7  3.

P la t e  4 -4 8 R  D e t a i l  o f  d e fo rm a t io n  bands in  q u a r t z  la y e r s  o f  P l a t e  4 - 4 8 ;  XN, X25  

ING 97 3  7 1 7 3 .

P la t e  4 -4 9  D etachm en t zo ne a lo n g  c h l o r i t e - r i c h  band in  a m p h ib o le  s c h is t ;  XN,

X10 ING 95 3  7 3 1 3 .

P la t e  4 -5 0  SQ40° g r a d a t  io n a I c r e n u Ia t  io n  c Ie a v a g e  i n m af ic  amph i bo I i  t e ; f  in e  

w h ite  bands m ark d e tac h m en t zo n e s ; b la c k  c i r c l e  m arks p o s i t io n  o f  P i .  4 -5 0 A ;  

nega t  i ve  p r  i n t  o f  th  i n sec  t i  o n ; X2 [NG 96 8  7 2 0  3.

P la t e  4-5Q P  D e t a i l  o f  b e n t a m p h ib o le  c r y s t a l  w ith  e x te n s io n a l f r a c t u r e s  < in  

b la c k )  a lo n g  fold nose and c o m p re s s iv e  s t r u c t u r e s  in  th e  c o re ;  s k e tc h  from t h in  

s e c t io n ;  s c a le  bar 0.3mm ING 968 7203
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CHAPTER 5 -  HVLOHITES
5 .1  INTRODUCTION
5 . 2  DESCRIPTION
5 . 3  DISCUSSION
5 . 4  SUNNRRV

5 .1  INTRODUCTION
fly I on i t i c rocks occur on a l l  scales from centimetres to hundreds of  
metres in thickness (see structural Map). They are developed from 
a l l  I i  t ho Iog i es and have an or i g i na11y (pre-02)  i r re g u Ia r  
d i s t r i b u t io n  throughout the area. Discrete  my Ion i te  zones are  
present at a i l  sea Ies, but protomylonit ic  developments are evident  
in most outcrops, and f ine  seams of u l t ram ylon i te  are v i r t u a l l y  
ubiquitous,  f i l l  degrees of development from proto-  to u l t ram ylon i te  
may be v i s i b l e  on the scale of a th in  section ( c f .  P I . 5 .36 )

Uhile  a i l  these features can be explained in terms of s t r a in  
heterogeneity  at a l l  scales, the in te rac t ion  of P-T-X condit ions  
during metamorphism and the diverse physical propert ies  of the rocks 
produces a heterogeneity  of i ts  own. The most far  reaching  
consequence of t h is  heterogeneity  is to make sampling of  
representa t ive  mater ia l  d i f f i c u l t  and i ts  descript ion lengthy.

D1 was the pr inc ipa l  period of my Ion i te  generation, but grain s ize  
reduction,  and r e l a t i v e l y  local ized my Ion i te  development during the 
D2, D2a, D3 and D4 deformation phases must also be assessed. Given 
that deformation during D1 was progressive and polyphase i t s e l f  (see 
Chap.6 ) ,  the c r i t e r i a  of analysis  must be as r igorously  def ined as 
possible.

For p rac t ica l  reasons the fol lowing account attempts to describe and 
in te rp re t  the features developed during progressively increasing  
strain in each of the major l i th o lo g ie s .  This is not to imply 
that  the f u l l  spectrum of s t r a in  states is always seen in any one 
hand specimen, outcrop or th in  section; ra ther  i t  is an attempt to 
def ine a l l  the developmental p o s s i b i l i t i e s  of s t r a in  morphologies in 
the major l i th o lo g ie s .

fi summary of the pr inc ipa l  tex tura l  and mineralogical transformat ion
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a f fe c t in g  these rocks with reference to the plates is presented in 
Table 5 . 1., where the pr inc ipa l  features of deformation are b r i e f l y  
l is te d ,  and the main rock types are tabulated against the pr inc ipa l  
stages of 01 deformat i on. Si nee these pri  nci pa I stages are 
a r b i t r a r i l y  establ ished ( S e c t . 5 . 3 ) ,  the l is ted  features describe a 
progressiye increase of deformation for each rock type. Due to the 
controversy concerning the terminology of fau l t  re la te d  rock types 
( c f . Sibson 1977, Tull  is et a 1 . 1982, l-Jise et a I . 1984) as well as 
the i r  sea Ie dependency, the 1 i ntensi ty  of de format i on1 was euaIuated  
in terms of features shown by cer ta in  minerals (quartz  and micas in 
p a r t i c u l a r ) .  For example, features l is ted  at the top of  Table 5.1 
are considered as having been developed under lower s t r a in  
condit ions than the ones below, as established by the features  
present in s p a t i a l l y  associated quartz and mica grains. The 
features of deformation for each mineral are not  described 
separate ly .  The in tent ion  of t h is  procedure was to give an idea of  
the d i f f e r e n t i a l  behaviour uf each mineral and the influence of  
t h e i r  r e l a t i v e  abundance and association on the deformation  
processes during progressive deformation, reproducing more c lose ly  
t he m i neraIog i caI cont ro I on t he de format i on and t ry i ng to re f I e c t  
with more f i d e l i t y  the natura I condi t i  ons. The descr i p t i  ve sect i on
of th is  chapter is a good example of the fact that although
systematizat ion is essent ia l  for  descript ion (and understanding) of  
any natural phenomenon, i t  can, on the other hand, give a 
compartmentalized (and sometimes rather  s im p l is t ic )  idea of 
something which has probably happened in a progressive, continuous 
and more complex way. This is fur ther  i l l u s t r a te d  by the 
d i f f i c u l t i e s  faced during the in te rp re ta t io n  of features a t t r ib u t e d  
to ' b r i t t l e '  and ' d u c t i l e '  behaviour during deformation of these 
rocks ( S e c t .5 . 3 ) .  The present approach is an attempt to examine the
deformation at the microscopic sca le,  and i ts  essence is well
expressed by the thought of Growan (1938,_i_n P o ir ie r  1985) reproduced 
below.

"Creep phenomena have so far been investigated only in terms of old-style 
technology. For a number of decades, the usual way of tackling similar problems 
was to apply simple and exact tests (e^g^ tensile tests) to the very complex and 
impure materials used in industry and then to subject the results of these tests 
to a subtle mathematical analysis, fls to the prospects of this way of
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proceeding, we need only to realize that a piece of iron is far more complicated 
a structure than, for example, a watch. How imagine subjecting a watch, without 
opening it ,  to a compression test; further trying to draw mathematical 
conclusion from its undoubtedly uery interesting stress-strain curve, and 
f i na11y d i ssoIu i ng t he match i n aci ds t o det erm i ne i t s chem i caI compos11 i on, 
Although the most accurate experimental tools may be used, and the highest 
degree of mathematical skil l  displayed, I doubt whether in this way much 
ualuable information could be obtained about how the watch is working and how it 
could be improved, fi much more promising way is to take the watch to pieces to 
obserue its design and then to study the technological properties of its parts. 
Translated into terms of our present problem: we must f irst  learn the properties 
of single crystals, in particular the laws of their plasticity; then we may 
proceed to a study of polycrystal Iine metals with more chances of succeeding 
than hitherto."

In section 5 .2 ,  the p la tes  and Table 5.1 are intended to con st i tu te  
the bulk of the des cr ip t ive  section,  the text  being a more d e ta i le d  
commentary. Although mostly dealing with microscopic features,  the  
descript ions include a b r i e f  account of the pr incipal  
c h a ra c te r is t ic s  of these rocks at mesoscopic scale r e f l e c t i n g  the  
unusual outcrop aspect of some of these rocks.

In Section 5 .3  deformation mechanisms and the physical condit ions of  
deformation are discussed. Macroscopic scale features and t h e i r  
s ign i f icance  w i l l  be dea l t  with in Chapters 6 and 8.
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5 . 2  DESCRIPTION

5 . 2 . 1  f les o sco p ic  S c a l e  F e a t u r e s

Domain 1- Quartzofe ldspath ic  gneisses and amphibolites

Quar tzo fe idspath ic  one isses

The my I o n i t i c  f o l i a t i o n  with f ine  (mm) quartz bands and cogenetic  
i n t r a f o l i a l  folds is of ten wrapped around feldspars and anphibole  
porphyrobIasts ( P I .5—1),  most of which have le n t ic u la r  shapes and 
show s t ra  i n shadows ( ‘ augen gne i s s ' ) .  1-1i th i ncreasi ng deformat i on
quartz bands are more abundant and porphyrobIasts loose t h e i r  
o r ig ina l  shape. Grain s ize  is more homogeneous than in the i n i t i a l  
stages ( P I . 5 - 2 ) ,  a feature  r e f l e c t i n g  the textura l  and mineraiogieai  
'convergence' produced by high deformation. Uhere fe ld sp ar - r ich  
rock is a f fec ted  and gra in  s ize  reduction is extreme,decimetric  
bands of u l t ram y Ion i te  show a 'porceionic '  appearance, fit t h is  stage  
the rock shows no v i s i b l e  l inear  fabr ic  and i ts  greenish-yellow  
colour makes i t  d i f f i c u l t  to d is t ingu ish from mylonit ized  
amphibolites. Sheath folds are common and a f fe c t  the my I o n i t i c  
banding i t s e l f  ( P I . 5 - 3 ) .  White 'dots'  and 'lumps' ( P I . 5 .3 )  are  
l i th o c la s ts  of the p r o t o l i t h  (gneiss) .

fiBphihofites (basic By io n ites )

These rocks show a higher percentage of phenoclasts to matrix  than 
the quartzofe ldspath ic  gneisses. This together with the f requent ly  
unfo l ia ted  aspect of the matrix gives the rock a granular aspect 
resembling a l i t h i c  t u f f .  The association of th is  rock type with  
the 'porcelanous' mylonite ( P I . 3-15)  suggests that the f e l s i c  bands 
have taken up most of  the deformation (see Sect.  5 . 3 ) .

Domain I I  -  flmphibole schists

My Ionites  in these rocks are r e l a t i v e l y  scarce and usual ly  local ized
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along b i o t i t e - r i c h  bands. Whether they were never abundant in 
these rocks, or whether t h e i r  r a r i t y  is a function of  
recryst  a l i i  zat i on dur i ng a I at t er ep i sode is d i f f i cu 11 to know., but 
evidence for strong recrys ta l  I i z a t i o n  during 112 w i l l  be discussed In 
Chapter 7.

The ' b i xed * sy I on i t e s  are by far  the most strongly deformed rocks 
i n doma in I I .  S i m i I a r  t o the peI i  t i c my I on i t es (see be Iow) ,  they  
frequent Iy reach very f i ne gra in s i ze ( u11ramyI on i t s )  w i t h Iarge  
garnet crys ta l  loc ias ts  r e s is t in g  g ra in -s iz e  reduct ion. The matrix  
is submicroscopic and shows l i t t l e  or no o r ien ta t ion  in fresh  
surfaces. Large amphibo I i t e ,  amphibole schist and gneiss 
I i  t  hoc lasts  are f a i r l y  common ( some w i t h d i srupted f oId hi nges) 
being wrapped around by the matrix (best observed on weathered 
surfaces, P I . 5 . 5 ) .

Domain I I I -  Hetasediments

The mylonites developed in these rocks are s im i la r  to those with a 
gneissic p r o t o l i t h .  The rock is predominantly l ight  b luish-green  
with white ' lumps'.  'Spots'  ( I i th o c la s t s )  of a coarse-grained rock 
that bears mi croc l ine  and plagioclase (fin 32) are ubiquitous ( P i . 5— 
T) ,  as are translucent  quartz  bands (P is .  5 -6 ,3 -5 5 )  and 
1porce IIanous1 bands ( P I . 3 -5 6 ) .

Domain IU- CaIc-myI oni tes

The calc-myIonites  are genera l ly  l ight  green rocks, with large  
fragments of banded amphibol ites,  amphibole schists and f e l s i c  
gneisses c h a o t ic a l ly  intermixed with c r y s t a I Io c Ia s t s . The grains  
have widespread v a r ia t io n  of shapes and composition across small 
portions of the rock ( P I . 5 - 7 ) .  There is no g ra in -s iz e  sor t ing ,  so 
that almost metre-sized c las ts  of amphibole schists and amphibolites  
are intermixed with a much f in e r  ’ matrix '  of f e ls ic  gneiss 
l i t h o c la s t s .  Most elongate fragments show or ien ta t io n  of t h e i r  
longest axes p a r a l l e l  to the f o l i a t i o n  ( P I . 5 -8 ) .  The rocks look 
l ike  a heterogeneous breccia which has been subjected to very strong 
d u c t i le  deformation (see Sect.  5 . 3 . 2 .T )  and in th is  respect they are
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very s im i la r  to the 'mi xed' my Ion i tes .

5 . 2 . 2  f l i c r o s c o p i c  S c a l e  F e a t u r e s

In add it ion  to the p r inc ipa l  features displayed by these rocks 
l i s te d  on Table 5 .1 ,  several others considered to be important in 
understanding the deformation of these rocks mil l  be presented 
be I o u j  .

QuartzofeIdspathi c gne i sses 

Fe/s/c  bunds

The coarse-grained gneisses with granoblastic  polygonal tex tu re  
(P is .  5 -9 ,106 )  s u f fe r  progressive grain s ize  reduct ion, i n i t i a I l y  
along crysta l  boundaries ( P I . 5 -100 ) ;  th is  extends into indiv idual  
grains as the deformation progresses ( P I . 5 -18 ) .  Sections at a low 
angle to the s t re tch ing  I ineat ion show that per th i tes  in fe ldspar  
are or iented p a r a l l e l  to a f in e  oblique cleavage ( P I . 5 -1 2 ) .  This is 
s im i la r  to what has been in terpreted in the recent l i t e r a t u r e  as an 
1extensionaI crenu la t ion  cleavage1 (see Sect. 5 .3 ) .

ChI o r i t i z a t i o n  of f ine -gra ined  matrix produced by reduction of  mica 
crys ta ls  is widespread and occurs in zones showing anastomosing 
patterns with va r iab le  width. There is an apparent po s i t iv e  
c o rre la t io n  between the width of these mylonit ic  bands and the grain  
size of minerals w ith in  them. Uith the progression of the 
deformation, the density of these high s t r a in  zones increases u n t i l  
they become the predominant feature and only few isolated 'pods' of  
the o r ig ina l  gneiss are l e f t  r e l a t i v e l y  unaffected.
The r e l a t i v e  t iming of development of deformation bands in quartz  
crys ta ls  had to be assessed in each case since they could have been 
produced by (a)  f l a t t e n in g  of a group of c rys ta ls ,  (b)  
recrysta I  I i z a t i o n  with new grains growing p r e f e r e n t ia l l y  along 
planar regions of strong deformation such as deformation lamellae,  
or even (c )  'normal'  grain growth due to inh ib i t io n  of gra in  growth 
migration by a preferred o r ie n ta t io n  of micas (Hobbs et a 1. 1976, 
p. 117). While the presence of a boudinaged crystal  of a l l a n i t e  
along the f o l i a t i o n  seems to indicate the f la t ten in g  of these grains 
( P I . 5 -13 ) ,  the presence of remnants of older and larger  grains.
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showing several stages of deformation band development, and the 
presence of a f ine  crenu la t ion  cleavage at *35° to the main shear

f o l i a t i o n  ( P I .5-12) ,  seems to indicate that these are the main planes 
of my I on i t i z a t i o n  ( ' C ' - s u r f a c e s ) . However, due to the non-coaxial  
character  of the deformation and the high s t ra ins  a t ta ined ,  both 
mechanisms ( ‘ f l a t t e n i n g 1 and simple shear) have probably contributed  
to the formation of these rocks (see Sect. 5 .3 ) .

In sections at a high angle to the stretching d i re c t io n ,  the 
presence of core and rim s t ructure  is freguentlg observed. Large 
fe ldspar  c ry s ta ls  make up the ‘ co re1, while much f in e r  grained  
guartz and feldspars compose the ‘ mantle1 ( P I . 5 - M ) .  In t h is  sort  
of o r ie n ta t io n  the hinges of disrupted folds are usually  best 
observed, whereas the presence of muscovite c r y s ta l io c la s t s  with  
sigmoidal shapes ( ‘ f i s h - l i k e ’ of L is te r  and Snoke 1984) with  
asymmetric t a i l s  of f ine  grained material  and asymmetrical pressure 
shadows around few l i t h o c ia s t 3  are best observed in sections at a 
low angle to the l inear  fa b r ic .

The contact between s t i l l  remaining Mthoclasts  and matrix is sharp 
along the rim but gradational along the t r a i l i n g  edge. Uhere a 
progressive reduction of the grain size is observed i t  increases 
away from the centre of the c las t  ( P I . 5 -10) .  l-Jithin these fragments 
and in matrix-surrounded c r y s ta l Io c la s ts  conjugate f rac tu re  systems 
are developed. I n i t i a l l y  f ine  c h lo r i te  and s e r i c i t e  are observed 
along these f ractures  ( P I . 5 -1 7 ) .  l l i th  the progression of the 
deformation a wedge-shaped f rac tu re  is formed and the g ra in -s iz e  
reduction ‘ channel way' can be observed ( P I . 5 -18 ) ,  a f fe c t in g  even 
' i s o la t e d '  c r y s ta l Io c la s t s  ( P I . 5 -21 ) .  In other examples f ractures  
displace c r y s ta I lo c Ia s t s  but apparently do not a f fe c t  the matrix  
(P is .  5 - 2 2 ,2 3 ) .  These s tructures  are e ss en t ia l ly  asymmetrical 
boudins being ca l led  'domino' or ' book-shelf '  f ractures by analogy 
with dominos or books s l id in g  pass each other,  showing a sense of  

-displacement  opposite to the bulk shear s t ra in  (see S e c t . 5 . 3 . 2 . 1^d 
) .

The matrix  produced along these wedge-shaped f ractures is f in e r  than 
the surrounding matrix,  where sometimes aggregates of small quartz  
crys ta ls  show local ized development of granoblast ic  polygonal
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t e x t u r e . ' Duct i I e 1 deformation of feIdspars incIuded the
development of deformation bands in which no microperth ites  can be 
observed ( P I . 5 -1 9 ) ,  and of du c t i le  fau l ts  and pinch-and-swelI  
structures in s ing le  feldspar c rys ta ls ,  along which poIygonizat ion  
of small grains can be seen ( P I . 5 -20 ) .  In the l a t t e r  case a ' r ig h t  
I a tera  I ' d i spIacement of the gra in is v is ib le  but no f ra c tu re  has 
deveI oped. I n i t i a t i o n  of per IcI  Ine t w i nn i ng and deveIopment of  
smaI I gra ins a Iong t he rims o f cryst a I i  ocIast s are a I so observed. 
Another common feature in c ry s ta l Io c la s ts  is the disappearance of  
t he per i c I i  ne t  w i nn i ng a Iong t he margi ns of the i n i t iat  i ng f ract  ure 
( P I . 5 -1 6 ) .  Several of these features are very s im i la r  to those 
developed in quartz  c rys ta ls  that were a t t r ib u te d  to p la s t i c  
deformation (see Sect. 5 . 3 ) .

Unlike most of  the other minerals the only feature observed in 
epidote at t h is  stage of deformation is the presence of reac t ion  
rims along the contact of these c rys ta ls  with the matrix .  Host of  
these and other  ( fe ld s p a r )  round grains when observed under high 
magnif ication power show a ra ther  i r reg u la r  ou t l ine  ( P I . 5 -2 7 ) .
Highly deformed zones of these rocks show no d is t ingu ishable  
structure  p a r t i c u l a r l y  in sections at r igh t  angle to the o r ie n ta t io n  
of the l ine a r  fab r ic  ( in  adjacent samples). They have the 
appearance of a ‘ crysta l  t u f f '  ( P I .5 -1 7 ,2 1 ) ,  and i f  the geological  
re la t io n s  are not preserved it  can cause considerable 
misunderstanding. A good example of th is  s i tu a t io n  can be found in 
petrographic descrip t ions of the Torridon group where quartz -  
fe ldspar porphyry pebbles in conglomerates described by U i I l i a n s  
(1969, F i g .5)  have s t r ik in g  s i m i l a r i t i e s  wi th some of the present Iy 
described mylonites. His Fig.  5G in p a r t ic u la r ,  shows a banded 
porphyry with the layers wrapping around deformed phenocrysts.
While the banding is interpreted as an or ig ina l  feature (p p .616-619)  
on closer examination of his p la te  a f ine  (ME—SU) cleavage, which a 
structura l  geologist  would promptly iden t i fy  as a (ob l ique)  cleavage 
( ' S ' -su r fa ce? ) ,  is c le a r ly  v is ib le .  I t  is not the in tent ion  to 
suggest here that there are no porphyry pebbles in the Torr idonian,  
since they have been repeatedly described in the l i t e r a t u r e  ( c f .
Teal I i n  Peach et a I . 1907, pp.281-283; Haycock 1962, pp .51-53) but 
the i d e n t i f i c a t io n  of part of th is  material  as of myloni t ic  (and of  
autochthonous) o r ig in  can have important implications for the 
provenance studies of the Torridonian rocks (see Wil l iams 1969).  A
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r e l i a b l e  cr i t er ion to d i st i ngu i sh porphyry pebbIes and my I on i tes is 
the s ta te  of deformation presented by the quartz c ry s ta ls .  Due to 
the s u s c e p t ib i l i t y  of t h is  mineral to deformation, porphyry pebbles 
with quartz phenocrysts are u n l ik e ly  to be mylonit ic  rocks. On the  
other hand, banded rocks with fe.ldspar 'phenocrysts'  have could well  
represent mylonites. Accordingly,  i t  is necessary to look for  
charact er i st i c de f ormat i onalf eatures o f these m i neraIs and ot her 
features such as kinematic indicators (see Sect. 5 . 3 ) .

f l a f / c  hands

As a funct ion of t h e i r  high content of ’ weak’ mineraIs , I i  ke b io t  i te> 
these bands show a rapid v a r ia t io n  from coarse to f ine  gra in  ( P i . 5-  
36) .  As in the f e l s i c  bands the deformation is i n i t i a l l y  confined  
to narrow zones where the grain size reduction has occurred. In 
contrast with the lack of o r ien ta t io n  in the f e ls ic  bands, the 
s i mu 11 aneous ext i net i on of part s o f t h i s  f i ne 1 mass' suggests the  
presence o f a I oca I i  zed crysta I Iographi c or i ent at i on.

Ep i dote crysta  Is are the I east af  fected, show i ng I i  111e gra i n-s i ze 
reduction. The adjacent quartz c rys ta ls  show we 11-deveI oped 
deformation bands, giv ing an idea about the in tens i ty  of deformation 
necessary to produce the above described features in micas and 
epidote. However, i t  should be borne in mind that the weaker 
mineral bands have probably worked as 'zones of s t r a in  so f te n in g ' ,
I oca I i  z i ng the s t r a in  a Iong t hem w i t h t he progress ion of the 
deformation. The impression of extremely high deformation that  
these bands give at f i r s t  sight is perhaps a function of t h e i r  high 
proportion of weak ( b i o t i t e )  to strong (ep idote .amphibo le , fe ldspar)  
minerals,  producing a p ic ture  of few scattered round c rys ta ls  
surrounded by a sub-microscopic matrix ( to p - r ig h t  corner of P i .  5-  
28) .  The 'micaceous' character of the matrix is d i f f i c u l t  to 
resolve o p t i c a l l y ,  but i ts  nature can be determined by the absence 
of s t r a in  shadows around mica c r y s ta l Io c la s ts  and t h e i r  good 
development at the edges of epidote and amphibole c rys ta ls ,  minerals  
which have low and high competence contrasts with matrix  
respec t ive ly .  Feldspar c r y s ta l Io c la s ts  present intermediate  
condit ions of deformation with a moderate degree of g ra in -s iz e  
reduct i on.
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In marked contrast to the f e ls ic  bands where chi or i t i z a t i o n  and 
s e r i c i t i z a t i o n  are f a i r l y  common, the mafic bands ( e p i d o t e - b i o t i t e -  
amph i bo Ie ) of severa I samp Ies show no ev i dent m i neraIoq i caI changes. 
Uery few samp Ies of discordance bet ween the compos i t  i ona1 band i ng 
and the mylonit ic  f o l i a t i o n  were observed. In most cases t h is  was 
re la te d  to f oId hinges where a my I on i t i c f oI i at i on deveI ops para 11eI 
to the axial  pianes ( Pis.  5 -3 2 ,3 5 ) ,

Ep i dot e cryst a 11ocIast s present more equi di mens i onaI shapes t han 
feIdspars and amph i bo Ies , probabIy re f I e c t  i ng t he i r  more res i st ant 
nature and equant o r ig in a l  shapes ( P I . 5 -3 7 ) .  The more frequent  
presence of very round fe ldspar  c rys ta ls  in highly  deformed samples 
seems to indicate the strong control of deformation processes on the 
shape of these fragments ( P i . 5-33,  S e c t .5 . 3 ) .  Carbonate is 
r e l a t i v e l y  abundant in my I on i t i zed c a l c - s i I i c a t e  gneisses, where i t  
is usually found in f ractures  ( P I . 5 -3 8 ) ,  a feature probably 
r esu l t ing  from rem obi I iza t ion .

flmph i bo I i t es ( bas i c my I on i t es;)

These rocks show v i r t u a l l y  the same features as the mafic bands of  
the gneisses with var ia t io n s  introduced by the d i f f e r e n t  proportions  
of mafic (amphibole instead of b i o t i t e )  and f e ls ic  (p iag ioc lase  
instead of quartz)  minerals.  In the low s t r a in  specimens the 
feldspars and quartz already show strong undulose e x t in c t io n ,  sub­
grain development and deformation bands at the same stage of  
deformation that  b i o t i t e  c rys ta ls  show sigmoidal shapes, kink bands 
and grain size reduction along the edges of the crys ta ls .

The contacts between the lower and higher deformation bands is sharp 
( P I . 5-42)  but no indicat ion of the shear magnitude is observed due 
to several factors ,  including the absence of su i tab le  markers (Sect.  
5 . 3 ) .  Remnants of the old granoblastic  tex ture  (S banding + S I )  are 
s t i l l  present in f e ls ic  l i th o c la s ts  ( P I . 5-40)  but show already  
advanced m y lon i t iza t ion ,  mainly along in te rc ry s ta l  I ine contacts.  
With the progression of the deformation the proportion of matrix  
increases, mainly through the 'g r ind ing '  of minerals l ike  b i o t i t e ,  
quartz and feldspar  which s ta r ts  along the grain boundaries where

Structural Geology - Loch Maree. 117 Chapter 5 -  Mylonitea



deformation bands in (segregated) quartz are observed ( P i . 5 -4 1 ) .  
Epidote, apa t i te  and amphibole seem to be the order of increasing  
resistance to the deformation. Boudinaged c l in o z o is i t e  c ry s ta ls  are 
common where the elongation uf the mineral is para I lei  to the 
my I on i t i c bands. Frequent Iy t he amount of matrix  seems to be 
increased by the development of  la te r  crenula t ion cieavaqes which 
break down Iarge cryst a I lociast  s gi v i ng r  i se t o a ser I c11e 
carbonate-r i  ch matri x .

Ev i dence for ca tac Ias t i  c deformat i on o f some m i neraIs  duri ng t hi s 
stage is presented by f ractures  which a f fe c t  mainly amphibole 
c rys ta ls .  They do not seem to propagate into the matrix  and their-  
or ient  at ions do not f i t  into any of the id e n t i f ie d  mesoscopic 
systems, in some of the samples the presence of an extremely f in e -  
gra i ned rock show i ng part i a I I y  i ntrusi ve contacts with the 
surrounding mylonit ic  ( ' h o s t ' )  suggests the presence of a 
pseudotachyIite vein ( P I . 5 -45 ) .  The feldspar  c r y s ta l io c la s t s  are 
angular to round and strongly cracked, the opaque minerals content  
is high and t he mat r i  x extrerne Iy f ine ( P I . 5-46,  c f , Si bson 1975, 
p . 780).  Host features are s t r i k i n g l y  s im i la r  to those described by 
Passchier (1982, p77) in u 11ramyI oni tes der i ved from 
pseudotachyIi tes . In t h is  case, the loca l ly  discordant nature and 
opt i caI character i st i cs of the f i ne bands were the pr i nci pa I 
features used for the i r  i dent i f i cat i  on.

Amphibole schists

The tex tura l  c h a ra c te r is t ic s  of these mylonites vary in accordance 
with t h e i r  composition. The more amphibole-rich they are the less 
frequent is the presence of o p t ic a l ly  v i s i b le  m yloni t ic  features.  
Destruct ion of the in te rc rys ta I  I ine contacts is the most common 
feature with the production of a 'metasediment-looking' rock ( P I . 5— 
47) .

Strong my I on i t i z a t i o n  of th is  unit  is qui te  ra re .  The deformation  
is thought to have been concentrated into narrow b i o t i t e - r i c h  zones 
as well as along the interbanded 'mixed' mylonites. Perhaps the most 
important factor  determining the absence of well developed mylonite  
in these rocks is the generalized recrysta l  I i z a t io n  they have 
suffered during H2 (see Chap. 7 ) .

Structural Geology - Loch Maree. 118 Chapter 5 -  Mylonites



'nixed* my Ion i te

ft my ion i te  whose p r o t o l i t h  shows a very heterogeneous composition 
was id e n t i f i e d  in a narrow zone (Charr band) in the northeastern  
corner of the area studied [HG 971 722];  th is  is re fe r re d  to as 
* m i xed my Ion i te*  . The pr eser vat i on of l i t  hoc I ast s o f amph i bo I i t es, 
amph i bo Ie sch i st s and quart zo fe Idspathi  c gne i sses ( as we I I as 
remnants of these rock types w ith in  garnet porphyrobIasts (now 
crysta l  Ioc Iasts  Pis.  5 -49 ,490)  of large dimensions) poses a problem 
for the determination of the p r o t o l i t h  of th is  my Io n i te .  Some of  
the aggregates of small i < 0.5mm) quartz c rys ta ls  have been 
recrysta I  I ized ,  presenting s t ra ig h t  boundaries and very weak 
deformation features.  Isolated lenses of sub-microscopic mater ia l  
with feldspars as remnants are a l l  that is l e f t  of the qneiss ic  
pro to I i  t h s . Other common porphyroc!ast s i ncIude we I I -rounded  
fragments of amphibole schists of va r iab le  size (1mm to 1m), 
amph i bo I e cryst a I s and garnet s (.1 t o 4mm) be i ng part i a I ! y rep I aced 
by carbonate ( P I . 5 -49 ) .  F lat tened,  boudinaged and f rac tured  garnets  
( P I . 5 - 4 8 , 48fi,488 ,50 )  as we i i as amph i bo 1e ( P i . 5 -5 1 ) ,  carbonate, 
feldspars,  muscovite and c l in o z o is i t e  c r y s ta l io c la s ts  are s t i l l  
preserved in a matrix of extremely deformed quartz bands.
I n t r a f o I i a  I foIds are a common feature , part ic u Ia r Iy  in the  
proximity of large garnet porphyroc I a s t s . They are in general  
disharmonic, convolute and po lyc l ina i  (P is .  5 - 52 , 53 ) .  More than one 
set of folds is not an uncommon feature and the occurrence of these 
structures p r e f e r e n t ia l l y  in the proximity of porphyroclasts has 
probably been influenced by the complex s t ra in  p a r t i t io n in g  in these 
zones (see Se c t . 5 . 3 ) .

Feldspar, garnet and amphibole (most abundant) show good roundness, 
being wrapped around by the f ine  matrix which f requent ly  present  
asymmetrical s t r a in  shadows ( P I . 5-55)  showing var iab le  stages of  
ro ta t io n  ( P I . 5 -54 ) .  Some of the elongate c r y s ta l Io c la s ts  do not 
present o r ie n ta t io n  of t h e i r  longest axes p a ra l le l  to the banding.

P ro to l i th s  of these mylonites include
(a)  b io t i te -p la g io c la s e -q u a r tz -g a rn e t  gneiss,
(b) garnet amphibolite,

Structural Geology - Loch Maree. 119 Chapter 5 -  Mylonites



(c) epidote-garnet  q u a r t z i te ,
(d) carbonate-garnet amphibo I i t e ,  and
(e)  c a rb o n a te -q u a r tz -b io t i te  amphiboiite

In general the amphiboles preserved within  garnet c r y s ta l Io c la s t s  
are f ibrous v a r i e t i e s ,  and are not found amongst the mapped rocks.

Hetased i ments

These rocks show var i at i on i n compos i t i  on frow quart zo fe Idspath i c to  
m i c a - r  i ch uni ts  to quart z i t e s . fis in the case o f  ot her I i  t ho Iog i es 
the myloni t ic  features developed are very much a function of the 
or i g i naI m i neraIogy (but see Sect i on 5 . 3 ) .

The quartzofe ldspath ic  mylonites re fer red  to as s i l iceo u s  mica 
schists (Chap.2) show 'sedimentary-looking' features with fe ldspar  
grains surrounded by a s t ruc ture  I ess matrix ( P i . 5 -57)  i d e n t i f i e d  as 
a product of my I on i t i z a t i o n  processes (Peach et a I . 1907).
The impression of r e l i c t  sedimentary st ructures in outcrop is given

by
(1 )  porphyroclasts of a quartzofe ldspath ic  nock ( P I . 5-53)  that  haue 
a large grain s ize  (» 2-3mm) and show remnants of a granoblast ic

polygonal texture  (surrounded by the mylonit ic  bandinq),qncl
(2 )  the var iab le  degree of grain size reduction (P is .  5 - 4 , 4fi).  
Although in th in  sections sections at high angles to the s t re tch ing  
I ineat ion the matrix doesnot show clear  tectonic s t ructures ,  the  
presence of metamorphic minerals such as garnets and (sometimes 
s t a u r o l i t e )  showing the same re la t ions h ip  as the feldspars with the 
myloni t ic  matrix ,  indicates the non-sedimentary o r ig in  of these 
features.  The white l i th o c la s ts  have crys ta ls  with corroded 
boundaries. Their composition is qui te  homogeneous with p iagioclase  
(o l igoc lase  fln32) making up approximately 90$ of the l i th o c la s t s .  
Fine quartz bands as well as a f ine  grained matrix produced by 
comminution of b i o t i t e ,  muscovite and surrounding the remnants of  
the p r o t o l i t h  is a widespread feature.

The textures developed in quartz and feldspar c rys ta ls  genera l ly  
correspond with those observed in the mylonit ized gneisses. Uith  
increasing deformation the sequence s ta r ts  with undulose e x t in c t io n  
in deformation bands and ends with strong grain s ize  reduction.  The
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my I on i t i zat i on, however*., seems to be stronger* in parts  of the rock 
where p h y i i o s i 1icates are intermixed with fe ldspars and quartz  than 
in mica-r ich bands, the presence of (more competent) t e c t o s i I i c a t e s  
perhaps enhancing the grain s ize  reduction,

I n add i t i on to t he usua I de f or mat i onolf eat ur es i n quart z crust a I s , 
the more s i l iceous  i i th o lo g ie s  also show carbonate grains with  
s i gmo i da I f i ne-gra i ned ' t a i l s '  i ndi cat i nq t he sense of shear ( P I .5 -  
59,59fi) .  The p a r t i t i o n  surfaces define the posit ion  of the 
mylonit ic  banding, which is not obvious because of the almost 
monomineraIic character  of the rock. Quartz bands show sub-grain  
development with pr ismatic  boundaries (Bouchez 1977) at an angle of  
70° to the grain elongation (and mylonit ic  f o l i a t i o n ) .  In these 
rocks garnet seems to be the most res is tan t  mineral ( P I . 5 -6 0 ) .  In 
t  he prot omyIonites i t  is common to f ind i d i obI ast ic cryst  a Is grow i ng 
in more f e ls ic  bands and being surrounded by a more deformed matr ix .  
Although the quartz grains show strong undulose e x t in c t io n ,  
prismat ic  sub—boundaries and subgrains, the garnets show no v i s i b l e  
de format i oriole f feet s . Most of the deformation seems to have taken 
p I ace a Iong t he phyI I os i I  i cat e - r i  ch bands where bi ot i te  ( ma i n l y ) and 
muscovite display a good deal of grain s ize  reduction ( P I . 5 -6 1 ) .

Occas i onaI Iy quartz cryst a Is show recryst a I I i zat i on feat ures with  
s l i g h t l y  larger  grain sizes,  more regular  contacts,  and textures  
tending to granoblastic  polygonal.  The b i o t i t e  c rys ta ls  are nearly  
a l l  destroyed, re s u l t in g  in the formation of aggregates with sub- 
microscopic grain s ize  some of which show simultaneous e x t in c t io n .  
Muscovite porphyrocIasts,  in contrast ,  s t i l l  pers ist  as large  
l e n t ic u la r  c rys ta ls  with ‘ t a i l s '  extending into the m yloni t ic  
f o l i a t io n .  Resistant minerals include feldspar ,  garnet and a l I a n i t e .  
In th in  sections cut at a low angle to the l inear  fab r ic  the 
o r ien ta t io n  of the matrix is very strong. In more s i l iceo u s  un i ts  
quartz aggregates are extremely elongate, with H:Z > 50:1.  In 
places these aggregates s t re tch  across a th in  sect ion,  and show 
evidence of d isrupt ion by bound inage and/or being squeezed against  
hard inclusions l ike  feldspar  and garnet c ry 3 ta N o e la s ts  ( P I . 5 -6 2 ) .  
Despite a l l  the s tructures shown by minerals around the garnets the  
l a t t e r  display fewer internal  deformation features:  extensional  
fractures (at  high angles to the banding) are the most frequent .  I t
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seems that the bulk of the d u c t i le  deformation was taken up by 
quartz , b i o t i t e ,  muscovite and fe Idspars , flnother p o s s ib i I i t y  is 
that these i d io b la s t i c  garnets have recrysta  I I ized a f t e r  D1 
my I on i t i zat i on ( see S e c t , 5 . 3 ) ,  No 1 i thoc 1ast s are v i s i b l e  at th i  s 
st age but i t  is d i f f i c u I t  to a11 r ibute th is  to the my 1 on i t i zat ion  
processes or to inher i tance ( fe ld sp a th ic  or quartz greywacke?), The 
more res is tan t  nature of the feldspars in r e la t io n  to quartz can 
also be demonstrated by the indentation caused by c r y s ta 11oc1asts of  
the former on the quartzose bands . (P I . 5 -63 ) .  The pattern produced 
is very s i m i 1ar to the features described in deformed poIymit ic 
conglomerates (e .g .  Borradai ie  et a 1. 1982, p . 478) and reproduced by 
Gay and Fr ipp (1976) in experimenta 1 deformat ion of pebb1es with  
d i f f e r e n t  d u c t i l i t y .
Despite the fact that gra in  s ize  reduction is at an advanced stage,  
and most m i neraIs  show f eat ures i ndi cat i ve of pi ast i c de f ormat i on, 
the feldspars and garnets mere s t i l l  deformed in a c a ta c ia s t ic  
fash i on wi t h gra in s ize  reduct i on t ak i ng p 1 ace a Iong f ract  ures 
r e s t r ic te d  to these c ry s ta ls .  Some of the f ractures have 
r e c t i l i n e a r  traces,  others tend to shorn convergent patterns s im i la r  
to f ractures presented by boudins developed in high d u c t i l i t y  
contrast m ater ia ls  (Ramsay 1967, p . 106).  Uhere they are present,  
amphibole crysta I  Io c 1asts show le n t ic u la r  shapes with strong 
f l a t te n in g  and occasional boudinage, with d i f f e r e n t  boudins 
frequent ly  interconnected by long s t r ip s  ( ‘ t a i l s ' )  of f ine -gra ined  
material  ( P I . 5 -64 ) .  The fact that garnets frequently show 
id io b la s t ic  shapes is not simply a function of their higher resistance  
to deformation, since i t  is often d i f f i c u l t  to assess whether the 
crys ta ls  have been reconst i tu ted  or not (c_f. S e c t .5 . 3 . 2 . 3  e and 
Chap.7) .

In the uItramyI oni te  stage the d i f fe rence  in d u c t i l i t y  between the  
minerals becomes much more evident.  Uhile  b i o t i t e  is completely 
destroyed, quartz grains show K:Z ra t io s  from between 30:1 to more 
than 80:1 (some of which are impossible to compute at th in  section  
sca le ) .  In these samples, despite the strong deformation, the 
d is t in c t io n  between ' f resh- look ing '  feldspars and quartz is 
extremely simple due to t h e i r  diverse s t ructura l  behaviour ( P I . 5— 
62) .  In some cases the deformation bands have the same length as 
the quartz bands. The pr ismatic  sub-boundaries are at an angle to
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the elongation of the bands, and are probably produced by a la te r  
deformationaI episode ( c f . Se c t ,5 .3 ,2 ,1  f ) .

Sheath-1 ike folds are f a i r l y  common being usually  marked by f ine  
bands of quartz in sections at high angle to the l inear  fab r ic  
( P I . 5 -65 ) .  Examination of  these structures under the microscope 
shows that well developed folds a f fe c t  an al ready my ion I t i c  banding. 
UeI I-rounded feldspar and amphibole c r y s ta l Io c la s t s  are also seen 
( P I . 5 - 65A ) ,  but observation at higher magnif ication shows the 
i r reg u la r  nature of these boundaries ( P I . 5 - 65 B) .  The heterogeneous 
behavi our of the di f ferent  m inera Is  duri ng deformat i on and t h e i r  
post-my I on i t i zat i on growth i s a I ways e v i dent, so t hat round 
c r y s ta I Io c Ia s ts  of feldspars and other minerals are seen side by 
side with i d i obI ast ic crysta  1s of amph i bo 1e ( P I . 5 - 6 5 P ) and garnet 
(P is .  5-656 ,650) .

The extreme stage of g r a in -s iz e  reduction of a fe ldspath ic  n y l o n i t e  
i s shown by smaII f eIdspar cryst a I loc iasts  i n an ext remeIy f  i ne, 
structure less  matrix.

Calc—my Ionites

I n the a I most pure marbIes it  i s qu i t e d i f f i c u I t  to see the 
mylonit ic  structures due to the homogeneous character  of the rock.  
Large and isolated crys ta I  IocIasts of twinned carbonate and mica are 
the on 1 y mi neraIs whi ch show any sign of deformat ion. DispIacement 
of twins and pressure so lut ion  along cleavage planes ( P I . 5 -66)  and 
the occasional presence of a bent mica f lak e ,  marking the hinge of  
an otherwise indis t inguishable  fold ,  are some of the few id e n t i f ie d  
features. Isolated c rys ta ls  of epidote and p lag ioclase,  although 
less common, are sometimes seen but perhaps the most conspicuous 
feature of these rocks is the f ine graina/nature of t h e i r  matrix .
The more impure samples show more evident signs of deformation.  
Li thoclasts  of amphibole schists,  amphibolite and carbonate-  
microcl ine-quartz-amphibole gneisses as well as m icroc l ine -ep idote -  
hornblende-quartz gneisses with well-formed granoblastic  polygonal 
texture  are very common ( P I . 5 -67 ) .  L i thoc las ts  of a very f ine  
grained fe ldspathic  rock with porphyroclasts of fe ldspar  are  
observed in some sections, showing advanced stages of reaction with  
the carbonate-rich matrix ( P I . 5 -68 ) .  The c las ts  show embayments and
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i f  the my I on i t i z a t i  on p r o c e s s e s  j  3  responsi b i e f or the gra in s i ze 
reduction w ith in  the c las ts  as well as of the carbonate-r ich  rock,  
the reaction between the carbonate and the l i th o c la s ts  must be a 
r e l a t i v e l y  la te  event in the development of these rocks ( c f .
Chap.7 ) .

Most of the porphyroc Iasts  di spI ay react i on ef  fects w i th the 
carbonat e - r  i ch mat r  i x . The I at t e r  usuaI Iy shows no v i s i bIe  
structures but i ts  o r ie n ta t io n  is eventua l ly  marked by the alignment 
of the long axes of amphibole c r y s ta l Io c la s t s .  i t  is also composed 
of a considerable amount of c h l o r i t e  and s e r i c i t e ,  probable produced 
by I at er react i on w i t h the f i ner my I on i t i c mat er i a I .

In the associated c a l c - s i I i c a t e  schists fold ing is a qu i te  common 
feature, being marked by an a l te rn a t io n  of q u a r tz - r ic h  and 
carbonate-r ich bands. These minerals show strong elongation,  with  
deformation bands in quartz ,  and g r a in -s iz e  reduct ion t a i l s  in 
carbonate, a l igned p a r a l l e l  to the ax ia l  plane of the fo lds ( P I , 5— 
69).

In the u l t ram ylon i te3  c r y s ta l Io c la s t s  of amphibole and epidote (most 
common) show well-rounded shapes ( P I . 5 - 7 0 ) j the matrix is 
f requently submicroscopic.

5 . 2 . 3  G enera l  C o n c lu d in g  Reworks

Although the above descr ip t ion  might seem to be far  too d e ta i le d ,  
and the importance of the features dealt  with may not be immediately 
comprehended, they provide valuable information about two broad 
aspect of the deformat ion; v i z . (a)  the predominant type of s t r a in  
(simple or pure shear) and kinematics of the deformation 
( t ra n s la t io n  d i r e c t io n ) ? and (b) the d u c t i l i t y  condit ions and ac t ive  
grain size reduction processes of minerals and rocks as a function  
of conditions of P , T ,X ,s t r a in  ra te  etc .  The described features w i l l  
not only be the basis for the discussion in the next section ( 5 . 3 ) ,  
but w i l l  also provide valuable elements for a s e l f  consistent  
in te rp re ta t ion  of mesoscopic scale features presented in chapter 6. 
Other important points emerging from the above descr ip t ion  include:
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(1 )  each m i neraI deveI ops marked Iy d i f ferent f eat ures under si m i 1ar 
cond i t i one o f de t ormat i on, ma in ly  as a f unet i on o f iii5 part i cu I ar  
phy s i caI propert i  es ,

(2) the features presented by each mineral can be r e l a t i v e l y  assessed 
by compar i son wi th f eat ures deveI oped in mi neraIs whose de format i on 
propert ies  are b e t te r  constrained (e .g .  qua r tz ) ,an d

(3) I i t  ho logical v a r ia t io n ,  although of fundamental importance in the 
l o c a l iz a t io n  of the deformation, was by no means the only fac tor .  
Several others q re  equal ly  important but the more precise  
evaluation of t h e i r  r o le  was made d i f f i c u l t  by the wide range of 
rock composi t ion (see S e c t . 5 . 3 . 2 . 2 ) .

5 .3  DISCUSSION 

5.3 .1  Introduction

This section is an attempt to evaluate the importance and ro le  
played by the d i f f e r e n t  mechanisms of deformation which a f fected  
these rocks at the grain scale.  The discussion presented here has
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orig inated from the d i f f i c u l t i e s  faced when t ry in g  to appIy the  
ex i st i ng cr i t er i a and concept s o f de f ormat i on feat ures i n my I on i tes  
to the Loch Maree rocks. Although b a s ic a l ly  supported by the 
features described in the previous section,  i t  is e s s e n t ia l l y  a 
c r i t i c a l  rev i ew o f  the a v a i Ia b Ie  l i t e r a t u r e . Readers we I I -  
aequainted wi th the character  i st ics of mylonit ic  rocks are re fe r red  
to the summary (sect ion  5 . 4 ) .

Additional evidence from the analysis  of mesoscopic and larger scale  
structures (Chap.6) and metamorphic condit ions (Chap.7 ) ,  both 
i nt i mateIy re la te d  to the format i on of the my Ion i tes ,  w i l l  be gi uen 
wherever possible.

A reconstruction of the la te  D1 tectono-s t ra t ig raphy  is attempted in 
chapter 8, tak ing into account estimates of magnitudes and 
d i rect i ons of d i spIacement a Iong the ma i n thrust  sur face , the 
s tructura l  level of deformation (metamorphic condit ions) ,  and other  
sources of evidence.

5 . 3 . 2  C o n d i t i o n s  o f  D e fo r m a t io n

5 . 3 . 2 . 1  Pure shear vs. Simple shear

Like most of the mylonite zones described in the l i t e r a t u r e  the 
mylonites of the Loch Maree area seem to have been developed during 
non-coaxial  deformation. Examples of mylonites formed by coaxial  
deformation are very rare (see Mawer 1983, Choukroune and Gapais 
1983), and as pointed out by L is te r  and Snoke (1984) in many cases 
where f l a t te n in g  or coaxial  deformation has been claimed to have 
produced mylonit ic  rocks, subsequentia I de ta i led  microstructuraI  
studies showed evidence of non-coaxial  deformation. In other  
reported cas e s , f la t te n in g  seems to have been r e s t r ic te d  to low 
s t ra in  zones del imited by high deformation bands where the s t r a in  
was found to be non-coaxial .  This kind of s t ra in  d is t r ib u t io n
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pattern was explained by Romberg (1975, p . 32) in terms of f la t te n in g  
suffered by the thrust  sheets due to t h e i r  own weight associated  
uj i t h s i mp I e shear caused by f r  i ct i on occurr i ng ma i n I y a I ong the 
so I e , para Mel  to the quas i -hor  i zonta I thrust p I ane. l-Jhether the 
'body weight'  of the thrust  sheet is enough for the production of  
myloni t ic  rocks and other microstructura i  features is s t i l l  
debatable (see Law et a I ■ 1984),  but i t  seems evident that pure 
shear does not seem to be the only or even the pr inc ipa l  deformation 
mechan i sm i n t he present Iy st udi ed my I on i te zones,

Due to the l i k e ly  complex nature of the deformation path involved in 
the formation of my Ion i tes ,  as we I I as the an isotropic  character  of  
most metamorphic rocks, the precise determination of the type of  
s t r a in  they suffered seems to be a d i f f i c u l t  problem and frequent ly  
of impossibIe so Iut ion ( see S e c t . 6 . 3 ) .  This is a p a r t i c u Ia r I y  
important remark for the ana lys is  of the Loch Maree rocks where the 
appIi  cat i on of t  echni ques such as quartz ’ O '-axi  s ana lys is  is 
impracticable due to the poIydeformed nature of the rocks. However, 
based on the observation of several scales of s t ruc tura l  features  
which can be used as kinematic indicators in the mylonites, a 
discussion of the nature of the deformation mechanisms which formed 
these rocks w i l l  be presented in th is  section.

fl b r i e f  review of the ex is t in g  s t r a in  models from the l i t e r a t u r e  
(Bell  1981, pp. 275-281.) w i l l  be reproduced here, i t  is thought to be 
necessary for the present discussion not only because i t  is a good 
systematizat ion of the modern nomenclature but also enable i t  to be 
compared with the geometry produced during deformation of the 
L.Maree rocks (see Sects 4.3  and 6 . 3 ) .
The s t r a in  models described in the l i t e r a t u r e  include:
(1)  progressive simple shear-non-coaxia I plane s t r a in  

(F ig .  5 .1b ) ,
(2)  progressive, inhomogeneous, simple shear non-coaxial  
plane s t r a in  (F ig .  5 .1 c ) ,

(3 )  approximately progressive, simple shear non-coaxia l ,  
non-plane s t r a in  (F ig .  5 .1 b ) ,

(4)  approximately progressive, inhomogeneous, simple 
shear non-coaxia l ,  non-plane s t r a in  (F ig .  5 .1 c ) ,

(5)  progressive pure shear co ax ia l ,  plane or non-plane 
s t ra in  (F ig .  5 . Id ) ,  and
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(6 )  progress i ve, bu Ik., i nhomogeneous shorten i ng ( '  f f at ten i ng ' ) ,  
where the centres of  bulk boundaries are displaced r e l a t i v e  to the 
average d i rect i on o f f I  at t en i ng as short en i ng occurs (F ig .  5 . 1 f ) and 
where they are not displaced -  coaxial  on the bulk scale -  plane or 
non-plane s t r a in  ( F i g . S . l e ) .

F ig u r e  5 .1  S k e tc h e s  (m o d if ie d  from  Ramsay 1 9 5 3 ) o f  s t r a i n  f i e l d s  g e n e ra te d  in  a  

b Io c k  o f  o r  i g i n a I Iy  unde fo rm ed  ro c k  <a > by de fo rm a t i o n a I h is  t o r i  es  whi ch  

in v o lv e d , ( b )  p r o g r e s s iv e  s im p le  s h e a r ,  <c> p r o g r e s s iv e ,  inhom ogeneous, s im p le  

s h e a r ,  ( d )  p ro g r e s s iv e  p u re  s h e a r ,  <e> c o a x ia l  p r o g r e s s iv e ,  b u lk ,  inhomogeneous  

s h o r te n in g  (R a m sa y 's  1963 inhom ogeneous form  o f  p u re  s h e a r ) ,  and ( f )  n o n -c o a x ia l  

p r o g r e s s iv e ,  b u lk ,  inhom ogeneous s h o r te n in g ,  (re p ro d u c e d  from  B e ll  1981 , f i g .  1 )

Problems of space and boundary d is c o n t in u i t ie s  associated with bulk 
shortening (Escher and l latterson 1974, Law et a I . 1987). together  
with the lack of most c h a ra c te r is t ic s  l is te d  by Bell (1981., p . 293) 
as ind ica t ive  of a bulk inhomogeneous shortening history  of  
deformation, seems to indicate the unlikeness of the action of t h is  
mechanism alone (see Sect.  6 . 3 ) .  The same is the case for simple 
shear -  non-coaxial  p l a n e  s t r a in  (1 and 2 above) since th is  model 
is ne i ther  the most appropria te  to explain the pattern of s t r a in  
v a r ia t io n  (S e c t .6 . 3 ) ,  nor does i t  f u l f i l l  the c r i t e r i a  for the 
formation of mylonites during ideal condit ions of heterogeneous 
simple shear proposed by Ramsay and Graham (1970),  v iz .  the wai ls  
of the shear zone are undeformed and volume change is unimportant.  
The inhomogeneous character  of the s t r a in  together with the presence 
of features suggest i n g ^ o t  i on of pure shear in addit ion to simple
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shear deformed ion , in d ica tes  the inadequacy of the above presented 
s t ra in  models to accommodate the geometry of features reg is tered  for  
these rocks ( c f .  Figs 4-1 and 5 - 1 ) .  This re in forces the conclusions 
made in chapter 4 where the geometry produced by the 'non-coaxial  
progressive bulk inhomogeneous shortening' model was found to be the 
cIosest reproduct i on o f t he m i croscopi c sea Ie f eat ures o f t he 
studied rocks.

Features ind icat ing  simple shear deformation were by fa r  the most 
abundant in these rocks and t h e i r  kinematic s ign i f icance  w i l l  be the 
subject of the discussion to fol low.

Simple Shear A'/neaat/e Lodi cat ore

There are s ix  main types of imple shear kinematic indicators  
observed:
a) asymmetric pressure shadows
b) asymmetric microfolds
c ) '  asymmetri c augen s t r u c t u r e s ' and 'mica f  i sh '
d) broken and displaced grains
e) obiique f o l i a t  ions
f )  oblique cleavages

The presence of asy m m e tr ic  p r e s s u r e  shadoms ( ' a ' )  in garnets,  
amphiboles and other elongate porphyrocIasts ( tha t  have high 
d u c t i l i t y  contrast with the matr ix)  is a common feature in the L. 
Maree mylonit ic  rocks ( S e c t .5 . 2 ) .  Large garnet porphyroclasts in 
these mylonites show carbonate pressure shadows and microfolds in 
the f o l i a t i o n  at the edges of the rotated c rys ta ls .  However, the 
wide spacing and less concave character  of the f o l i a t io n  around the 
porphyrocIast (a t  the s i t e  where the most recent deposit ion of  
material  would occur),  considered as diagnostic by Simpson and 
Schmid (1983, p . 283), are not always observed. Grain boundary 
sIiding-dominated deformation of the external f o l i a t io n ,  the 
carbonate-r ich composition of the pressure shadows, and the nature  
of the deformation path are possible responsible factors for  the  
absence of spectacular  pressure shadows. The observed ones ( e .g .
P I . 5-55)  r e g is te r  only the last increments of deformation.
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Although pr ismatic  sections of amphibole and epidote are al igned  
para Mel  to the my 1 on i t i c band i ng, some of these crysta 11oc1asts 
shouj ob I i que or perpend i cu I ar  or i ent at i on i n re I at i on to th is  
f o l i a t i o n  ( e^g^ Pis ,  5-54,55 ) .  Ramberg( 1975) ,  Ghosh and 
RambergC1976), Ramberg and Ghosh (1977) and Schoneveld (1979) have 
st ud i ed t he behau i our of elongat e ( and round) r  i q i d i ncI us i ons 
immersed in a matrix undergoing simple shear, pure shear and a 
combination of the two deformation mechanisms. They agree that the 
component of r i g i d  r o ta t io n  in the inclusion w i l l  be in general less 
or at most equal to that  in the matrix,  depending on a ser ies  of  
factors including:
( i )  the competence c o n t ra s t  between inc lus ion  and m a tr ix ,
( i i ) the ax i a I ra t  i o of t he i ncI us i on,
( i i i ) t  he or i ent at i on o f t he i nc I us i on i n re I at i on t  o t he f  I guj 

d i r e c t i o n ,  and
( i v )  the type of s t r a in  path followed by the p a r t i c le  (which can 

also d ic ta te  the sense of ro ta t io n  -  real or apparent).

In s i tu a t ions  where simple shear is dominant there seem to be no 
problems with the ind icat ion  of the sense of ro ta t io n  and the 
elongate bodies w i l l  ro ta te  with t h e i r  largest axes towards the 
simple shear plane (Simpson and Schmid 1983). Recording to 
Schoneveld (1979) the ra te  of ro ta t io n  of an elongate body is not 
constant, decreasing with the angle between i ts  longest axis  and the 
shear d i re c t io n .  Elongate p a r t ic le s  w i l l  spend an inordinate- amount 
of time with t h e i r  major axes in the proximity of the shear 
d i re c t io n ,  and only at very high s t ra ins  w i l l  they be able to ro ta te  
through the shear plane. In th is  way a preferred o r ien ta t io n  in a 
m u l t ip a r t ic le  system is produced.

flI though most of the studied mylonites show elongate porphyrocIasts  
aligned sub -para l le l  to the banding, the presence of p a r t ic le s  with  
d i f f e r e n t  o r ien ta t io n s  is not rare .  They seem to be more frequent  
in the uItramyI oni tes ,  apparently  confirming the high deformation 
(and simple shear) suf fered by these rocks. The sense of r o ta t io n ,  
however, could not be determined in most cases due e i th e r  to the 
lack of pressure shadows and internal  f o l i a t io n  in most 
porphyrocIasts or the presence of connection between the internal  
and external f o l i a t io n s  in (garnet)  porphyrocIasts with inclusion
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t r a i l s  (see S e c t . 4 . 3 )

Asymmetr ic  m i c r o f o l d s  ( " b * )  a f fe c t in g  the mylonit ic  banding 
deve I op i n t he v i c i n i t i es of I arge porphy roc I ast s i n u 11 rainy I on i t e s . 
fls shown by Ramsay et a l .  (1983) and Be I land Hammond (1984) ,  at low 
shear s t ra in s  the asymmetry of folds is dependent on the i n i t i a l  
o r ien ta t io n  of the a f fec ted  layer . fit high shear s t ra in s  (> 10) 
t here are many d i f f i cu I t  i es w i t h t h i s sort o f ev i dence, s i nee t hey 
can indicate (1 /  the o p p o s i t e  sense of movement for the bulk shear 
s t ra in  (2 )  a d i f f e r e n t  shear d i re c t io n  -  in the case of undetected 
ro ta t io n  of the fold hinges into p a ra l le l ism  with the movement 
d irec t ion  '..see Chaps 7 8: 8 } . The observed folds, however, seem to 
show a sense of shear consistent with that determined from other  
sources of evidence, such as a n t i t h e t i c  shear f ractures and 
asymmetr i caI augen s t r u c t u r e s . Th i s suggests that a i though t hese 
folds have possibly been formed by the e f fe c ts  of the large 
porphyrocIasts act ing on the flow of the surrounding matrix,  they 
can in th is  case be used as an addit ional  evidence for the bulk 
shear sense (P is .  5 -5 0 ,5 3 ) .  Since these structures are a f fe c t in g  an 
a I ready my I on it  i c band i ng deveI oped duri ng hi ghIy duct i Ie  
condit ions, i t  is possible that  they formed due to ' v o r t i c i t y  
repart  i t  ion ing1 during shear flow. This model Mias proposed by 
L is te r  and U i l l iam s (1983)* they compare the flow of deforming
rocks with the flow of a continuous medium, the presence of 
competence contrasts ,  d is c o n t in u i t ie s  or any planar or l inear  
rheological an i sot ropy causing d i f f erent part i t i on i ng of fIow f rom 
place to place. In the L. Maree mylonites., the coupling between 
garnet porphyrocIasts and the surround i ng fIow i ng matr i x has 
apparently enabled the bulk shear induced v o r t i c i t y  to be lo c a l ly  
transformed into spin, fls pointed out by L is te r  and l-l il liams 
(1983) ,  i f  the spin has the same sense as the bulk shear induced 
v o r t i c i t y ,  a per turbat ion  of th is  m u l t i layer  showing competence 
contrast w i l l  be am pl i f ied .  The disturbance in the flow f i e l d  w i l l  
then propagate, and the produced i n s t a b i l i t y  changing the flow 
pattern over a much larger  volume leads to the development of the 
folds.  Accordingly,  the observations that these folds always show 
the same vergence, that  they die out along the f o l i a t io n ,  and that  
they have disrupted long and thickened short limbs, seems to agree 
with the features presented by structures formed by th is  kind of
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mechanism ( c f ,  Lister- and U i l l iam s  1983, Berthe et a i ■ 198U).

' f lsym w etr ic  augen s t r u c t u r e s " and ' l i c a  f i s h *  t ' c " )  are
observed i n my I on i t i zed gne i sses (Pis .  5-51 ,59 , 64) and muscov i 1 e -  
bearing mylonites. The augen structures are developed by grain s ize  
reduction in rota ted  porphyrocIasts,  the asymmetry and elongation of  
the f ine -gra ined  ' t a i l s '  g iv ing the sense of movement. In the case 
of the Loch Maree rocks the fe ldspar  ' t a i l s '  are not as asymmetrical 
or as me I I -deveI  oped as the ones presented by Simpson and Schmid 
(1983, F i g . 4 ) ,  being probabIy a function of matrix-porphyrocIast  
competence contrast  and the lorn axia l  r a t io  of the ' c l a s t s ' ,  fit 
microscopic scale most of these kinds of features mere developed in 
garnet and amphibole crys ta I  I o c I a s t s . In one of the samples 
carbonat e cryst  a Is d ispI ay i ng t hese f eat ures i n a quart z i t e couId 
only be id e n t i f i e d  due to the simultaneous presence of amphiboles 
showing long ta i ls . ,  since the geometry of the carbonate more c losely  
resembled microscopic ' tension gashes' (PS.5 -59 ) .  i t  should be 
noted that  (1 )  the m is id e n t i f ic a t io n  of these two features could 
lead to in te rp re ta t io n  of an opposite sense of shear for the 
specimen and (2)  the carbonate is th is  case was more competent than 
quart z (S e c t . 5 . 3 . 2 . 4 ) .  Sigmoidal ' muscou i te  f ish '  (Li  st er and 
Snoke 1984) are not uncommon features in these rocks. The feature  
is developed in quartz—r ich  metasedimerits where large s h i t e  mica 
f lakes are boudinaged by a combination of b r i t t l e  and crysta I  -  
p la s t ic  processes ( L is te r  and Snoke 1984., p.620). Most of the 
observed phyI I osi I icate c r y s ta ls ,  however, show microboudinage and 
p a r t i c u la r l y  grain s ize  reduction.  Large muscovites with (001)  
cleavage al igned p a r a l le l  to the shear banding were cut across by 
narrow shear bands producing several small l e n t ic u la r  grains.
These, in turn,  appear to have suffered grain boundary s l id in g  due 
to the not uncommon presence of f ine-gra ined quartz and feldspar in 
between the 'new g r a in s ' .  The fact that none of the other  
s i tu a t io n s  described by L is t e r  and Snoke (1984, F i g . 5) were observed 
( i . e .  produced by oblique o r ie n ta t io n  of (001) cleavage in r e la t io n  
to the shear d i r e c t io n )  seems to suggest that that most of the large 
muscovite porphyrobIasts were marking an older fabr ic  (S I )  p a r a l le l  
to which the myloni t ic  banding was developed.

Broken and d i s p l a c e d  g r a i n s  ( ' d ' )  of garnet,  fe ldspar and 
amphibole were also used as kinematic indicators.  The kinematic
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i nt erpret  a t i  on o f these feat ures ( a I so ca l led  1book-she I f1 
f ract  ures) i s at var i anee wi t h t he i nt e rpreta t  i on o f ext ens i onaI 
crenuia t ion cleavages although in both cases we are dealing with  
extensional s t ructures  (cyf_. Pis.  5-12 and 5 -5 1 ) .  The observation  
that these s tructures  a f fe c t  only those c rys ta ls  not propagating  
into the my I on i t  i c mat r  i x , suggest s the i r  cont emporane i t y w i t h t he 
my I on i t i c band i ng. Due to t he re i at i veIy Iow st ra i n i nd i cat ed by 
t h e i r  geometry these s tructures  are thought to have been produced 
dur i ng t he Iast i ncrementa I s t ra  i ns a f f ect i  ng t  he rocks.

Ob I i que f  o I i a t  i ons ( * e ' ) marked by t he opt i ca I or i ent at i on o f 
deformation bands and elongate quartz c rys ta ls  were not^hs much use 
as kinematic indicators  in these rocks due to t h e i r  constant  
reor i ent at i on, mainly as a re s u 11 o f I at e overpri  nt i ng. Alt  hough i n 
some samples the deformation bands show an o r ien ta t ion  approximately  
p a r a l le l  to the XV plane of associated folds,  several others did not 
show th is  kind of re I at ionsh ip ( F i g . 5 .2 ) .

F ig u r e  5 . 2  A sym m etric  augen s t r u c t u r e s  in d ic a t in g  a r i g h t  l a t e r a l  movement,
» i

w h ile  th e  o b l iq u e  d e fo rm a t io n  bands in  q u a r tz  c r y s t a ls  s u g g e s t a NE-SW 

o r ie n t a t io n  f o r  th e  maximum p r in c ip a l  co m p re ss iv e  s t r e s s .  T h is  in d ic a te s  t h a t  

th e  f e a t u r e s  a r e  o f  d i f f e r e n t  a g e , th e  d e fo rm a tio n  bands p ro b a b ly  b e in g  y o u n g e r . 

Whi t e  s i  gmo i da I s t r u e  tu r e s  a r e  c a rb o n a  te  c r y s t a I  Io c I as  ts  wh i I e  th e  b Ia c k  a r e  

am ph  i bo I e s . Sea I e  b a r  -1  mm. Ske tc h  f  rom ca rb o n a  t e -  q u a r t z  my/. < see  a I so P is  5 -  

5 9 ,5 9 A  and d is c u s s io n  b e lo w ) .

According to Simpson and Schmid (1983) these bands r e g is te r  the last  
increment of deformation. In a simple shear regime they w i l l  show 
crysta l  Iographic o r ie n ta t io n  and elongation oblique to the m yloni t ic  
f o l i a t i o n ,  since t h e i r  XV planes w i l l  tend to be al igned  
perpendicuIar Iy  to the d i r e c t io n  of maximum compression. Further  
reo r ien ta t io n  of these quartz aggregates, associated with D2, D3 and
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D4 deformationaI episodes was already described in Chapter 4. In 
t.he high s t r a in  u11rainy Ion i tes  th is  kind of ' fo I iat  ion1 was not as
eu i den t , probabIy due t o the dom i nant de formati on mechani sm ( gra i n
boundary s l id in g )  ac t ive  in these rocks (Sect.  5 . 3 . 2 . 2 ) .

Uhile  the work of L is t e r  and co-authors ( L is te r  et a I . 1978, L is te r  
and Paterson 1979, L is t e r  and Hobbs I960) has shown that  the 
crysta I Iographi c f abri c asymmetry patterns i n quart z and eaIc i te  are 
contro l led  by three main factors:
( i )  the p a r t ic u la r  g l id e  system act ive  during deformation,
( i i ) the f i n i t e  s t ra  i n , and
( i i i ) t h e  s t r a in  path or kinematic framework.
M i l l e r  and C h r is t ie  (1981) have id e n t i f ie d  a more complex p ic ture  of 
the s i tu a t io n .  They showed that other factors can also a f fe c t  the 
pattern associated with the my I o n i t i z a t io n  (misleading the kinematic  
in te rp re ta t  ion):
( i v ) t he presence and i mportance o f d i f fus i ve deformat i on 

mechan i sms,
( v ) nucI eat i on and growth of gra i ns duri ng r e c r y s t a l i i  zat i on,
( v i )  abundance of other mineral phases; and 
( v i i ) or i g i naI or i ent at ion of t he gra i ns.

Pr ice (1981) reported s i tu a t io n s  where fabrics can be traced around 
refolded folds showing that  in the studied case la te r  deformation 
has only caused a passive r o ta t io n  of the e a r l i e r  fab r ic .  Ne also  
pointed out that the type of deformation can only be determined by 
preferred o r ien ta t io n  studies i f  the s t ra in  path can be shown to be 
simple. This does not seem to be the case (or- the Loch Maree 
mylonites, where microstructura I  study has shown the widespread 
r e c r y s t a l l i z a t i o n  of quartz during repeated deformation (see Chapter 
4 ) .  In addit ion to the important ro le  of factors ( i i i )  to ( v i )  
above, the e f fe c ts  of both local ized heterogeneit ies ( e . g . 
porphyrocIasts) together with grain boundary s l id in g  are considered 
to be s ig n i f ic a n t  in the development of we 11-deveI oped mylonites  
(Sect.  5 . 3 . 2 . 2 ) .  These are add it ional  features responsible for  
discouraging the app l ica t ion  of quartz ' c ’ -ax is  technique in the 
Loch Maree rocks.

Several sets of o b l i q u e  c l e a v a g e s  ( ' f ' )  were observed in these 
mylonites. Although in some samples they were id e n t i f ie d  as S2 or
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younger fo I i  at i ons, i n seueraI others i t was d i f f icu11 to determ i ne 
t h e i r  nature. The fact  that  some of them seemed to be r e s t r i c t e d  to 
myionit ic  rocks suggests the presence of ‘S' and ' C  surfaces  
(Berthe et a i . 1979, Jegouzo 1980, Ponce de Leon and Choukroune 
1980), e x t e n s i o n a i  c r e n u l o t i o n  c l e a v a g e s '  ( P ia t t  1979,1984;  
P la t t  and Uissers I960)  or s h e a r  bands (Uhi te  et a I . 1980). The 
' C ' ( ' c i s a i 1iement' )  surfaces ( F i g .5 .3 )  are zones of high shear 
s t ra in s ,  which i n i t i a t e  and remain p a r a l le l  to the shear zone 
margins, being the resu l t  of va r ia t io n s  in the amount of shear 
s t r a in .  They are shown in seueraI scales appearing under the  
microscope as r e c r y s t a l l i z e d  polycrysta l  I ine aggregates with reduced 
grain s ize .

The ' S ' sur faces de f i ne the p 1ane o f preferred m i nera i or i ent at i on, 
with the (001) cl eauaqes o f phy 1 1 os i I i cat es or i ent at ed para Mel  to 
them. I n i t i a l l y  or iented at 45° to the shear zone margins, these 
sur f aces are re 1 at ed to the accumu1 at i on o f f i n i t e  s t ra  i n . I t  i s a 
sch i st os i ty  produced para Mel  to the XV p 1ane o f t  he f i n i t e  st ra i n 
e I I  i pso i d dur i ng the i n i t i a l  st ages o f de f ormat i on. l-i i t h t  he 
progression of the deformat ion; the angle between ‘ S' and 1 C ‘ 
surfaces is gradually  reduced by r o ta t io n  of the S fab r ic  towards 
para l le l ism  with the shear zone margins (conforming to the model of  
Ramsay and Graham 1970).  Both 'S'  and ‘ C ‘ surfaces are believed to 
be contemporaneous (Berthe et a I . 1979), not overprint ing each 
other,  and the acute angle between them has been used to determine 
the overa ll  sense of shear ( F i g . 5 .3 ) .

m u lt ip le  s e ts  o f  ................e cc  1

s h e a r - z o n e  b o u n d a r y  a
"  *■ V ^ f e i

Figure 5.3 Diagram illu s tra tin g  the orientation and mutual relationships of 
fo lia tions in shear zones. S:shape fabrics; C:shear bands; eccl & ecc2,conjugate 

sets of extensionai crenulation cleavages (reproduced from P la tt 1984,f i g . 1).

In some high s t r a in  zones where more homogeneously fo l ia te d  
my Ionites occur, a late (but s t i l l  believed to be part of the same
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my I on i t e-form i ng epi sode) set of shear bands or extens i onaI 
crenuia t ion cleavage is observed. These structures can be formed in 
s ing le ,  conj ugate ( P1.5-12)  or mu 11 i pIe s e t s . S i nqIe sets show the  
same sense of movement of the bulk shear deformation and were 
compared to the formation of Fliedel 1 shear f ractures ( P l a t t  and 
Uissers 1980).  Conjuqate sets show both senses of shear and were 
thought t o be i nd i cat i  ve o f coax i a I short en i nq (PI at t and U i ssers 
1980, Law et a I . 19u4), However, experimental work by Harr is  and 
Cobboid (1984) shows the p o s s i b i l i t y  of forming these features  
dur i ng buIk si mpIe shear i f  sI i dinq a Iong a pre-ex i st i ng f  o I i a t  i on 
( I ayer i ng, cI savage or schi st os i t y ) takes pI ace. The or i ent at i on o f 
secondary shear bands is con tro l led  by the a t t i tu d e  of the f o l i a t i o n  
i nst ead o f the pr i nc ipa I di rect  i ons of t ota 1 st rai  n or or i ent at i on 
of the bulk shear d i re c t io n .  HI though these structures are more 
frequent Iy i dent i f i ed in rocks undergo i ng duct i I e  deformat I on, 
probably due to the associated r e c r y s t a l l i z a t i o n  of the mineral 
components tSibson 1977),  they were also reported in association  
with br i 111e t hrusts ( PI at t and Legget t 1986, p .198) ,  where they 
were compared to Riedel shears (Tchalenko 1970), being the 
var i at ions o f geomet ry exp I a i ned i n terms o f con f i n inq pressure 
control ( c f .  Hurrel  1979).  Accordingly,  in the Loch Maree mylonites  
the presence of shear bands showing opposite sense of shear as well 
as single sets i nd i cat i  ng movement compat i bIe w i th other k i nemat i c 
indicators could suggest the presence of th is  sort of s t ructure .

fl maj or probIem i nvoIved wi t h t he use o f t hese st ructures ( i ncIud i ng 
S and C surfaces) in the kinematic analysis is the determination of  
t h e i r  t iming of development, fis already mentioned, the S2 cleavage 
( p a r t i c u I a r I y  well developed in the mylonit ized rocks),  and the late  
sets of cleavages (Chap.3) can eas i ly  be mis interpreted as shear 
bands. In addit ion to the s im i la r  geometry of the produced 
crenuiat ion ,  the fact that  most of these la te r  sets show a N-NE 
s t r ik e  with va r iab le  dip d i re c t io n  (see Chap.3) can cause problems, 
since a section or ienta ted  to best show the trace of these 
fo l i a t io n s  (perpendicular to the my I o n i t ic  f o l i a t io n  and containing  
the s tre tch ing  l in e a t io n )  w i l l  also be the o r ien ta t ion  in which the 
extensionai crenu ia t ion  and S surfaces are best seen. Although 
Berthe et a I . (1979) proposed that both fo l ia t io n s  were formed at 
the same time i t  seems reasonable to suppose t h a t }depending on the
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s t r a in  path, the S surfaces might have been formed before loca l ized  
y ie ld  and subsequent p l a s t i c  deformation gave r is e  to the C surfaces  
( L is te r  and Snoke 1984, p . 619) }or even at much la te r  stages of the 
( rlon-coax i a I ) de f or mat i on hav i ng no d i rect re I at i onsh i ps w i t h t he 
other kinematic ind icators;  i t  a l l  depends on the nature of the S 
f o l i a t i o n  (see be lorn). The above authors reported that unequivocal 
t iming c r i t e r i a  sometimes can be found v i z , , the change of  
met amorphic condit ions between the development of S and C surfaces.  
However th is  verg same evidence can a 1so be inte rpreted in terms of  
t wo d i st i net ep i sodes o t de format i on and sgntectoni c met amorphi sm, 
which leads us towards facing a l l  the problems involved with the 
det ermi nat i on of t i m i ng bet ween de f ormati on and met amorph i sm.

Uernon et a I . (1983) have id e n t i f ie d  two sets of f o l i a t io n s  in the 
analysis of the deformation of a granite  bat ho I i  t h . Although 
recognizing features considered typ ical  of S and C surfaces., they 
used the S1-S2 terminology and favored a model of progressive  
deformation to account for  the development of those fo l ia t ions. ,  
s i nee unequ i vocaI ev i dence f or s i mu 11aneous or sequent i a I 
development of these s t ructures  could not be found. Recognizing 
some of the problems presented above5L is te r  and Snoke (1984., p . 635)  
proposed the use of the S1-S2 terminology where an older  metamorphic 
complex is involved in a la te r  shear zone. Older S surfaces would 
then be transected by C surfaces and i f  the p re -ex is t ing  anisotropy  
is in the extensionaI f i e l d  of the la te r  f Iow , extensionaI  
crenuiat ion cleavages w i l l  be formed. Uhile  the presence of o lder  
fabr ics  in the Loch flaree rocks was id e n t i f ie d  in the 
microstructura I studies (S1-S2) ,  i t  is not c lear  whether they could 
be interpreted in terms of 'S '  and ' C  surfaces even i f  the 
widespread development of my I o n i t ic  features (Chap.4) and a 
progressive deformation model is adopted (see Chaps 6 8c 8 ) .

In th is  way., although the ' S ' , ' C '  and 'extensionai crenuia t ion  
cleavage' terminology ic, useful in drawing a t ten t ion  to the 
presence of zones of n o n - c o a x i a l  laminar  f lom, i t  should have i ts  
use re s t r ic te d  to f o l i a t io n s  associated with well developed 
mylonit ic  rocks in f i r s t  t ime deformed 'homogeneous' ( igneous and 
sedimentary) rocks. The S1-S2 termino Iogy^a I though having a 
sequential  connotation., is less i n terpreta t  i ve than 'S'  and ' C ‘ etc .  
surfaces and should be used in metamorphic rocks since i t  leaves
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open the p o s s i b i l i t y  of id en t i fy in g  some of the f o l i a t io n s  as 
corresponding to cleavages that also a f fec t  the regional (non-  
ay I on i t i zed) rocks . fis ove rp r in t i  ng i s a common s i t uati  on i n areas 
of polyphase deformation where high s t ra ins  are eas i ly  a t ta in e d  in 
the ear ly  stages ( l i k e  in the present case) , complete s t ru c tu ra l  
mapping of the surrounding ( non-my1 onit  i c } rocks should also be 
carr ied  ou t , providing a framework in which the s ign i f icance  of the 
my I on i t es and assoc i at ed f eat ures can be i nt erpret  ed, I t  is 
possible that  some of the debate about the s ign i f icance and use of  
these s t ructures  in the modern l i t e r a t u r e  is caused by the 
rest r  i ct i on of some of t hese st udi es t o t he my I on i t i c rocks on I y .

Cane la d in g  remarks

I t  should be now c lea r  that  no s ing le  c r i t e r io n  is s u f f i c i e n t  to 
in terpre t  the kinematics in my Ion i te  zones. In addit ion to the  
prob I ems i n vo I ved i n the app I i cat i on o f the k i nemat i c i nd i c a to rs , 
the movement pat tern  can v a r y  from place to place in a complex way 
( L is te r  and Snoke 1984., p . 635).  i t  is s t i l l  not c lear  whether th is  
'movement pa t te rn  v a r ia t io n *  is caused by geo logica l ly  s ig n i f i c a n t  
factors (such as reversal  of movement d i rect ions during deformation., 
or la te r  re a c t iv a t io n  of these high s t ra in  zones with a d i f f e r e n t  
sense of movement), or whether i t  is produced by the d i f f i c u l t i e s  
concern i ng the correct appI i cat i on o f the k i nemat i c i nd i cat o r s . 
Examples of t h is  s i tu a t io n  were frequently faced during sampling of  
folded mylonites where the my I on i t i c f o l i a t io n  had a HU-SE s t r i k e  
and a subvertical  a t t i t u d e  in the f i e l d  (produced by ‘ l a t e r 1 
fo ld in g ) .  I f  the fold was id e n t i f ie d  it  was possible to unfold the 
steeply-d ipping f o l i a t i o n  and work out the sense of shear along the 
f o l i a t io n .  I f  the fold was a rec l ined  or overturned s t ructure  whose 
geometry remained undetected during mapping, by simple r o ta t io n  of  
the subverticaI  f o l i a t i o n  to i ts  presumably pre - fo ld ing  sub­
hor izontal pos i t ion ,  the chances of obtaining the opposite sense of  
movement with the use of the kinematic indicators are high (50$) .
The obvious so lu t ion  for t h is  problem is s im i la r  to the case for 1S- 
C* re la t ionsh ips  discussed above; a careful analysis of the geometry 
of the mapped area or to r e s t r i c t  the use of kinematic to simple 
s i tu a t ions  of r e l a t i v e l y  late  shear zones a f fe c t ing  homogeneous
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rocks. Nevertheless; even in t h is  case much caution is needed and 
several th eo re t ic a l  p o s s i b i l i t i e s  of obtaining c o n f l i c t in g  senses of  
movements can be envisaged, One example is a s i tu a t io n  of a 
r e l a t i v e l y  b e t te r  preserved 'pod' of rocks surrounded by high s t r a in  
zones showing the same overa l l  sense of movement (Fig 5 , 4 ) .  The 
shear sense in both sides of the 'pod1 would indicate opposite 
senses of movement f or t he pod/my I on i t e i nter face , Thi s oppos i te  
sense of movement is,  in fac t ,  produced by the p a r t i t io n in g  of  
def ormat i on and the I oca I nat ure o f t he k i nemat i c ana Iys i s ,

Analysis of shear sense in posit ions 1 and 2 would indicate opposite 
sense of movement along the shear zone.

The in te rp re ta t io n  of features (such as obiique cleavages) expressed 
by; for examp Ie ; deformation bands in quartz c rys ta ls ,  should also  
take into account the p a r t i c u la r  deformation propert ies of each
mineral phase and the condit ions under which they are formed or
modified. In the case of quartz; due to the s u s c e p t ib i l i t y  of  th is  
m i ner a I t o de f ormat i on., the or i ent at i on o f f eat ur es l ike  de format I on 
bands r e f l e c t  only the last increment of s t ra in .  They could o n lg  be 
r e la te d  to e . q . asymmetr i c augen st ruct ures or t he my I on i t i c band i ng 
i t s e l f ;  as part of the same (progressive)  deformation., i f  the 
increments of s t r a in  responsible for the production of a l l  these 
features were added c o a x i a l l y  throughout the evolut ion of the 
rocks. As described in sec t ion  5 .2 ,0  11 the kinematic indicators are 
v i s i b le  in sections p a r a l l e l  to the I ineat ion and at high angles to 
the banding; so that  s tructures such as asymmetrical folds observed 
in these sections are ind icat ing  only a short period of the
kinematic h is tory  of these rock. This is due to the p o s s ib i l i t y  that
they have been rotated  into para l le l ism  with the l inear  fab r ic  at 
higher shear s t ra in s .  In th is  way; although Simpson and Schmid 
(1983) have concluded that a s y w w e t r ic  augen s t r u c t u r e s  are 
the most r e l i a b l e  ind icator  of the sense of movement (probably on 
the basis of i t s  ' s t a b i l i t y '  and d irect  association with the g ra in ­
s ize  reduction event) they have as much potent ia l  as e .g .  rotated  
boudins (c_f. Sugden 1987, Figs 7 ,8 ,9 )  with the l a t t e r  feature
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hav ing the advantage o f  p r o v id in g  a q u a n t i t a t i v e  es t im a te  o f  the 
shear s t r a i n .  A c c o rd in g ly ,  in the case o f  the Loch Maree rocks ,  
asymmetr ic augen s t r u c t u r e s  and pressure shadows in d i c a te  a top to  
the HU sense o f  movement during my io n i t iz a t io n  (assuming a pre-F2 
s u b - h o r i z o n ta l  p o s i t i o n  f o r  the main t h r u s t  h o r i z o n )  w h i le  in some 
cases, asymmetr ical  f o l d s ,  a n t i t h e t i c  shear f r a c t u r e s  and 
ex tens iona i  c r e n u i a t i o n  c leavages and in severa l  cases, S -su r fa ces  
in d ic a te  a top to  the SE sense o f  movement. The a p p l i c a t i o n  o f  a 
s i n g le  or  assoc i at  i on o f  severa I o f  the above d i scussed c r  i t e r I  a can 
be m is !ead ing  due to  the 1arge number o f  poss ib Ie  s i t u a t i o n s  bound 
to  be faced in n a t u r a l l y  deformed rocks ,  so t h a t  un less some 
unders tand ing  o f  the  macroscopic s tru c tu re  is  achieved (Sec t .
5 . 3 . 2 . 5 )  a l l  the  e x i s t i n g  c r  i t e r  i a shouId be appI i ed wi th  caut i o n .

In terms o f  predominant mechanism o f  de fo rm a t ion ,  i t  can be 
concluded from the  ev idence g iven  by the Loch Maree m y lo n i te s  t h a t  
s imple  shear was p robab ly  a f a r  more impor tant  de fo rm a t ion  mechanism 
than pure shear.  H o w e v e r , i f  o th e r  sources o f  evidence are cons idered 
(see s t  ra  i n ana Iy s i  s -  S e c t , 6 ,3 )  ̂  Iarge voIumes o f  rocks have s u f  fe red  
essent i a I Iy pure s h e a r , somet hi ng poss i b Iy  re I ated t  o the 
pa r t  i t  i on i ng o f  the  de fo rm at i  o n . Th i s is  in agreement w i t  h t  he 
obse rva t ions  o f  Romberg (1975) who had a l ready  noted the inadequacy 
o f  s t r a i n  geometry models based s o l e l y  on simple shear or pure shear 
to  e x p la in  the de fo rm a t ion  o f  rocks .  On the o the r  hand, B e i l  (1981, 
p . 288) po in te d  out the sea I e-dependency o f  f a c to r s  such as c oax ia l  
and non -coax ia l  s t r a i n  pa ths ,  fis a f u n c t io n  o f  de fo rma t ion  
p a r t i t i o n i n g  one mechanism can be predominant at a de termined sca le  
but un im por tan t  at  ano the r ,  so tha t  lo c a l i z e d  zones o f  e .g .  pure 
shear can be produced in an o v e r a l l  s imple  shear regime and v ic e -  
v e rs a ,  A l though the s i t u a t i o n  is not so c le a r  when d e a l in g  w i th  
the i n te r n a l  de fo rm a t ion  o f  the e s ta b l i s h e d  domains (see S e c t . 6 . 3 ) ,  
the p r e f e r e n t i a l  l o c a l i z a t i o n  o f  my I o n i t i c  rocks along the 
boundar ies between these domains to g e th e r  w i th  the unequivocal  
a s s o c ia t i o n  between D1 my I o n i t i z a t i o n  and the emplacement o f  the 
basement rocks  t h a t  i n d ic a te  the r e l a t i v e  t r a n s l a t i o n  o f  these u n i t s  
cou ld  on ly  have happened i f  la rge s imple shear s t r a i n s  were 
developed. The envisaged s t r a i n  geometry produced is  s i m i l a r  t o  the 
one presented by f i g u r e  4 .1c  which was used to  i l l u s t r a t e  the 
geometry o f  m ic roscop ic  sca le  fea tu re s .
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5 . 3 . 2 . 2  S t r a i n  S o f te n in g  Meehani sms

i n mechani caI  terms so f t  en i ng u f  a mat e r i  a ! means t  hat  i t  de forms 
w i th  in c re a s in g  s t r a i n  r a t e  at  constant  s t r e s s  or  at  cons tan t  s t r a i n  
r a t e  w i th  decreas ing  s t r e s s  (White et  a i . 1980), Th is  s o r t  o f  
mechanism is  ve ry  ev iden t  in shear zones a f f e c t i n g  homogeneous 
rocks ,  p roduc ing  c o n t r a s t i n g  t e x tu r e s  and m inera logy  in rocks  
b e l ie v e d  to  have been sub jec ted  to  s i m i l a r  c o n d i t i o n s  o f  p ressure  
and tempera tu re  (Ramsay and Graham 1970). These mechanisms seem to  
be the  reason why i t  is  e a s ie r  t o  f u r t h e r  deform an a l re a d y  deformed 
zone than i t  is  to  i n i t i a t e  de fo rm a t ion  elsewhere ( P o i r i e r  1980), 
S t r a i n  s o f t e n in g  can be produced by several  processes (White e t  a I . 
1 9 8 0 ,P o i r i e r  I960., Schmid 1982) v i z .  :
(a )  Change in de fo rm a t ion  mechanism,
(b)  Geometr ica l  o r  f a b r i c  so f ten ing . ,
( c )  Cont i nuaI r e c r y s t a I  I i  z a t i o n ,
(d )  React ion so f ten ing .,
(e )  Chemical s o f t e n in g ,
( f ) Pore f l u i d s  e f f e e t s ,
(g )  Shear h e a t in g .

Change in  d e fo r m a t io n  mechanism ( ' a ' )  seems t o  have been an 
impor tant  process du r ing  the development o f  the Loch Maree 
my I o n i t e s .  Th is  mechan i sm i s 1 ac t  i va t  e d ' by changes i n gra  in s i z e  
which occur  d u r in g  dynamic r e c r y s t a I  I i z a t i o n  o f  a rock .  Th is  i s ,  in 
t u r n ,  l i k e l y  to  promote changes in the dominant de fo rm a t ion  
mechanism s ince  once smal l  g ra in s  have been produced g r a in  boundary 
s l i d i n g  is  favoured. Th is  leads to  s u p e r p la s t i c  behav iour  o f  the 
m a te r ia l  (White 1976, Schmid et  a I . 1977). The occurrence o f  g r a in  
boundary s l i d i n g  in the L.Maree rocks can be in f e r r e d  from
( i )  Absence o f  o r i e n t a t i o n  o f  the m a t r i x :  The overwhelming m a j o r i t y  

o f  the my I on i tes  or  u11ramyIon i tes  do not presen t
c ry s ta 1 1 o g ra p h ic  or g ra in -shape  o r i e n t a t i o n ,  be ing in general  
e q u ia x ia l

( i i ) E x t r e m e  g r a in  s iz e  r e d u c t io n .  In severa l  u I t r a m y I o n i t e s  the  
average g r a in  s iz e  o f  the m a t r i x  is around 10 microns be ing 
incomparab ly s m a l le r  than the  subgra ins  in the
p o r p h y r o c I a s t s .
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Accord ing to  White et  a I . ( I96 0 )  the presence o f  smal l g r a in  s i z e  
means t h a t  h igh  i n i t i a t i n g  s t res s e s ,  low homologous tempera tu res  
(T/Tm, see below) and the  presence o f  a d ispe rsed  second phase 
(wh ich i n h i b i t s  g r a in  growth)  has favoured t h i s  s o f t e n in g  process ,  
fl11 hough w h i te  mi ca ( i n qua r t  zo fe Idspa t  hi  c my I on i t e s ) and ve ry  f  i ne 
b i ot  i t  e ( i n  maf ic  my I on i t  e s ) couId have eas i I y  pi  ayeu t  he gra i n 
i nh i b i t  i on r o I e , Po i r  i e r  (1985, p . 207) has not ed t  hat  t h i  s mechan i sm 
is  not necessary., s ince  the s t a b i l i t y  o f  the g r a in  s iz e  cou ld  be 
at  t  r  i but  ed t  o the con f  i nement o f  ( de format i on) ac t  i v i t g  to  the 
’ mant le ' . ,  leav ing  the  ' c o r e '  o f  the g ra in s  undeformed and thus  
i nh i b i t  i ng r e c r y s t a  1 I i zat  i o n . Neverthe I e s s t h e  presence o f  t y p  i ca I 
'core and mantle' s t r u c t u r e  in the s tud ied  rocks  was ma in ly  c o n f in e d  
to  the r e l a t i v e l y  coa rse r  g ra ined  m y lon i tes  in c o n t ra s t  t o  the  
u l t r a m y lo n i t e s  where the g r a in  s iz e  was more homogeneous and f o r  
which s u p e r p l a s t i c  behav iour  is  proposed.

C o n d i t io n s  f o r  the  appearance o f  s u p e r p l a s t i c i t y  proposed by 
B o u l l i e r  and Gueguen (1975) inc lude ;
( i ) H i gh t  emper at  ure ( T° /T° m >0. 5., Tm be i ng t  he me 11 i ng 

t e m p e r a tu r e ) ,
i )  Not too h igh  s t r e s s  and s t r a i n  rates.,
i i )  Moderate d i s l o c a t i o n  densi ty. ,  and 
v) High s t r a i n  r a t e  s e n s i t i v i t y .

These c o n d i t i o n s  were based on exper imenta l  work and^as noted by 
Langdon (1985 )^ they  favour the dominance o f  'boundary mechanisms' 
( i n t e r c r y s t a I  I i n e )  in r e l a t i o n  to  ‘ l a t t i c e  mechanisms' 
( i n t r a c r y s t a l l i n e )  as shown in F igure  5.5 (a )  8c (b ) .
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F i q u r e 5 . 5  <a > S c h e m a tic  i i i us t r a t  i on o f  a ty p i c a i de fo rm a t i on m echanIsm  map

o f  rtormai iz e d  s t r e s s  v e rs u s  hom ologous te m p e ra tu re  a t  a  c o n s ta n t  q r-a in  s i z e .  

L T .H T : low and h ig h  te m p e ra tu re  r e s p e c t iv e ly  (re p ro d u c e d  from  Langdon 1985 , 

f  i g . 5 >.

Constonl normalized stress

1.0

Power-low creep (H.T.)

Lot lice Mechonisms
c
3
»%
O

Strengthening by 
loti ice obstocteso

, Strengthening by 
increose in groin sizec

o
o

Coble Creep

Boundory Mechonism:

t.5 2 .0
R eciprocal ot homologous tem perature ( V / U

2 .5

F ig u re  5 . 5  ( b ) S c h e m a tic  i I l u s t r a t i o n  o t a t y p ic a l  d e to rm a tio n  m ech an is ib  map 

o f  g r a in  s i z e  v e rs u s  th e  r e c ip r o c a l  o f  hom ologous te m p e ra tu re  a t  a  c o n s ta n t  

n o rm a liz e d  s t r e s s  (re p ro d u c e d  from  Langdon 1985, f i g . 6 > .

Al though the ev idence from the Loch f ierce rocks suggests t h a t  
c o n d i t i o n s  ( i ) ,  and ( iv )  o f  B o u l i i e r  and Gueguen (1975) are a ls o  
l i k e l y  to  have been f u l f i l l e d ,  the most s i g n i f i c a n t  f e a tu re  
i n d i c a t i n g  s u p e r p l a s t i c  behav iour  seems to  be the smal l e q u ia x ia l  
g ra in s  o f  these rocks .  Th is  suggest ion  seems to  be r e i n f o r c e d  by 
the recent  work o f  B o u l i i e r  (1980) where a bu lk  s u p e r p la s t i c  
behaviour  is  proposed fo r  very  f i n e  gra ined rocks d es p i te  the  low
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tempera tu re  ( g re e n s c h is t  f a c ie s )  and c a t a c l a s t i c  de fo rm a t ion  o f  
fe i d s p a r s .

The c o n d i t i o n s  f o r  s u p e r p i a s t i c  behaviour  were a l s o  r e v i s e d  by 
Schmid et  a I ■ (1977) who proposed t h a t  more use fu l  c r i t e r i a  than 

f  i ne gra in s i z e  (<10 jj.m), absence o f  p r  e f  e r red  o r  i ent  at  i on and very  
low d i s l o c a t i o n  d e n s i t i e s  would be (1) the eguiaxed shape o f  g r a in s  
and (2) the g r a in  s i z e  s e n s i t i v e  c ha rac te r  o f  the s t r a i n .  Schmid 
l a t e r  recogn ized the problem th a t  in n a t u r a l l y  deformed rocks  i t  is  
d i f f i c u l t  t o  f  ind evidence f o r  g ra in  boundary s i  i d i n g , s inee  a 
s t a b le  mi c ro s t  r u c t  ure cou id a I so be exp 1 a i ned i n terms o f  dynam i c 
r e c r y s t a I I  i z a t  ion (Schmid 1982, p.101), and suggested t h a t  the  o n ly  
i n d i c a t o r  f o r  the a c t i o n  o f  g r a in  boundary s l i d i n g  is  the absence o f  
pre fe r r e d  c r y s t  a I Iograph i  c or  i ent at  i on ( but see Sec t . 5 . 3 . 2 . 1 . f ) .
fls po in ted  out by Schmid et  a I . (1977) s u p e r p l a s t i c i t y  is  expected 
under a wi de range o f  condi t  i ons , p a r t i  c u I a r I y  at  smaI I gra in s i ze 
these are so general  t h a t  they can app a ren t ly  be f u l f i l l e d  by 
pseudotachyI i t e s  as proposed by Passch ie r  (1982., p . 77) .
N ever the less ,  a l though  s u p e r p i a s t i c  behaviour  appears to  be a 
mechan i sm capabIe o f  exp I ai n ing most fea tu re s  observed i n my I on i teSj  
in c lu d in g  the  p r e s e n t l y  s tu d ie d  ones., i t  seems t h a t  due to  the  s t i l l  
rema in ing  u n c e r t a i n t i e s  about the c o n d i t i o n s  under which i t  can be 
a c t i v e ,  much c a u t io n  is  necessary when e x t r a p o l a t i n g  these 
exper i ment a I resu11 s ( i n met a I s ) to  n a tu r a M y  de formed r o c k s .

Geometrical or fa b r ic  soften ing  (b ) occurs when, du r in g  de fo rm a t ion  
a c t i v e  s l i p  planes r o t a t e  in to  an ea s ie r  p o s i t i o n  f o r  s l i p  t o  occur  
( P o i r i e r  1980) i . e .  i n to  p a r a l l e l i s m  w i th  the edges o f  the shear 
zone as the s l i p  d i r e c t i o n  r o ta te s  in to  p a r a l l e l i s m  w i th  the 
s t r e t c h i n g  I i n e a t  ion (U h i te  et  a I . 1980, pi 83) .  Since no q u a r t z  C- 
a x i s  f a b r i c  s t u d ie s  were c a r r i e d  out in the m y lon i te s  at  L. Maree, 
the on ly  observed s i t u a t i o n  du r ing  which t h i s  mechanism cou ld  have 
c o n t r i b u t e d  to  s t r a i n  s o f t e n in g  in these rocks ,  is  by the  r o t a t i o n  
o f  e longa te  c r y s ta I  I o c Ia s t s  ( l i k e  phyI I o s i I  i ca tes  and amphibole)  
i n t o  p a r a l l e l i s m  w i th  the shear p lane, in the s o r t  o f  fash ion  
discussed in Sec t ion  5 . 3 . 2 . 1 ( a )  (see a lso  Sect. 5 . 3 . 2 . 3  c ) .

Continual r e c r y s ta l l i z a t io n  (c )  and reac tion  soften ing (d )  are
thought to  have acted s im u l tan eous ly  dur ing  the m y lo n i te  fo rm a t io n .
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These mechanisms are based on the p rodu c t ion  o f  smal l s t r a i n - f r e e  
( ' s o f t ' )  gra i n s . Metamorph i c reac t  i ons ( pa r t  i c u I a r I y  i f 
r e t r o g r e s s i v e )  can promote the  fo rm at ion  o f  smal l r e c r y s t a I  I i z e d  
g ra in s  which can in t u r n  behave s u p e rp Ia s t i c a I  Iy and t r a n s fo rm  
r e s i s t a n t  phases l i k e  fe ld s p a rs  i n to  s o f t  phases l i k e  q u a r t z  and 
wh i te  mica (White  and Knipe 1978, E the r idge  et  a I . 1984).
Accordi  n g I y , a l t  hough uncommon, st  r a i  n - f  ree quar t  z agareqates were 
descr ibed  in the  rocks at  Loch Maree. In a d d i t i o n ,  tnans f o rm a t io n  o f  
f e Id spa rs  i n to  qua r t  z pI us whi t  e m i ca was ui  r t  ua11y ubIqu11 ous i n 
the u I t ram y I  o n i t e s . The main problem faced in t h i s  case, was the  
det erm i nat  i on o f  the t  i m i ng bet ween m i nera I t r a n s f  ormat i ons and 
de fo rm a t ion .  Desp i te  the p o s s i b i l i t y  t h a t  the wh i te  mica -  q u a r t z  
m a t r i x  was formed du r in g  a la te  ( r e t r o g r e s s i v e )  even t,  as a f u n c t i o n  
o f  the the more r e a c t i v e  na tu re  o f  the f i n e - g r a i n e d  m a t r i x ,  the  
presence o f  q u a r t z  seg rega t ion  bands a f f e c te d  by 01 d e fo rm a t ion  
( s t r e t c h i n g  I i n e a t  ion,  sheath f o ld s  e t c . )  i n d ic a te s  con tem porane i ty  
between the  my I on i t i  zat  i on processes ( gra in s i  ze dest r u c t  i on o f  the 
f  e Id s p a rs ) and the  t r a n s  f  ormat i on o f  f  e Idspar  i n to  qua r t  z pI us 
muscovi te ( these  r e a c t io n s  d r i v e n  by abundant f l u i d  phases -  see 
Chap. 7 ) .

Chesica! so ften ing  (e )  and pore f lu id  e f fe c ts  ( f )  are cons ide red  
to g e th e r  s ince  the  in t r o d u c t i o n  o f  f l u i d s  (ma in ly  LbO and C02‘ )j 

p a r t i c u l a r l y  along the my I o n i t e  zones,may have promoted weakening o f  
m i nera Is I i ke qua r t  z , as we I I  as g iv i ng r  ise to  pore f I u  i ds wh i ch 
might have i n i t i a l l y  increased the rock d u c t i l i t y  (White et  a 1 .
1980). As po in te d  out by K in le y  (1984) t he re  are severa l  
d i f f i c u l t i e s  in vo lved  in the 3tudy o f  the weakening o f  rocks  
compared to  s i n g l e  m ine ra ls  in the d u c t i l e  regime. P o in t i n g  out 
t h a t  a d d i t i o n a l  processes which are d i f f i c u l t  t o  i d e n t i f y  are  l i k e l y  
t o  have operated ( e .g .  the r o l e  played by g ra in  boundar ies and 
s u b s id ia r y  phases)^ t h i s  au thor  defends the idea t h a t  i t  i s  not  
r e a l i s t i c  to  app ly  a r h e o lo g i c a l  law based on a g iven process ( e .g .  
the behaviour  o f  'w e t '  q u a r t z )  w i th ou t  con s id e r in g  the e f f e c t s  o f  
compet ing processes. Exper iments at  h igh  tempera ture  can be even 
more p ro b le m a t ic  due to  the p rodu c t ion  o f  s u b s ta n t ia l  amounts o f  an 
in te r g r a n u Ia r  p a r t i a l  m e l t in g  phase which can s i g n i f i c a n t l y  mod ify  
the r h e o lo g i c a l  behav iour  o f  the m a te r ia l  (Ma inp r ice  and Paterson
1984). Al though no s p e c i f i c  s tudy to  eva lua te  the r o l e  o f
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hydro! i t i c  weakening in the L, Maree rocks was undertaken, euidence. 
for the act i  on of permeati ng f i  u i ds during the i r  deve i opment fs 
given by, for example, t h e i r  hydrous minera logy and the presence of  
quartz segregation hands (see Chap,7) ,  suggest inq that hudro l i t?  c 
weakening of quartz and other minerals was a l i k e ly  occurrence, For 
th is  very same reason, the presence of pore f l u i d  e f f e c t s  ( f )  in 
these rocks is a r e a l i s t i c  assumption, Recording to White et gj , 
(198U} p or e f !ui d s c an Iowe r  t he e f fe c t i ve s t r  e s s lea di ng t o 
catacI as i s ( see Sec t . 5 . 3 , 2 . 4 ) ,  or by i ncreasi ng t he di f fus Iu i ty  of  
grai n boundar i es t o promot e st ra i  n soft en i ng ( Et her i dge and W i I k  i e 
1979).

Examining the r o l e  o f  mobi le f l u i d s  du r ing  de fo rm a t ion ,  E th e r id g e  et  
a I . (19b4) noted t hat  under condi  t  i ons o f  met amorphi c f 1ui  d 
p ressures grea t  e r  o r  egua I t  o t  he minimum p r i  nc ipa I compress iue 
s t r e s s ,  the gen e ra t ion  and h e a l in g  o f  micro f r a c t u r e s  p la y  an 
impor tant  p a r t  in the de fo rm a t ion  mechanisms, The mechanism 
promotes the in te r c o n n e c t io n  o f  g r a in  boundary t u b u le s  and bubb les ,  
which are p r i n c i p a l l y  r e s p o n s ib le  f o r  rock p o r o s i t y ,  in t h i s  way 
in c rea s ing  the p e r m e a b i l i t y  o f  the rocks ,  Th is  k in d  o f  process is  
more e f f e c t i v e  along large sca le  h e te r o g e n e i t i e s  such as shear 
z one s , whe r  e the y pr  o mote s t r  ai  n so f  t e n ! n g .

The e f f e c t s  o f  shear h e a t in g  ( g ) , l e a d i n g  to  s o f t e n i n g , were rev iwed 
b y B r  un and C ob boId  (19 80) and FIe i tou t  an d F r  oi de vaux (1980) ,
Shear hea t ing  is  produced by the t ra n s fo rm a t io n  o f  mechanical energy 
in to  heat du r in g  de fo rm a t ion .  Despi te  the fac t  t h a t  s i g n i f i c a n t  
heat can be generated in major shear zones or at h igh  d i f f e r e n t i a l  
s t re s s e s ,  i t  is  doubted t h a t  the necessary c o n d i t i o n s  can occur  in 
n a tu ra l  shear zones, s ince  amongst o the r  problems th e re  is  the  
d i f f i c u l t y  o f  ma i n ta  i n ing s t re s s e s  a f t e r  so f te n  i ng has occu r red  
(Brun and Cobbold 1980, p . 156),  RI though shear h e a t in g  is  not 
cons idered to  be importan t enough to  promote p a r t i a l  m e l t i n g  in  most 
s i t u a t i o n s  (but  see F le i  t o u t  and Froidevaux 1980, p . 163 and Paterson 
1984, p . 4268 and Sect. 5 . 3 . 2 . 4 .  below) i t  may we l l  be enough t o  
promote changes in the mechanism o f  de fo rmat ion  (o r  t o  inc rease  the  
s t r a i n  r a t e )  lead ing  to  work s o f te n in g .
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Cone fa d in g  remarks

The importance o f  s o f t e n in g  processes in the l o c a l i z a t i o n  o f  shear 
zones is  we l l  summarized bg the remarks o f  White et  a I , (1980, 
p .184) reproduced here;
"the extent of  the softening with respect to the adjacent country rock and 
consequently the width of  the shear zone or shear zone system required to  
accommodate a given imposed s t ra in  rate at a given temperature w i l l  be dependent 
upon the operative processes. These in turn wi l l  re f lec t  the mineralogy and 
petrology in which the shearing has occurred."

Geometric s o f te n in g ,  cons idered to  be more impor tant  in coarse 
g ra ined  protomyI on i t e s ,  is  cons idered to  have less importance at  
h i gh t empera tu res . The re  I at  i ve i mportance o f  t  he so f  t  en i ng 
processes is  s t r o n g l y  tempera tu re -dependen t , and an analogy can be 
made by o bs e rv  a t i  o n o f  the e f f  e c t  s o f te  m pe r  at  u r  e o n the  p r  e dom i n a nt  
de fo rma t ion  mechanism ( c_f. F ig .  5.4 above). But s ince  the 
' temperature path f o r  these rocks is  not s imple  (see Chap.7 ) ,  and 
because o f  the c o m p le x i t i e s  o f  the I n te r p la y  between de fo rm a t ion  and 
met amorph i sm; the appI i c a t i  on o f  hi gher re s o Iu t  i on t  echni ques 
prou i d i ng a more det a i I e d  pi c t  ure o f the tempera tu re  va r  i at  i on seems 
to  be e s s e n t ia l  f o r  the c o r re c t  e v a lu a t io n  o f  the r e l a t i v e  
i m p o r  t a n c e o f  t h e d e f  o r  m a t i o n m e c h a n i s m s .

Never the less  a l l  the above discussed processes or  t h e i r  combina t ion  
are be l ie ved  to  have been a c t i v e  du r ing  the de fo rm a t ion  o f  the  Loch 
Haree my I on i t  i c rocks .  Change in de fo rmat ion  mechanism and pore 
f l u i d  e f f e c t s  seem to  have been e q u a l l y  impor tant  in these rocks .
The former was p robab ly  the main f a c to r  c o n t r o l l i n g  the u n u s u a l l y  
f  i ne gra in s iz e  o f  the u11 r  amyI on i t e s , whi Ie the I at  t e r  has both
( i ) promoted s t r a i  n so f t  en i ng by i ncreas i  ng t he d i f  fus i v i t  y a Iong 
the g r a in  boundar ies and a lso  ( i i )  promoted ( t r a n s i e n t )  b r i t t l e  
de fo rma t ion  ( o f .  S e c t . 5 . 3 . 3 . 4 ) .  In the case o f  the t ra n s fo rm a t  ion 
o f  f e ld s p a rs  in to  f i n e  g ra ined  qua r tz -m ica  aggregates., r e a c t i o n  
s o f te n in g ,  c o n t in u a l  r e c r y s t a I i z a t i o n , chemical s o f te n in g  and pore 
f l u i d  e f f e c t s  were a l l  i n t i m a t e l y  assoc ia ted  and s im u l ta n e o u s ly  
a c t i v e  so th a t  t h e i r  r e l a t i v e  importance cannot be assessed.
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5 . 3 . 2 . 3  Minerai Deformat ion Mechanisms
The f a ct  s th  a t ( 1 ) ca rbo n a t e - r  i ch rock s ma r k  t  he main t  h r u31 zone, 
t oqet her uj i t h (2) a const ant 1 oca I i za t  i on o f  h i gh s t  ra  i n zones a i ong 
the con tac t  between a m p h ib o i i t e  bodies and t h e i r  host  rock  and along 
most u f  t  he I i  t  ho Iogi  caI boundar i  es ( see Chap,2 ) ,  seem 1o ind i ca te  a 
m i neraIug i caI and p e t r o Io g  i caI c o n t ro I  i n t  he I oca i i z a t i  on o f  t  hese 
deformat ion zones ( see a ! so Chap , o ) ,  in t h i  s way, a d i s c us s io n  o f  
t  he most I i k e !y  de format ion mechan i sms a f f  e c t i  nq t  he p r in c  i pa I r o c k -  
f  o r  m i n q mine r  ai s see m s t  o be r  eIe v a nt  f  o r  t  he un de r  s t  andi ng o f  t  he 
d e f o r  m at i o n pa 11 er n o f thes e r  o c k s . 1 t c an a Iso heIp t o e xpI a in
severa I seales o f feat ures, f rom t he Iow de format ion ( hq I a11 i ce 
mechanisms) presented by quartz c rys ta ls  where surrounded by micas, 
to the highly s tra ined long grains present amongst feldspars (quartz  
had to accommodate a i l  the s t r a in  which was not taken up by 
fe Idspar) ,  to the rheoIog i caI oar i at i ons i nd i cated by some of the  
m es o s c o pi c st r  u ct u r  es i n t he same r o c k t q pes (see Cha p .6 ) .

From the descr ip t ive  part ( S e c t , 5 ,2 )  an order of minerals with  
increasing resistance to grain s ize  reduction processes was 
suggest ed:o i z , c a !ci t e-quart z-b i ot i t e-muscov i t e - f  e i dspar— garnet -  
amph i bo Ie-ep i do te . The est abI i shment o f t hi s sequence i nvoIoes 
seuera! assumptions fc>em<̂  made, such as the homogeneity of  
deformation condit ions at the th in  section scale,  and est imations of  
st ra i n i ntens i t y wi thout quant i ta t  i ve resu11s ( see Sect , 5 . 1 ) .  The 
d e t e r  mine d s e q u e nc e seem s , ho we ve r , t o be c o n s i s t en t wi t h 
experimental stud'es based on empirical laboratory ca I ib ra t io n s  and 
a I so observati  ons o f nat uraMy de f ormed rocks eIsewhere.
D i f f i c u l t i e s  faced when descri bi ng the sequence of deformat ion of  
these minerals included the absence or r a r i t y  of the association of 
some minerals such as muscovite with amphibole, and perhaps the ro le  
played by var iables such as the r e l a t i v e  abundance and competence of  
mineral phases. The general ‘ ru les '  of competence contrast seem to 
have been obeyed (but see S e c t . 6 . 2 . 2 , 5 )  and the deformation sequence 
is compatible with the 'competence contrast l i s t s '  presented by 
Ramsay (1982, p p .117-118),  The r a r i t y  of general references in the 
l i t e r a t u r e  to the influence of factors other than mineralogical  
compos i t i on (part  i c u Ia r Iy  mi neraI proport i on) and temperature 
contro l l ing  the r e l a t i v e  flow of rocks during deformation,  
j u s t i f i e s  a de ta i led  examination of the c r y s t a l l i n e  deformation 
properties  of the main rock-forming minerals at Loch Maree. The
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resu l ts  of th is  discussion w i l l  support the in te rpreted ion of the 
re I at i ve rheo I ogy i nd i cat ors at mesoscop i c sea, I e see Chap. 6 ) .

There is no doubt that  mineral composition is a major fac to r  
c o n tro l l in g  rock competence and an e luc ida t iv e  example is the 
common observation that r e l a t i v e l y  th in  quartz bands in a mica 
schist (under extension) show boudinage. This suggests that  quartz  
was more competent than mica under the considered deformation  
condit ions.  On the other hand, mylonites are f requent ly  reported Qs 
occurring along q u a r t z i te  bands in low-grade metamorphic terranes  
( abundant m i ca sch i s t s ) ,  suggest i ng that f I ow i n the quartz  i te  un i ts  
was pre ferred to fIow in mi c a - r i  ch I i  t ho Iog i e s . UnI ess t he I at t er  
observation r e f l e c t s  a generalized lack of i d e n t i f i c a t io n  of  
my I on i t i c feat ures i n t he mi caceous un i ts  ( somet hi ng cert  a i n Iy  not 
as easy as the opt ical  id e n t i f i c a t io n  of deformation features in 
quart z ) ? th is  k i nd of s i tu a t  i on wouId suggest that f act ors ot her 
than mineralogical composition are more important in c o n t r o l l in g  the 
l o c a l iz a t io n  of the deformation and competence.

Some of these factors include ( i )  the va r ia t ion s  of metamorphic 
cond i t i ons ( Chap. 7 ) ,  and poss i bIy ( i i ) the mechan i sms of  
deformation. Laboratory resu l ts  reported by Shelton and Kronenberg 
(1978) show that feldspars are weaker than q u a r t z i te  at 600 C and 
2000 MPa but the reverse is true at 900 C and 2200 11Pa., while  
plagioclase is stronger than cI inopyroxene below 800 C and softer- 
above th is  temperature (Kronemberg and Shelton 1980).  fi s im i la r  
situation^but  involving quartzofeIdspathic  gneisses and amphibo I i tes^  
was observed in the mapped rocks (Sect. 6 . 2 . 2 . 5 )  so that the scale  
of r e l a t i v e  resistance to deformation proposed here should be 
regarded as a broad g en era l iza t io n ,  subject to as many exceptions  
as the number of factors which control the rheological  behaviour of  
deforming rocks.

( a )  C a rb o n a tes
According to the l i t e r a t u r e  these are r e l a t i v e l y  weak minerals that  
deform p l a s t i c a l l y  by s l ip  on various systems (s im i la r  to metals ),  
and by mechanical twinning. Deformation by twinning was not very 
common in the L. Maree caIc-myIonites,  the few examples being 
r e s t r ic te d  to large crysta I  IocIasts (e .g .  P I . 5 -66 ) .  Accordingly,

Structural Geology - Loch Maree. 149 Chapter 5 -  Mylonites



experimental studies (Groshong 1974, Turner et a 1. 1956 j_n Uenk
1985) have shown that the maximum s t ra in  that can be achieved by 
twinning is 41 % elongat ion and 29% shortening being even smal ler  
( *15 )  i n po I y cr y st a 11 i ne aggr egat es ( Uenk 1985,p .369) .  Hi so, t he

importance of twinning is l i k e ly  to diminish with decreasing grain  
size and s t ra in  ra te  and increasing temperature, when d is loca t ion  
g l ide  and climb are the dominant deformation processes (Langdon 
1985, p .255 and Uenk 1985, pp,364,367 5, These ( experi  menta I ) 
resu l ts  seem to agree with the evidence for the Loch Haree c a ic -  
myloniteSj where in addit ion to the r a r i t y  of twinning, no gra in  
elongation, o r ie n ta t io n  or ang v is ib le  s tre tch ing I ineat  ion of  D1 
age were observed. I t  is also in accordance with the high s t r a in  
nature of these rocks and t h e i r  probable superpiast ic  behaviour  
during my I o n i t i z a t io n  ( c f .  Schmid et a I . 1977, P f i f f n e r  1982).

Ca lc i te  is a weak mineral,  deforming at very low shearing stresses  
(Barber and Uenk 1979). Tectonic movements, involving large 
s t ra in s ,  f requent ly  occur along c a lc i t e  beds marking the sole of  
thrusts in several fo ld  and thrust  b e l ts .  Dolomite in contrast  to  
c a l c i t e  is very strong, deforming p l a s t i c a l l y  at f a i r l y  high 
temperatures (Uenk 1985). I t  was observed to be more competent than 
granites and gneisses in some s i tu a t ions  (Ramsay 1982). However, 
the geological in te rp re ta t io n  based on deformation features of these 
mi neraIs can be gu i t e comp I ex , freguent Iy demand i ng a de ta i Ie d  
knowledge of the geological h is tory  of the area ( D ie t r i c h  and Song 
1984 , D ie t r ich  1986). Special caution is needed due to the 
p o s s ib i l i t y  of producing preferred o r ien ta t ion  and twinning and the 
reduction of 'p r im ary1 deformation textures by recrys ta I  I i z a t I  on 
during la te r  episodes of deformation (Uenk 1985, p . 382).  Recovery 
during these late stages under low grade metamorphic condit ions or 
by s t a t i c  recrysta I  I i z a t io n  are also possible (Barber and Uenk 
1979), and can produce large grains surrounded by a f ine  matrix  as 
described for some of the samples. The d is t in c t io n  between a l l  
these processes is d i f f i c u l t  to resolve (see Uernon 1981).

( b )  Q u a r tz
The features produced by deformation of quartz are amongst the most 
studied phenomena under natural and experimental condit ions (see 
Nicholas and P o i r i e r  1976 for an overview).  Theoretical
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considerat ions have predicted that s l ip  in quartz is very di f f  icu11 
due to the strong S i -0  bonds, HI though experimental work has 
confirmed these ideas, the work of Griggs showed that the presence 
of trace amounts of 'water '  in the mineral s t ructure  could reduce by 
10 to 20 times the stresses necessary to produce p l a s t i c  deformation  
in quartz c rys ta ls  at temperatures above 380°C (Griggs and Blacic  
1965 _m Ni choI as and Po i r  i er 1976, p ,206),  Oespite t he many 
uncer ta in t ies  about the nature of the w ate r - re Ia ted  species and the 
va I i  d i t y o f ext rapo1 at i ons from de format i on of si ngIe cryst a Is t o 
aggregates ( c f ,  Mainprice and Paterson 1984), the empirical  
re I at i ons seem t o ho Id t r u e , i nd i cat i ng t hat hydro I y t i  c weaken i ng is 
an ef  fect ive mechan i sm,

From petro log ica l  studies it  appears that f lu id s  are commonly 
present during metamorphism (see Fyfe et a I , 1978 for a general  
account),  In the Loch Naree rocks., amphibolite fac ies  paragerieses 
i nd i cat i ng t he h i ghest met amorph i c cond i t i ons ach i eved., w i t h a 
hydrous mineral assemblage, l ik e  amphiboles and micas, ind icate  that  a 
source for 'water '  was not a problem,

The question of deformation ra tes  and other equ i l ibr ium condit ions  
with the geological environment, of so much concern in laboratory  
experiments., does not pose d i f f i c u l t i e s  in n a tu r a l ly  deformed rocks 
s i nee t he Iower nat uraI s t ra i  n ra t  e s , pressure-enhanced so Iub i J i ty  
of water (Kronenberg and Tull  is 1985) and time., w i l l  work in favour 
of the d u c t i le  behaviour of quartz ,

fi gra in -s iz e  compari son bet ween q u a r tz - r  i ch, f eIdspath i c and 
carbonate-bearing u I tramyIoni tes  shows that quartz c ry s ta ls  tend to 
present s l i g h t l y  larger grains than the other minerals ( c f .  H i t ra  
1978, p . 1077, Twiss 1977 j_n Uatts and Wil liams 1983).  I t  is in 
agreement with the predict ions of Twiss (op . c i t , )  that  c a l c i t e ,  
quartz,  o l iv in e  and anorth i te  w i l l  have approximate Iy the same grain  
sizes (w i th in  a factor  of two) during steady-s tate  
recrysta I  I i z a t i o n ,  for a given stress.  This,  together  with recent  
resu l ts  from experimental deformation of poIycrysta I  I ine  quartz  at 
700°C, showing that the s t ra in  measured from grain shape matched the 
to ta l  s t r a in  (Kronenberg and Tull  is,  1984), could suggest that grain  
boundary mechanisms when compared to in t r a c r y s t a l I in e  deformation  
processes in quartz,  can be considered n e g l ig ib le .  This f ind ing
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could provide a explanat ion for the boudinage of the quartz  bands in 
mica schists (o f  the above described s i t u a t i o n ) sinee the fIow in 
the quartzose mater ia l  would be less e f f e c t i v e  than in the 
surrounding mica schist producing boudinage of the quartz .  However, 
th is  suggestion could only be confirmed i f  the quartz  bands preserve 
t h e i r  1 o r  i g i n a I ’ t e x t u r  e ( p r  o d u c e d d u r i n q t h e b o u d i n a q e f ! o w ) a n d 
the influence of factors such as Sate recrys ta I  I i z a t i o n , decrease 
in d i f f erenti  a I st resses ( T wi ss 1977 i n Si mpson 1985) and gra i n 
growth inh ib i t  ion can be demonst ra te c j in e  f f ec t i  ve , somet hi ng very 
u n l ik e ly  considering the deformation h is tory  of these rocks.

Howeverj the g r a in -s iz e  s e n s i t i v i t y  and heterogeneous character  of  
the deformation and metamorphism of these rocks, together  with the 
r a r  i t y of equ i I i  br i urn t ext ure i n most agqregat es couId i nd i cat e that  
i n t r a c r y s t a l I in e  deformation did take place and was probably an 
important deformation mechanism in quartz.

S t i l l  regarding comparative deformation of quartz and micas, Morris  
(1981) has suggested that  rock composition is an important 
c o n tro l l in g  fac tor ,  report ing  predominance of pressure so lut ion  
mechanisms in mica-bearing rocks synchronously with i n t r a c r y s t a 1l ine  
mechanisms in 'pure'  q u a r t z i te  I i  t ho Iog i es where a ‘ C ' - a x is  fabr ic  
is developed.

I t  seems that under considered condit ions of temperature and stress  
one mechanism is dominant but an overlap of d i f f e r e n t  processes in 
d i f f erent m i nera Is is a l i k e ly  s i t  uat i on ( l-!h i t e et a t .  1976, Evans 
et a I . 1980, Langdon 1985). This kind of s i tu a t io n  gives r is e  to 
ch a ra c te r is t ic  features in shear zones. Once f ine  grain bands are  
produced, the deformation w i l l  tend to concentrate along them. The 
shear zone w i l l  tend to narrow down leaving an inact ive  bordering  
zone which shows evidence for the previous deformation mechanism.
The phenomenon was shown to take place in the deformation of quartz -  
r ich  c lasts  in conglomerates where a strong inverse re la t io n s h ip  
between f i n i t e  s t r a in  r a t i o  and grain size was demonstrated 
(Etheridge and Uernon 1981). The idea is that once s u p e rp la s t ic i ty  
is achieved in the f ine grain matrix,  r e l a t i v e l y  larger  quartz  
grains would progressiveIy be deactivated, the more e f f i c i e n t  g ra in ­
size reduction of the larger  volume of fe ldspath ic  material  enhanced

Structural Geology - Loch Maree. 152 Chapter 5 -  Mylonites



by r e a c t  i on and chem i c a ! sof t en i ng, Th is sort o f mechan i sm was a I so 
proposed by f l i t r a  (1978, p. 1077) to expla in the observat ion that  
quartz does not undergo as noticeable a grain s ize  reduction and 
would suggest that  the larger grain s ize  of quartz  is an ' o r i g i n a l ' 
feature (not due to la te r  growth),

However, i f  s t r a in  c o m p a t ib i l i ty  is to be maintained and the  
deformation is at approximately constant volume, i t  would imply not 
on Iy that both i n t r a -  and i n te r -c ry s t  a l i i n e  de format i on mechan i sms 
were ac t ive ,  but also that  there was considerable qrain boundary 
s i i  d i ng between quartz cryst a 1s spec i a 1 Iy at t he i r  contact s with t he 
other m i neraIs .  This i s we 11 i l l u s t  ra t  ed by Pat erson1s (1978)  
comments on c o m p a t ib i l i ty  of s t r a in  and combination of deformation  
mechanisms: ' , . . in many cases other permanent deformation mechanisms 
w i l l  be required for complete d u c t i l i t y  even when crysta l  iographic  
s l ip  is predominant, . . ' ( p .178) .

( c )  R ic a s
Although there are several possible s l ip  d i rec t ion s  in b i ot i t e  and 
muscovite the layered s tructure  of these minerals; suggests; that  s l ip  
occurr ing on (001) is the most 1i k e 1y dur ing deformat ion ( Nicho1 as 
and Po i r  i er 1976). ExperImenta 1 de format i on o f t h e s e  m i n e ra 1s shows 
that s l ip  along the basal plane is subordinate., since the c ry s ta ls  
deform mostly by bending and kinking,  t h is  being probably a function  
of stress o r ie n ta t io n  (see Nicholas and P o i r i e r  1976., p. 195 and 
references t h e r e in ) .  According to Barber (19 8 5 )  ̂ kink band 
development occurs when ( i )  geometrical considerations p ro h ib i ts  
extensive s l ip ,  ( i i )  e l a s t ic  bending moments e x i s t ,o r  ( i i i )  only one 
s l ip  system is ava i Ia b Ie  t o re I ieve st re oS i th is would exp la in  the 
common occurrence of th is  feature in protomyIonites or associated  
with the late deformationaI phases.

Etheridge and Hobbs (1974 j_n Bell 1979) considered that the s l i p  
geometry of mica is unfavourable for the formation of subgrains.  
However, the use of transmission e lectron microscopy has shown that  
in intensely deformed micas the subgrain formation is s im i la r  to 
that described for quartz (Bel l  1979). In th is  way, although 
evidence for s l ip  along the main cleavage was observed in some of
I  k/% n .1 m r. I „**v i 4* m .1 n. ^ rv /*. 1 j-I /\ .-1 I n, ^ ,n i  .1 r-. * 1 r\ 41 *-\ it. .-I t ,-t 4 4 .1 4 Q *
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of the deformation, f a c i l i t a t i n g  recrys ta I  I i z a t io n  which is thought

Structural Geology - Loch Maree. 153 Chapter 5 - Mylonites



to be responsible for most of the grain s ize  reduction of th is  
mi n e r a I .

The lo c a l iz a t io n  of recrys ta l  I i z a t i o n  along zones of intense 
deformat ion, with the new Iy-formed f ine  grains forming ' t a i l s '  
mark i ng t he f o I i  at i on pIanes or deveI oped around crysta  I lociast  s i s 
extensively  reported in the l i t e r a t u r e  (Bel l  1979, L is te r  and Snoke 
19 8 T ) . The observation that  mica ’ f i s h 1 are usually  composed of  
muscov i te  because b i ot i t e ,  at th is  i ntens i ty  of deformat i on, i s 
a I ready ext r  erne I y f i ne-gr a i ned, is in agreement w i t h t he f i nd i ngs o f 
l-Jilson and Beil (1979) and Kelley and Powell (1985),  The former 
authors have shown evidences of the d i f f e r e n t i a l  mechanical and 
chemical behaviour of these two micas. The round shapes of folds  
with f ract  ures a Iong the ax i a I piane i n muscov i t es that t hey 
describe are also observed in the Loch ilaree mylonites, and are in 
contrast with the extreme grain s ize  reduction of b i o t i t e .  In 
addition., features ind icat ing  d isso lu t ion  seem to be more evident in 
b i ot i te  cryst a I s . Investi  gat i ng t he causes o f such di f fer  i ng 
behaviour Bell and U i I son (1981) noted that b i o t i t e  c rys ta ls  show a 
great er var i et y o f cryst a I de f ect s i  nc I ud i ng h i gher d i s I ocat i on 
density .  They also found abundant unit  d is loca t ion  and evidence for  
the action of ‘ segmentation1., a gra in -s ize  reduction mechanism in 
b i o t i t e ,  features not seen in muscovite.

(d )  Fe ld3par3
This section w i l l  be concerned with the discussion of the mechanism 
of deformation in feldspars and i ts  possible re la t io n s h ip  with the 
local s t ra in .  The problems of b r i t t l e  or d u c t i le  c h a ra c te r is t ic s  of  
the deformation and of t h e i r  in te rp re ta t io n  as indicators of the 
conditions of deformation w i l l  be discussed in the next sect ion,  
where other sources of evidence w i l l  be brought together.

Feldspars are the most abundant minerals in crusta I rocks but t h e i r  
deformation behaviour is s t i l l  poorly understood. According to 
Carter et a I . (1981) experiments are mainly r e s t r ic te d  to the 
b r i t t l e  f i e l d ,  and deformation at elevated temperatures and 
pressures, despite i ts  importance, has received l i t t l e  a t te n t io n .  
Several of the deformation features shown by feldspars are 
informal ly  ca l led  ‘ b r i t t l e 1. This designation, however,should be
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r e s t r ic te d  to the descr ip t ion  of features wi th a f ra c tu re -1 ik e  
morphology at the g r a in -s iz e  scale and do not imply that the rock 
was deformed in a b r i t t l e  fashion (or that  f ra c tu r ing  was the only 
de format i on mechan i sm of t hese m i nera Is )  si nee seueraI ot her 
features (ascribed to ' d u c t i l e '  deformation processes in the 
I i t e r  a t u r  e ) w e r  e a I s o o b s e r  u e d ,

t l i t ra  (197b) suggests two mechanisms to account for the growing of  
cracks in fe ldspars; both depend on the percentages of matrix  
present.  The f i r s t  mechanism acts when the concentration of  
' br i 111e' grains is high and the rock is behauing under duct i I e  
deformation condit ions as a whole. The cracks i n i t i a t e  at contacts  
between grains where large concentrat ions of st ress occur. Where 
there is a large percentage of matrix ,  p l a s t i c  flow in the l a t t e r  
In i t i at es f ract  ures in the f eIdspar gra i ns ( F i g . 5 . 6 ) .

Brittle
G rain

Ductile
M a tr ix

Figure 5.6 ft b r i t t le  grain floating  in a ductile  matrix. Large amounts of 
glide take place in the matrix, fit X such g lide is stopped a t the grain 
boundary of a b r i t t le  grain, and large stress concentration in it ia te  a fracture  
i n the br i 111e gra i n ( reproduced from Mi tra 1978,f i g.5B >.

In his model the o r ie n ta t io n  of the f ractures  depends on the 
or ien ta t ion  of the grains,  i . e .  on the o r ie n ta t io n  of the potent ia l  
gl ide  planes in r e l a t i o n  to the stress system. The d is c o n t in u i t ie s  
deuelop along regions of in te rsect ion  of s l ip  or twin planes with  
other s im i la r  planes or grain boundaries in quartz ,  K-fe ldspar  and 
plagioclase.  They nucleate p a r a l l e l  and at approximately 45° to the 
cleauage planes in K- fe ldspar ,  and were also obserued to form at 
high angles to the g l ide  planes ra ther  than at high angles to the 
direc t ion  of extension ( N i t r a  1978, p . 1064).
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Uhite et q i , (1980) present two explanations for the development of
f ractures in ' b r i t t l e 1 grains deforming in a duct i I e  m a t r i x . The
f i r s t  is the f i b r e  lo a d in g  mechanism whereby the tangent ia l
stress exerted by the f lowing matrix  on the p a r t i c le  surface is
baIanced by the tension in the i n i t i a l  Iy non-deformi ng
crysta l  I o c l a s t . The maximum stress  is at the centre of the
part i c Ie j  causi ng a rupture perpend i cu Iar  to the extens i on
d i rec t ion .  Long p a r t ic le s  are broken into haloes u n t i l  an
e q u i I ib r  iurn Iength ( I ) to width ( w) ra t  io is achieved. This r a t io
is re la te d  to the flow stress (a) in the d u c t i le  matrix and the
fracture  strength of the b r i t t l e  matrix ( a t )  by the equation:

I = a f
w a

The second theory is based on the d is lo c a t io n  p i l e  up whereby these 
are accumulated along the p a r t i c I  e -matr ix  in ter face  u n t i l  the stress  
associated with the p i l e  up causes a rupture by exceeding the 
f ract ure st r  engt h o f  t he m i nera I ., pr oduc i ng ext ens i ona I f ract  ures .

Although no systematic study of the cracks in fe ldspars and other  
' b r i t t l e '  mi nera Is of t he Loch Maree my I on i t es was under t a k e n t  he 
observati on of most of these di scont i nu i t i es at seueraI sea Ies 
suggests that they have a geometry compatible with the local s t ra in  
system. Their extensionai nature is suggested by ( i )  t h e i r  
geomet r  y of open cracks common I y containing b i ot ite., muscov i t e and 
opaque mineral i n f i l l s  and ( i i )  t h e i r  o r ien ta t io n  at r ig h t  angles 
to the banded d u c t i le  matrix and in r e la t io n  to the posit ion of  
pinch-and-swe!I structures in other  minerals ( P I . 5 -1 3 ) .  These 
observations are in agreement with experimental resu l ts  indicat ing  
the low strength of most m ater ia ls  under (secondary) t e n s i le  stress  
(Paterson 1976) and with the f ind ings of Etheridge (1983) and 
Andrews (1984) from n a tu ra l ly  deformed rocks., where f rac ture  
o r ien ta t ion  is demonstrated to be re la te d  to the rock fab r ic .  
According to Etheridge (1983) t e n s i l e  f ractures are common in 
var iab le  metamorphic conditions., spe c ia l ly  greenschist fac ies .
Their o r ie n ta t io n  to both f i n i t e  and incremental s t r a in  markers 
indicates the te n s i le  nature of several of these f ractures since 
most of them are or iented at high angles to the f o l i a t i o n  and 
stretching I i neat i on.;tKiS is a f a m i l ia r  s i tu a t io n  in the Loch Maree
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my I on i t e s .

This and the present in te rp re ta t io n  are supported by the work of  
Tapponier and Brace (1976 _i_n Carter  et a 1, 1981  ̂ pj63) who observed 
that  ' . . . n e a r l y  a l l  st ress- induced cracks are ex tens i le  in nature'  
due to the fact that  ' . . . b r i t t l e  mater ia ls  are very strong in shear 
and comparatively weak in tension or e x t e n s io n . . . '  Hi though 
departures from the predicted o r ie n ta t io n  can be a t t r ib u te d  to the 
influence of ex is t in g  an isotropies  as proposed by U l t ra  (1978) who 
f inds support in the experimental work of Friedman and Bur (1974 j_n 
Cart er et a I . 1981) f th i  s is d i f f icu i t  to con f i  rm due to the 
d i f f i cu11 i es in i so I at i ng t he di f ferent  var i abIes i nvoIved. In
addit ion ,  the above re fe r re d  experimental work was performed under 

condit ions of no ~ 17 3 which does not tend to be the most typ ica l  in 

not ure ( Et her i dge 1983).

Uakef ie ld (1976) has proposed that  the round or ribbon shape of
c r y s ta 1 IocIasts are inher i ted  features (equidimensionaI and 
prismatic  phenocrysts) but the observation that the r e l a t i v e  
abundance of round crysta I  Ioc Iasts  increases with the progression of  
the my I o n i t i z a t io n  and that  several r ibbon-1 ike crys ta ls  s p l i t  along 
narrow bands at high angle to t h e i r  elongation and close to t h e i r  
centres suggests that  progressive^grain size reduction of the 
‘ c las ts '  follows the p r in c ip le s  of^Tibre loading mechanism discussed 
by Uhite et a I . (1980) and b r i e f l y  out l ined above.

Other kinds of f ractures ,  presenting a geometry compatible with 
R ie d e l  sh e a rs  were also observed. While some of them seem to 
transect the grains and could be in te rpreted as extensionai  
crenuiat ion cleavages, others appear to be r e s t r ic te d  to the crysta l  
boundaries ( ' book—she I f 1 f ra c tu re s ) .  The l a t t e r  feature is commonly 
u t i l i z e d  in the l i t e r a t u r e  as an indicator  of contemporaneity 
between the f rac ture  and the my I on i te  f o l i a t i o n ,  representing  
displacement accommodation along the boundaries of the f ine  grains.

Features s im i la r  to those described by Uhite and Mawer (1986),
Hammer (1982),  Jensen and Starkey (1985) and Gandais and 14i t 1 aime 
(1984), and interpreted as indicators  of the d u c t i le  behaviour of  
feldspars, were also observed in the L.Haree mylonites. fis already
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described in ect ion 5 .2 ,  these features include s t ra ig h t  and bent 
mechan i caI t winni ng ( a i b i t e -p e r  i c ! i ne)., st rong unduIose ext i net i on 
and kink bands in low deformation condit ions,  to subqrains and 
r e c r y s ta 1l ized aggregates along p r e fe re n t ia l  zones across elongate  
gra i ns., form i ng ' t a i l s '  or cryst a 11oc1ast s g i vi ng r i se t o core and 
in a n t ! e s t r  u c t u r  e s a t h i g h e r s t r  a i n . R e c r  y s t a 11 i z a t i o n s e e m s t o 
occur from rims to centres of gra ins,  fol lowing p re fe re n t ia l  zones of 
st ress concent ra t  ion of ' d iscont i nui t i e s b e i  ng perhaps acce1 erated 
as a function of ’ s t r a in  enhanced d i f fu s io n '  (HIMson et a 1 . 1979.,
Uh i te  1975).  The round a 1bi t e cryst a Is descr i bed i n u 11ramyI on i t es 
derived from quartzofe Idspath ic  gneisses are interpreted as the end 
resu l t  of the deformat iona1 and metamorphic processes ac t ive  in the 
my I on i te  zones. They show in general strong unduIose ex t in e t io n  and 
twinning and are surrounded by a large number of extremely small 
crys ta ls  forming high s t r a in  rims that  make up most of the matrix in 
which the Iarge c r y s t a 1 Ioc ias ts  are immersed ( Sect . 5 . 2 ) .  According 
to Burg and Laurent (1978)., the nucleation of these small grains., 
which appears to be the predominant grain size reduction process 
under hi gh s t ra i  n condi t i  ons, i nd i cates duct i I e  deformat i on.

As in several of the above re fe r re d  studies,  features indicat ing  
b r i t t l e  and d u c t i le  behaviour have been id e n t i f ie d  in the Loch Maree 
my 1 on i t es . ' B r i t t l e '  de format i on seems to be predomi nant at 
r e l a t i v e l y  low s t r a in  while ’ d u c t i l e '  features are more common at 
high s t r a i n ., suggest ing that once the grains a t ta in  a cr i t  ica 1 s ize  
and shape they probably ' s t a b i l i z e '  or su f fe r  very l i t t l e  grain  size  
reduction; the deformation is then believed to be accommodated by 
gra i n boundary mechan isms mainly in the f i ne gra in matrix.  
Superpiast ic behaviour is a l i k e ly  s i tu a t io n  at th is  stage of  
deformat i on.

(e )  ffaphibole, epidote and garnet
The deformation of these minerals w i l l  be discussed a l together .
This is because of both the d i f f i c u l t i e s  in the d is t in c t io n  of t h e i r  
r e l a t i v e  competence as well as the general lack of data about
deformation of these minerals.  They have a l l  been deformed by a 
combination of f rac tu r ing  and d u c t i le  mechanisms, but boudinage, 
pinch-and-sweI I and other ' d u c t i l e '  st ructures were more frequent ly  
seen in amphiboles and epidotes than in garnets.  I t  was noted.,
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howeverj that the f ra c tu r in g  was a wore e f fe c t i v e  process of g ra in ­
size  reduction since., except for  the very large garnet  
porphyroc I ast s ., cryst a i ! oc I ast s o f amph i bo I e are i n genera I I arger  
than garnet c r y s t a i I o c I a s t s ,

Da lz ie i  and Ba iley (1968) described the f la t te n in g  of garnets in
my I on i tes of t hie breriv i I I e f r o n t . Sofne, w i t h orthorhomb i c syiMietry., 
show extension cracks normal to t h e i r  longest axis which is p a ra l le l  
to the regional s t re tc h in g  l in e a l  ion. Describing bend axes in 
garnets , they a t t r i  bute the f a i l u r e  def in i ng a g l ide  d i rect ion and 
the o r ien ta t io n  of the axes to tectonic  ra ther  than crysta l  Iographic 
c o n t r o I . Scanni ng e lec t  ron mi croscope observations of 'o ld '  garnets  
i n t he Loch flaree my I on i t es r  e vea I s t hat ext ens i ve f ract  ur i ng i s 
present at a l l  scales. The geometry and concentration of these 
fractures as well as t h e i r  i r re g u la r  d is t r ib u t io n  along the t a i l s  of 
the de f ormed phenocIast s suggest s that 1 f I  at ten i ng1 i s the pr i nc i pa I 
mechan i sm respons i bIe for  garnet deformat i on.

Desp i te  the observat i on that  eIongated garnet i nvar i ab1y showed 
ext ens i on f ract  ures, st udi es o f st ress d i st r  i buti on around r i g i d  
i ncI us i ons (St romgard 1973) have demonstrated that c i rcu Ia r  
inclusions may also develop tension f ractures i f  Px/Py < 1/3., Px 
and Py being stresses p a r a l l e l  and perpendicuIar to the layers ;  
respect ive ly ,  fin add it iona l  evidence for the tectonic  o r ig in  of  
these f rac ture  patterns is the presence of small id io b la s t ic  
f ra c tu re - f r e e  garnets which overgrow the my Io n i t i c  f o l i a t io n  
sometimes from an older  garnet core with inclusion t r a i l s  (P is .  5-  
65B, 5-65C).  Describing s t r i k i n g l y  s im i la r  sets of garnets from the 
firunta Block (centra l  A u s t r a l ia )  Obee and White (1985) a t t r ib u te d  
the grain size reduct ion of t h e i r  older garnets to ' b r i t t l e  
f a i l u r e '  ( p . 708).  Based on th is  and other microscopic scale  
evidence they proposed a model of successively shallowing of
crusta I deformation with the fa u l ts  displaying a change from du c t i le
to b r i t t l e  deformation (but see discussion in Sect. 5 . 3 . 2 . 4 ) .

P r io r  (1987) also described s im i la r  deformation structures in 
garnets from p e l i t i c  mylonties of the f ilpine fau l t  zone (New 
2ealand).  However, in the present study, no evidence could be found
I n ai i *.■% 4- | a ! .-i ! r% .-i 4 4- tn. « k i i 4 a/J 4- a k ! an 4 m a m .a ̂  n k I I I 4 i .n (t u  oujjjjui  ■ l l i i c  u r i y u i  u t i n u u i c u  l u  m o  t w o  mui  pi  i u  i u y  i c u  i L y p c o  u i

f ractures ( i . e .  'corrosion cracking' and 'cataclysmic f a i l u r e ' ) .
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Like the deformation in feldspars., the grain size  reduction of  
a i p h i b o le s  took place by f ra c tu r ing  and recrysta I  I i z a t i o n  along 
high s t r a in  zones. Experimental data suggest th is  mineral is one of 
the strongest s i l i c a t e s  (Nicholas and P o i r i e r  1976., p. 193).  This is 
supported by geological  observations that amphibolites are genera l ly  
more competent than coarse-grained grani te  (Ramsay 1982, p . 119, but 
see Chap. 6 ) .  The ir  d u c t i le  deformation produces boudinage and long 
' t a i l s '  of f i ne-gra i ned mater i a I whose asymmetry  i rid i cates the
sense of shear in the matrix  (Sect . 5 . 3 . 2 .1 ) .  l-ihen observed under the 
m i croscope t h is  mi nera I has e 1 ongat e shapes and me I I -rounded r  i ms 
(P I .  5-65R) but S . E . f'1. i mages show st eps para Mel  to c i eavage (PI ,5 -  
65B) along uihich gra in  s ize  reduction takes place. Apart from 
f ractures at high angles to the f o l i a t i o n  no features l ike  the ones 
described by A l l iso n  and LaTour (1977) or the va r ia t io n  of  
deformati on feat ures from my I on i tes t o u11ramyI on i t e s , as reported  
by Obee and 1-1 hite(i985)mere observed in the L. Ilaree rocks,

The var iab le  geometry of features shown by e p i d o t e  seems to be 
control led by v is c o s i ty  contrast .  So, where surrounded by feldspars  
and quartz ,  t h is  mineral shows pinch-and-sweI I s tructure  ( P I , 5 -13 ) ,  
but where surrounded by m i cas, i t  i s a I most i d i obI ast i  c ( P I . 5 -3 7 ) .
In hi gh st ra i  n rocks l ik e  the u11ramyI on i tes ep i dote cryst a Is show 
round shapes and a marked grain s ize  d i f fe rence  in r e la t io n  to the 
mat r  i x . In compari son with feIdspars and amph i bo Ies very few 
crysta11ocIasts  of epidote with f ine  grain ‘ t a i l s '  were observed, 
usually  having a more r e s t r i c t e d  range of grain sizes than the  
former two minerals.  The paucity of data about deformation 
mechanisms which a f fe c t  t h is  mineral is probably a function of i ts  
occurrence as an accessory mineral in most rocks,

5 . 3 . 2 . 4  B r i t t l e  vs. D uct i le  Deformation

The determination of the b r i t t l e  or d u c t i le  nature of deformation of  
the Loch Ilaree rocks during the la te  D1 my I on i t  izat ion event 
represents the in te rp re ta t io n  of an important segment of the 
deformational h is to ry  of these rocks. I t  pertains d i r e c t l y  to the 
understanding of the in te ra c t io n  between basement and cover, and
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consequently places some constra in ts  on the models invoked to 
exp la in the i nterpI  ay bet ween de formati on and metamorphi sm, Severa 1 
features i nt erpreted in the l i t  erature  as rheoi og i c a 1 behavi our 
indicators., as well  as some basic concepts of rock mechanics which 
are re levant  for  the present discussion., w i l l  be considered,

The br i 111 e-duct i I e t rans i t i on i s recogn i zed i n exper i merits by an 
abrupt drop in the applied stress required to induce a given amount 
of strain.,  caused by the development of a mesoscopic f ra c tu re .  The 
term d u c t i l i t y  is used to describe the capacity for substantia l  
change of shape w i t h o u t  v i s i b l e  f ra c tu r ing .  This does not take  
i nto account de format i on mechani sms whi ch may i nvoIve t he 
estab 1 ishment of m i c r o s c o p i c  fractures  ( ca tac !ast ic f 1 ow)., which is 
also accompanied by a 's t ress  drop' (Paterson 1978., p. 161).  Since 
i t  is not possible to observe the st ress drop in n a tu r a l ly  deformed 
r  o c k s ., t h e r  e c o g n i t i o n o f m i c r  o s c o p i c r  h e o I o g i c a I b e h a v i o u r  
indicators by the geologist  has been considered as useful in 
determinin.g behaviour of deformed rocks during the time of t h e i r
f  ormat i on ( H i t ra 1984). 11 i t ra (1984),  however, a 1 so po i nt ed out t  hat
the d i f f e r e n t  physical p ropert ies  of each mineral means that they 
may show diverse behaviour under s im i la r  physical condit ions. From 
the observations of the behaviour of cer ta in  minerals (quartz  and 
feldspars in p a r t i c u la r )  in experiments and in deformation zones of 
( presumabIy) known met amorph i c condit ions, severaI authors ( S i mpson 
1985, Hammer 1982, H i t ra  1978,1982 and Sibson 1977) describe  
features which could be used as indicators of the physical  
condit ions during my I o n i t i z a t i o n  elsewhere. Although these could be 
va l id  in most cases, several other var iab les  that are less eas i ly  
defined seem to be of fundamental importance in the determination of  
the rheological  behaviour of these minerals.  These include (1)  
temperature, (2)  l i t h o s t a t i c  pressure, (3)  f lu id  pressure, (4)  
s t ra in  ra te ,  (5 )  to ta l  s t r a in  and i ts  nature (compression or 
extension),  (6 )  v a r ia b le  proportion of the d i f f e re n t  minerals,  (7)  
grain s ize ,  and (8 )  change in the deformation mechanism (see Sect.
6 . 2 . 2 .5  for a broad discussion).

Additional factors such as (9 )  the t iming of temperature in r e la t io n  
to deformation and i ts  control of the microscopic deformation 
mechanism ( c f .  P f i f f n e r  1982),  and ac t iva t io n  of the s l ip  systems of  
the d i f f e r e n t  mineral phases, (10)  high pressure and temperature
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1 embr i 111 ement ‘ and (11) t he pressure sens i t i v i t y res i s 1 ance t o 
fioiu (Paterson 1978) amongst others, seem to have been largely  
forgot t e n . Experi menta I stud i es , a 11hough fundamenta I for the 
understanding of the deformation processes, have l im i ta t io n s ,  such 
as the reproduction of natura l  s t r a in  ra tes .  Higher temperatures  
are usual ly  u t i l i z e d  to compensate for the e f fe c ts  of higher s t ra in  
rates,  but as pointed out by Gandais and Ui l ia im e  (1984) ,  t h is  
procedure may cause a c t i v a t io n  of d i f f e r e n t  mechanisms of p la s t ic  
deformation. Therefore correspondence between experimental and 
natural deformation is only possible when the same mechanism can be 
demonstrated to be involved.

The evidence from the present ly  studied mylonites seems to indicate  
the a l te rn a t  ion of ' bri  111e1 and 1 duct i I e 1 behaviour of rock and 
minerals along the Loch Ilaree thrust  zone. Each feature w i l l  be 
discussed taking into account,  wherever possible,  these factors .

F ra c tu re s

The concepts of f r a c t u r i n g  and p l a s t i c i t y  are of importance 
for the present discussion and w i l l  be b r i e f l y  reviewed here.
Accordi ng to Ganda i s and U i I I a i me (1984) f r a c t u r  i ng in i t s  
meta I IurgicaI meaning describes any mechanism involving loss of  
cohesion of the crysta l  even when uniform flow is produced by the 
r o l l i n g  of crushed grains produced by repeated f rac tu res .  In most 
s i l i c a t e s  the i n i t i a t i o n  of cracks requires higher shear stresses,  
but since there are p r e -e x is t in g  cracks in b r i t t l e  c ry s ta ls  the 
f racture  strength is usually  exceeded with lower stresses,  due to 
the extension and g l ide  (where favourably or iented in r e la t io n  to 
the s tresses) .  The f rac tu re  strength is highly pressure dependent 
and nearly temperature independent. P l a s t i c i t y  includes several  
mechanisms which lead to permanent s t r a in  without involving  
extensive inter-atomic  decohesion. They are genera l ly  dependent on 
temperature and much less so on pressure (Gandais and Ui M aine 1984, 
p . 209).

H i t ra  (1984, p . 53) has proposed the unstable character  of  f ractures  
(propagating spontaneously across grains and grain boundaries) 
against the stable f ra c tu r ing  ( f ra c tu re s  dying out with in  individual
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grains) to d i f fe r  ent i ate bet ween domi nantIy  bri  11 i e and duct i j e 
de format i on respect i veI y , the s ta b 1e be i ng typ i c a ! o f 1ower 
greenschist fac ies ,  Simpson (1985, p . 508) describes a change from 
ca ta c la s t ic  to }ow temperature p 1q s t i c i t u ( kink bands) deformation  
in p I aq iociases of Iower greenschist to upper qreenschist f a c i es} 
respect ive ly .  These ar e g o o d e xampIes o f ho w t he pr e se n ce a nd 
geometry of f ractures  were used as indicators  of the rheological  
condi t i ons of deform i ng rocks and mi nera is .  1n add i t i on to 
t rans i t i onaI charact er of t he br i 111 e-duct i 1e ' boundary'j i t shou i d 
be borne in mind that  factors  such as the o re - f ra c tu re  pIast  ic 
s t ra in  (a term used in experimental work to indicate features  
a t t r ib u te d  to d u c t i le  behaviour which appear before the macroscopic 
f racture  st ress is reached),  are bound to produce dubious features,  
fls already pointed out by Schmid (1982, p . 97) the presence of  an 
intergranuIar  network of micro-cracks can occur in a deforming rock 
without the t yp i caI st ress drop d i agnosti c of br i 111e behav i o u r , 
llhen th is  happens, the bulk behaviour of the rock is s t i l l  d u c t i l e ,  
s i nee i t i s tak i ng up cons i derabIe amount s o f permanent de formati  on 
which is accommodated by the dispersed system of cracks 
( ' catacIast  ic f iow' ). In t h is  way, the indiv iduaI  mineraIs are 
suffer ing  ca ta c 1 a s i s , a mode of deformation where a f rac ture  is 
formed causing a loss of cohesion at the considered scale,  but the 
whole rock cannot be considered to show a b r i t t l e  behaviour.  Schmid 
(1982, p . 97) c a l l s  a t te n t io n  to the fact that the b r i t t l e - d u c t i l e  
t ra n s i t io n  does not necessari ly  coincide with the t r a n s i t io n  from 
ca ta c la s t ic  to non -ca tac las t ic  processes, something already observed 
by Orovan (1960 _i_n Sibson 1977).  Any proposed microstructura I  
c r i t e r i a  should also take into account the p o s s ib i l i t y  of the 
presence of features formed before the considered deformation took 
place. They include o p t i c a l l y  v i s i b le  micro-cracks with lengths 
roughly equal to the grain sizes commonly present in granites  and 
quartz i tes  (see Paterson 1978, p . 150-153, Gandais and U i l la im e 1984, 
p . 209), and should be of considerable importance in thrust ing  
involving basement. Concluding the discussion about these features  
Paterson (1978, p . 153) s tated that  most microcracks in several rock 
types are not of la te  b r i t t l e  o r ig in  but have largely persisted from 
the ear ly  h is tory  of the rock.

As discussed above, features produced by deformation of fe ldspars
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( in  p a r t i c u l a r ) ,  seem to have received a lot of a t te n t io n  because of  
t he i r  poss i b I e pot ent i a I as rheo logical i nd i cat ors (11 i t ra  op . c i t . ,
S i mpson op . c i t ) .  Examining the ' b r i t t I  e - d u c t i I e ' t r a n s i t i o n  in 
feldspars Gandais and l i i l l a im e  (1984) proposed that  feldspars

deformed in nature (P = 200-1000 tlPa , c =10“ ^  to 10“ ^  S- ^) 
behave p l a s t i c a l l y  above T = 500°C. According to these authors the 
mechanical behaviour of fe ldspars seems to be contro l led  by the 
propert ies  of the a I u rn ino-s i I ica te  framework, and thus feldspars of  
a l l  compositions behave in a s im i la r  way. Real is ing that the lack of  
knowledge about processes that  are essentia l  for the determ mat  ion 
of the kind of behaviour of  these minerals under deformation,
Gandais and l i i l l a im e  (1984) s ta te  that  with the present s ta te  of  
knowledge i t  would be u n s i s e  to use t h e i r  deformation 
microstructure as a geo logical  ind icator  (thermometry, barometry) . 
This is due to the complexity of the mater ia ls ,  involving a large 
number of factors which are d i f f i c u l t  to resolve and quant i fy ,  and 
that can in teract  and may vary with t ime.

Cone la d in g  rem arks

From the above discussion i t  seems c lear  that  no single  
cr i te r io n ,su ch  as the f ra c tu re  pat tern  of minerals as proposed by 
H i t ra  (1984),  can be used in iso la t io n  as indicators of deformation  
behaviour. This w i l l  be fu r th e r  i l l u s t r a t e d ,  by the occurrence of  
features which were in te rp re ted  in terms of a t rans ien t  b r i t t l e  
behaviour along these th ru s ts ,  indicat ing that the complexi t ies  
involved with the development of these rocks at a l l  scales def ies  
the app l ica t ion  of s im p l is t ic  c r i t e r i a .

B re c c ia  and p s e u d o ta c h y iite

The presence of 'my lon it ized  breccias* (mixed mylonites) and 
local ized f ine  veins possib ly  represent ing deformed pseudotachyIites  
can also provide an insight  into the deformation behaviour along the 
thrust zone. The condit ions of formation of these rock types,  
usually  indicators of b r i t t l e  behaviour, was discussed by Sibson 
(1977, 1980), Passchier (1982,1984)  and microscopic scale features  
described in d e ta i l  by Haddock (1983).  These condit ions include 
high s t ra in  rate3 ( in  d isc re te  bands), typ ical  of seismic fa u l t in g  
(Sibson 1977, 1980).  Although d i f f i c u l t  to observe with the use of
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a conventional op t ica l  microscope the features presented by t h is  
rock are quite  s im i la r  to the pseudotachy 1i tes  described by Sibson 
( 1 9 8 0 pp. 168-169)., part icu Ia r  Iy in t h e i r  occurrence in the proximi ty  
of st nongIy my j on i t i zed has i c bod i es ( see Chap. 2 ) ,  This 
association,  however, can be explained by the experiments of Spray 
(1987) mho produced pseudotachy i i t es i n metado Ier i t es , The 
pref  erent i a I ass i mi 1 at i on o f amphi boi e i nto t he pseudot achy I i  t e mas 
exp I ai ned i n terms o f  t he cat a Iys t i  c e f  f  ect s o f  the mat er contai ned 
in th is  mi nera I ., caus i nq a I omer i ng o f  t emper at ure and v i scos i t y .

fls in the pseudot achy I i tes., the myionit ized breccias occur along the 
main thrust  zone which could suggest some sort of genetic  
association between these two rock types. The observation that  both 
of these rocks were transformed into mylonites suggests that they 
were formed at an e a r ly  stGge of the 01 event.  Although 
pseudotachy I i t e s  have been reported elsewhere as recurrent features  
(Stel  1981)., the absence  of myionit ized c las ts  in the breccia ( i t  
is a myioni t ized brecc ia  not a brecciated my ion i te )  seem to confirm 
the minimum r e l a t i v e  age for these rocks as early  01 . This ru les  out 
any p o s s ib i l i t y  of l a te r  b r i t t l e  r e a c t iv a t io n  of these zones., 
somet hi ng wh i ch was not observed. f l i t  hough be i ng s im i la r  to t he 
'crush melange1 described by Sibson (1977., p. 195) in the Outer 
Hebrides thrust  zone ., by P la t t  et a I . (1984) in the Betic  
Cord i l le ras ,  and by Schmid (1975) in the He lve t ic  Alps., these rocks 
were i n i t i a l l y  in te rp re ted  as the basal 'sedimentary breccia '  
marking the basement-cover unconformity due to the fol lowing  
character ist  i c s :
( i )  spa t ia l  association with the caIc-myI onites, considered to 

the f i r s t  Lax fordian (sedimentary) unit  covering the 
basement,

( i i )  unusual composition showing mostly fragments of ' loca l  rocks'  
but some c las ts  are of amphibole schist and amphiboiites not 
found amongst the mapped uni ts ,

( i i i )  d u c t i le  deformation of the matrix (myionit ized brecc ia ) ,  and
( i v )  apparent uncompatib l i ty  of deformation condit ions ( P ,T ,X ,e t c )  

for a 01 myloni te.
These features,  together with the lack of petrographic studies and 
of the f a i l u r e  to understand the important ro le  played by the f lu id s  
at that t ime, were the pr inc ipa l  factors which led to the
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i nt erpret  a t i  on o f an or i g i nai sedi mentary or i q i n for these rocks.
A i t hough t h is  i nt erpret  a t i  on cannot be comp Ie te Iy  d i sm i ssed on the 
grounds of a v a i la b le  evidence, the indicat ions for  presence of  
abundant f lu id s ,  the associated rock types and other  sources of  
evidence (e .g .  met amorphic h is to ry )  suggests that they could be 
bet te r  interpreted as a tecton ic  feature .  They could have been 
produced by the action of high f lu i d  pressures, which caused local 
f Iuc tuat  i ons of t he ' br i 111e -  duct i I e 1 boundary duri ng 01 
my I on i t i za t i  on. These neutraI  i zed the e f fee ts  o f i ncreas i ng 
con f in ing  pressure at dept h, decrees i ng i nt er.qranu I ar f r  i et i ona I 
res i stance and promoted trans i ent bri  111e behavi our ( c f , S i bson 
1977, p . 205).  These rocks could a l t e r n a t i v e l y  be in terpreted as a 
tectonic  breccia produced by b r i t t l e  behaviour at higher s t ructura l  
I eve Is a Iong t he f au11 zone, be i ng qraduaI Iy taken to Iower 
structura l  levels with the progression of the th rus t ing ,  when they 
would be deformed under d u c t i le  condit ions,  or as a combination of  
both processes. Despite the a v a i la b le  evidence for decreasing P-T 
cond i t i ons dur i ng myi oni t i zat i on ( Chap. 7 ) ,  an i n te r p r e ta t i  on based 
on crust a I I eve I controI for t he product i on of these 1 ca ta c Ia s t i  c 1 
rocks, i s very simp! i st i c . 11 wouId a I so requ i re qu i t e Iarge 
displacements along the fau l t  zone to account for the estimated  
depth of b r i t t l e  f a i l u r e  at 10-15km ( Sibson 1977), and wouId not be 
compat i bIe with the necessary vari  at i on of met amorph i c cond i t i ons 
given the chosen assumptions (see Chaps. 7 and 8 ) .  in th is  way the 
f lu id -c o n t r o l le d  in te rp re ta t io n  to explain the formation of these 
ca ta c la s t ic  features seems to be the most l i k e ly  one. This 
in te rp re ta t ion ,  in addit ion to expla ining the evidence (see 
'mechanical e f fe c ts  of f lu id s '  -  S e c t .7 . 3 ) ,  could also provide an 
explanation for the decrease in the high d i f f e r e n t i a l  stresses  
necessary for the shear f a i l u r e  in a thrust  regime, thought to be ~4

times higher than for normal f a u l ts  (c_f. Sibson 1977,p . 210, Murrel l  
1977,p . 179 and Paterson 1978). The d i f f i c u l t i e s  of promoting 
pseudotachy I i t e  formation under 'wet'  condit ions can be explained in 
terms of i ts  formation at the time the thrust  zone f i r s t  developed 
a f fe c t in g  the ra ther  impermeable rocks. A l t e r n a t iv e ly ,  they could 
have been contro l led  by factors such as the stress concentration  
around inhomogeneities and the presence of hydrous mineral phases 
( in  the amphibolite bodies- see Sect 5 .2  and Spray op. c i t . )  which 
would promote local ized fa u l t in g  (Sibson 1975, 1980).  As pointed
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out by Sibson (1975) ' . . i t  is to be hoped that  advanced
tex tu r  ai s tu d ies , both by opt icaI means and transmission e lectron  
microscope, mil!  even tu a l ly  enable the recognit ion of those 
c a ta c la s t ic  rock-types which are necessari ly the product of seismic 
fau11 ing in other  than dry condi t ions. . .  1 ( p .792) .

Cone h id in g  rem arks

I t  seems evident that  no s ing le  c r i t e r i o n  for the determination of  
the b r i t t l e  or d u c t i l e  nature of the rock deformation js re I i a b le  i f  
t aken in i so I at i on. Th is probabIy re f Ie c t  s the Iarge number, and 
comp I ex i nt erpI ay o f t he duct i I i  t y-cont ro Ming var i abIes demand i ng 
not only control of the v a r ia t io n  and d is t r ib u t io n  of P,T,H 
cond i t  i ons but a I so const ra  i nts on de f ormat i on r a t e , d i f ferent  i a I 
stress,  as well as several other  factors (see Chaps. 6 & 7 ) .

5 . 4  SUffllRRY -  RYLGHiTiC PERJURES IH THE LOCH ilflREE ROCKS

The fol lowing are i mportant po ints concerni ng the evoIut ion of the 
my I on i t es at Loch I la ree .

1. My I on i t e f ormat i on developed under cond i t i ons of simple shear, 
with a NU-SE d i re c t io n  of tec ton ic  t ra n s la t io n ,  during which a slab  
of basement rock probably coming from the southeast was t e c t o n ic a i ly  
emplaced on to the cover rocks. The observed kinematic indicators  
include asymoistrica1 pressure shadows, microfolds and augen 
structures,  displaced gra ins,  oblique fo l ia t io n s  and cleavages.

2. The pr inc ipa l  zone of movement (along the marbles and c a lc -
s i I i c a t e  rocks which mark the contact between the basement gneisses 
and the amphibole s c h is ts ) ,  is indicated by i ts  almost to ta l  
mylonit ic  nature and tec to n o -s t ra t ig rap h ic  posit ion .

3. The pr inc ipa l  s t r a in  softening mechanisms act ive  during 
deformation include change in deformation mechanism, geometrical  
softening,  continual recrys ta l l iza t  ion, reaction and chemical 
softening,  and pore f l u i d  e f fe c ts .  Temporary retrogressive
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metamorphic condit ions promoted the development of f ine -gra ined  
u11 ramyI on i t es wh i ch have probabIy concent rat  ed fu r the r  de formati  on.

4. The emp i r* i ca 1 I y det erm i ned order of m i nera I s show i ng i ncreas i ng 
res istance to gra in  s ize  reduction processes is ; c a l c i t e - b i o t i t e -  
muscov i te - fe Idspar-garnet-amphi  bo Ie-ep i dote . Catac Iast i  c deformat i on 
of the 1 s t ro n g ' minera I s i.yas co_eva I w i th deformat i on of the
' s o f t e r ' grains by piast  ic deformat ion processes.

5. fly I on i t i zed brecc i as and pseudot achy I i t es observed a I ong t he ma i n 
myloni t ic  horizons were produced by the build  up of the f l u i d  
pressure, during which loca l ized and transient  deformation was
promot ed a Iong marked d i sconti  nu i t i  es such as l i th o  Iog i caI con tac ts ,

6. The assessment of the observed features in is o la t io n ,  without  
carefu I  i nvesti  gat i on of the overa I I deformat i on hi story and 
associated met amorphic condit ions,  might lead to s im p l is t ic  
in te rp re ta t io n s  of  the complex h is tory  of these rocks, with  
important consequences for the understanding of  the tec ton ic  
evolut ion and processes ac t ive  in th is  segment of the crust during 
the ea r ly  Proterozoic .
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P ! a t e  5-1 Q u a r t  z o f  e I d s p a t  h i c auqen g n e i s s ,  . f e l d s p a r  s h o w in g

porphyrocIasts wrapped around by th in  quartz bands; lens cap 5cm; 
subhor i zonta I sur f ace [ NG 965 715],

P1 ate 5-2 Quo i da i feIdspars i n my i on i t i zed quartza^JeIdspathic  
gne i ss a f fee ted  by F2 fo ld;  note the absence of i d iob !a s t Ic  
feldspar  megacrysts; outcrop faces HU [NG 972 716],

PI ate 5-3 Sheath fo ld  a f fected by F2 paras i t i c fo ld  in
my i on i t i zed quart zo feIdspat hi c gne i ss; not e t he Iarge i11 hoc Iasts  
of the p r o t o l i t h  ( ‘ l i t h ' J  and the dark bands represent ing  
my I on i t i zed mafic i ayers; coi n ' 2cm; subhor i zont a 1 sur face 

[NG 972 716].

Plate  5-1 Li thoc Iast ( 1! i t h ' )  of the fe Idspar-bear i  ng rock i n
my I on i t i zed s i l lceo u s  m i ca schi s t ; note the sed i ment ary -or  

^ uoIconoclast ic - looking features of the rock; coin 2cm; outcrop 
faces SU [NG 971 696] ,

Plate 5-4R Myionit ized s i l iceo us  mica schist shoving 'graded 
bedd i ng1- 1ooki ng features produced by vari  abIe i ntensi ty  of  
gra in -s ize  reduction;  coin 2cm; outcrop faces SU [NG 976 691],

PI ate 5-5 1Ni xed my I on i t e ‘ with I i  thoc Iasts of amph i bo i i te  ( amph)
and Iarge garnet cryst a 11ocIast s in f i ne m i caceous and chI or i t e-  
r ich  matrix; scale 2cm; photograph of specimen [NG 954 732],

PI ate 5-6 Lineated ( L I )  quartz band with i i th o c ia s ts  of the 
proto N t h  (white dots -  see P I . 5-58)  folded by f la t tened  sheath 
fold ( h a l f  of i t )  in myioni t ic  s i l iceo us  mica schis t ;  photograph 
of hand specimen; s ize  20cm [NG 956 708],

Plate  5-7 Carbonate-bearing myionite showing I i th o c ia s ts  of
banded amphibolite (top cen tre ) ,  amphibole schist (bottom centre)  
and quartzofe Idspathic  gneisses (white dots);  pen p a r a l le l  to 
composite f o l i a t i o n  (mainly S I ) ;  subhorizontal surface [NG 951 
727],

PI ate 5-8 L i th oc la s ts  of gneiss (gn) ,  amphibole schist and banded 
amphibolite (w ith  black bands) showing no g r a in -s iz e  se lec t ion  or 
disposit ion in carbonate-bearing mytonite; scale bar *  20cm [NG 
951 726],
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Pla te  5-9

Plate  5 -

Plate 5-

P1 at e 5-

Plate 5-

Plate 5-

1 FeIdspar aggregate i n quartzo fe i dspathi c gne i ss showinq 
the i n i t i a l  st ages o f my 1 on i t i zat i on w i t h deve 1 opment 
of mechanical twinning and f ractures  in fe ldspars which 
showed (H I )  granob1ast i c po1ygona1 t e x t u r e ; XN} X10 [ NG 
960 715].

0 Uar i at ion of i nt ercryst  a l i i  ne contacts i n
qua r tzo  f e 1d s p a t  hi c qne i ss 1i thoc  1ast ( f i ) from we 11 -  
preserved c r y s t a l  boundar ies  in the i n t e r i o r  o f  the 
1i t h o c  1ast ( B) t o  g ra i  n-houndary d e s t r u c t i o n  a 1ong the 
r im  (C) ;  ske tch  from t h i n  s e c t io n ;  sca le  bar ( f o r  fi) * 
1.5mm [MU 972 716].

1 Gra in s ize  comm i nut i on o f  1 arge muscov i t e porphyrob I ast 
i n quart zo f  e 1dspat hi c gne i ss; note t he or i ent at i on o f 
SI my 1 on i t  i c f o 1i at ion para I 1e 1 to the former
or i ent at i on of the cleauage in mica; XN, X10 
[NG 972 716].

2 Deformation bands of quartz c rys ta ls  wrapping around 
e 1 ongate fe ldspar  ( K f ) phenodasts in my 1 onit. ized 
quartzofe ldspath ic  gneiss; note the o r ie n ta t io n  of the 
two sets of extension crenula t ion cleavages (ecc) ;  
section at low angle to l ineat  ion; XN, X I0
[NG 966 721].

3 Boudinaged a l l a n i t e  (o u t l in ed )  and feldspar  
c r y s ta l lo c la s ts  wrapped around by elongate quartz  
deformation bands in quartzofe ldspathic  gneiss; note 
the o r ie n ta t io n  of the extensional f ractures  ( E . F . )  
where b i o t i t e  has c r y s ta l l i z e d ;  section at low angle to 
LI I in e ta  ion; XN. X I0 [NG 966 721].

4 Large K-fe ldspar crys ta l  lociast  surrounded by much
f ine r -g ra ined  quartzofe ldspath ic  aggregate in gneiss 
( ‘ core and mantle s t r u c t u r e ' ) ;  note the ea r ly  stages of  
development of mechanical twinning in the feldspar;  
section at high angle to LI l ineat ion ;  XN, X10 
[NG 964 7 1 7 ] /
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PIate 5-15 I n i t i a l  stages of in t ra c ry s ta l i i ne deformation
( f r a c t u r in g )  of K-fe!dspar (arrow) of a l i thoc  last of 
quart zo f e i dspat h i c gne i ss w i th granob I ast i c po I ygona 1 
texture;  note the i r reg u la r  nature of the grain  
boundaries and the f ine  grain s ize  of the matrix;  
section at high angle to 11 l inea t  ion; XN, X I0 
[NG 973 704 ] ."

Plate  5-16 Generalized grain size reduction along crysta l
boundaries of  quartzofe ldspathic  aggregate in gneiss 
I i  t hoc I a s t ; not e the in trac rys ta  11i ne f ra c t  ure 
development and the associated twinning pat te rn  
(arrow);  section at high angle to LI I in e a t  ion; XN, X I0 
[NG 973 704].
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P1 ate 5-17 I n i t i a l  deueIopment of th in  in trdc rys ta I  I ine f rac tu re
( l i g h t  ' l i n e s '  in large c r y s ta l )  in me I I-round feldspar  
crysta  i lo c ia s t  i n a quartzo f eIdspat hi c u11 ramyI on i t  e ; 
note the *70° angle between both sets of f ractures  and 

the absence of o r ie n ta t io n  of the f ine  (e x te rn a l )  
matrix; section at high angle to LI I ineat  ion; XN, X25 
[NG 972 716].

Plate  5-16 Uedge-shaped in t rac ry s ta l  I ine  f rac tu re  in K-fe Idspar  
along which f ine  grains/matrix is produced; note the  
we I I -deueI oped twinning along the 'most deformed part 
of the crys ta l  l o c i a s t ; XN, X25 [NG 973 704].

Plate  5-19,20 Deformation features of elongate feldspar
crysta11ocIasts with 

formation of deformation bands del ineated by f ine  
p e r th i te s  (dark bands in P I .  5 -19 ) ,  with 
recrys ta l  I i z a t i o n  along displacement zones (with  no 
loss of cohesion) and 'necking' ( P I . 5 - 2 0 ) ; the oblique  
f o l i a t i o n  (S), i f  in terpre ted as a S-surface; wouId 
indicate a dextraI  sense of shear along the matrix in 
agreement with the 'book-she lf '  f rac tu re  in the 
feldspar; sketch from th in  sections of  
quartzofe ldspath ic  mg Ionites  at low angles to 
I ineat  ion; scale bar *  0.3mm [NG 978 717].

Plate  5-21 Grain s ize  reduction along f rac ture  in elongate
c r y s ta l lo c ia s t  of quartzofe Idspth ic  u l t ram yIon i te ;  note 
the round shapes of the remaining crysta l  fociasts along 
the rims of which f ine -gra ined  matrix is produced; 
section at high angle to I ineat  ion; XN, X25 [NG 971116].

Plate  5-22 Fracture d iu id ing feldspar c r y s ta l lo c ia s t  into two
ha lues (with  s l ig h t  ro ta t io n  and va r iab le  ex t inc t ion  
angles) in quartzofe ldspath ic  my Ion i te ;  note the 
displacement of smal ler parts  of the crysta l  loc iasts  
along obl ique (NE) probably younger f ractures  that  also 
a f fe c t  the matrix; section at low angle to L I ;  XN, X10 
[NG 971 716] .
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PI ate 5-23 ' Book-sheif '  displacement along oblique extensional
f ract  ures a f fect  i ng t mo feIdspar cryst a I lociast  s i n 
quart zo f eIdspat hi c my I o n i t e ; not e the sI i ghti  y uari abI 
angle of f rac tu res  and i ts  absence on the matrix;  
section at low angle to Menat ion;  XN, X I0 [NG 9717/6).

PI ate 5-24 Tuffaceous aspect and sheath fold in quartzofeidspathi  
my Ion ite ;  sect i on at hi gh anqIe to LI I i  neat i on ( see 
a I so PI .  5-325, P i .  5 -28 ) ;  negat i ue pr i nt of th in  
section; arrow 1.5 cm [ HG 973 701].

P la te  5-25 Deta i l  of part of P la te  5-24 showing the s tructure less  
aspect of the matrix  and i r re g u la r  i t i e s  of  the 
' c r y s t a l l o c i a s t  rims; XN, X I0 [NG 973 704].
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P1 ate 5-26 Uuar tzo f e !dspat hi c u11ramyIonite st aye showi ng t he
extremely f ine  s t ructure  I ess matrix observed in section cut at high 
angle to the l inear  fab r ic ;  note the very round feldspar  
c r y s t a I i o c I a s t s ; XN, X I 0 [Nb 971 716].

P1 a t e 5-27 Det a i l  of the quartzofeIdspathi  c u11ra_myI on i tes  
showing a f o I i a t i o n  (5 1 ) ,  deueIopment of anomaIous twinning in 
( I arge) f e I dspar cr yst a I I oc last s uj i t h i r  r  egu I ar r  i ms ( bot tom l e f t ) ; 

note the epidote crys ta l  loc ias ts  in the mica-r ich band of section  
( top r i g h t ) ;  XN, X I 0 [N6 973 704].

Plate  5-28 Myionit ized contact between f e l s i c  (quartz  and
feldspar) and mafic b i o t i t  e - r ic h  bands (SU and ME of the marks, 
respect i v e Iy ) i n my I on i t i  c gne i s s ; note t he abundant cryst  a 11ocIast s 
in the f e ls ic  (SU) band as opposed to the mafic one (ME) where a l l  
the b i o t i t e  wasV^down*;  section at high angle to l inear  fab r ic  
( c f .  P i .  5 -31 ) ;  X I0 [MG 972 716] .

Plate  5-29 Aspect of myionit ized interbanded gneiss ( f e l s i c  band 
at the bottom of photograph); note the oblique, a t t i t u d e  of  the 
my I on i t  i c f o ! iat ion (S I )  in re I at ion to t he band i ng ( a I most E-U) 
whose contacts are al ready folded (black layers are quartz bands); 
negative p r in t  of th in  section;  X2 [NG 972 716]

Plate 5-30 Relat ionship between s i l iceo us  layers and SI and S2 
fo I i  at i ons i n maf i c u11ramyI on i t e ; note the deformat i on bands 
p a ra l le l  to S2 which could be in terpre ted as an 'oblique f o l i a t i o n ' ;  
section at low angle to l in e a r  fab r ic ;  XN, X10 [NG 971 716] .

PI ate 5-31 Quartzofe ldspath ic  (MU) and micaceous (SE) bands at the
uItramyI oni te  stage; note the banded aspect of the rock in sections
at low angle to l inear  fab r ic  ( c f .  P I .  5 -28) ;  XN, X I0 [NG 971 716],

P1 ate 5-32 Quartzofe ldspath ic  and mafic bands cross-cut by SI 
mylonit ic  fabr ic  along ( F I )  fo ld  hinge; note the very round feldspar  
(white)  and the elongate epidote c ry s ta l lo c la s ts  (grey) ;  section at 
high angle to l inear  fab r ic ;  XN, X10 [NG 972 716].

PI ate 5-33 UItramyI on i te  in f e ls ic  (grey)  and mafic (b lack)  bands 
of gneiss; note the extremely small g r a in -s iz e  of mafic bands and 
the very round shape of fe ldspar  crysta I  IocIasts wrapped by quartz  
bands some of which show quite  transposed folds (bottom r i g h t ) ;  
section at low angle to l ine a r  fab r ic ;  XN, X I0 [NG 972 716].
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PI ate 5-34 Conyolute fo lds in myionit ized gneiss; black  
■Chin layers are my Ion i t i c  quartz bands; 
negative p r in t  of  th in  section; X2 [HG 972 
716] .

Pla te  5-35 M y lo n i t ic  ( S I )  f o l i a t i o n  oblique to
composit ional bands (Sb) in quartzofe ldspathic  
gneiss; PPL; X I 0 [HG 971 716].

Plate  5-36 Progressiue gra in  s ize  reduct ion in maf ic band 
of quar tzo fe ldspath ic  gneiss; note the 
granoblast ic  tex tu re  with large b i o t i t e  f lakes  
(bottom) passing ra p id ly  to a my Ion i te  with  
sub-microscopic matrix and very round epidote  
(grey)  and fe ldspar (white)  crysta l  lociasts  
( to p ) ;  XN, X25 [HG 978 717].

P late  5-37 fly Ion i te  developed in f in e ly  interbanded 
gneiss; note the s u b - id io b la s t ic  shape of  
epidote c rys ta I  IocIast  (bottom l e f t )  causing 
indentat ion of  the banding and the contrast ing  
grain s ize  between mafic (black)  and f e ls ic  
bands; XN, X I 0 [NG 978 717].

PI ate 5-38 Fracture with  carbonate i n f i l l  cu t t ing  across 
c a l c i t e  c rys ta l  showing conjugate kinks of  
twinning (bottom of g ra in ) ;  XN, X10 [NG 971 
716].

Pla te  5-39 Thinning of quartz  band against competent
epidote c r y s ta l lo c ia s t  in myionit ized mafic 
band of gneiss; section at low angle to l inear  
fab r ic ;  XN, X10 [NG 971 716]
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Plate 5-40 In ternaI  de formati  on ( a 1ong gra i n boundar i es) 
of we I I - rounded gne i ss I i  thoc Iast i n maf i c 
u11 ramyI on i t e ; note t he subm i oroecop i c e i ze of
the n a t r i x j  XN, X I0 [NG 971 716],

Plate  5-41 D isrupt ion of amphiboite l i th o c la s t  along 
i nt ergranu Iar  contact s where quart z with 
deformation bands ( in s e t )  has segregated; 
sketch from th in  sect ion;  scale bar *  0,5mm 
[NG 960 724],

Plate  5-42 Sharp t r a n s i t i o n  between u l tram yIon i te  and 
amph i bo i i t e prot o I i  t h wi t h remnant s o f 
granobI ast i c t exture ( bo11 om r  i ght );  note 
matrix  gra in  s ize ;  XN, X10 [NG 960 724].

Plate 5-43 Schematic representat ion  of anastomosing 
pat tern  of my 1 o n i t i c  banding (b lack) ,

PI ate 5-44 Fracture  a f fe c t in g  large amphibole
c r y s ta l lo c ia s t  (whi te )  in basic mylonite;  
section at high angle to l ineat ion;  PPL., X10 
[NG 960 724],

Plate  5-45 Discordant mass of pseudotachyIite (b lack)  in 
basic mylonite; PPL, X I0 [NG 960 724].

Plate 5-46 fingular and broken fe ldspar  crysta l  loc iasts  in 
submicroscopic opaque-rich matrix of  
(suspected) myionit ized pseudotachyIite; PPL, 
X10 [NG 960 724] ,

Plate 5-47 My I on i t i c amphibole schist representing
intermediate stages of g ra in -s iz e  reduction;  
PPL, X10 [NG 964 707]
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P 1ates 5-48,  48fi, 488
De format i on pat terns in 'mixed' my i on i te  shorn i ng garnet  
porphyroclast with narrow f ractures in the interna!  
zones ( P I .  5-48H) and progressive separat ion and grain  
size  reduction along the ' t a i l s '  (P I .  5-486’) ;  note the 
regu lar  f r a c t u r e  pattern (conjugate shear couple?) of  
sub-i  d i obI ast i c garnet ( t op l e f t  o f P I . 5 -48 ) ;  negat i ve 
pr- i nt o f  t  h i n sect i on (5-48)  and S . E . M. i mages ( 48fi, 
488); scale  ~X4, 40p, 40p respect ive ly  [NG 954 732],

P late  5-49 Carbonate (wh i te )  reaction product of f lu i d  
in te ra c t io n  with garnet c r y s ta l lo c ia s t  in 
' m i xed' my I on i t  e ; d e ta i l  of P I .  5-55; XN, X25 
[NG 967 721].

P1 ate 5-50 Rsymmetrical folds in quartz bands and 'book­
s h e l f '  f ra c tu re s  in garnet ( ' f ' )  and 
hornblende c ry s ta ! lo c ia s ts  (hb) in 'mixed'  
mylonites (cjf. P late  5 -48) ;  note that  both 
types of kinematic markers indicate a l e f t -  
l a te ra l  (on t h is  plane) sense of shear; PPL, 
X10 [NG 954 732].

P1 ate 5-51 Boudinage of hornblende (Hb) and 'book-shelf '  
f ra c tu re  in garnet ( '  f ' ) of mixed mylonite;  
note the asymmetrical t a i l s  of small amphibole 
crysta l  loc ias ts  indicat ing the same ( l e f t -  
l a t e r a l )  sense of shear; PPL, X1G [NG 954 
732].

P la te  5-52 Disharmonic fo ld  with 'detachment' zone in 
quartz band along the margins of the large 
garnet porphyrocIast ; note the id io b la s t ic  
garnet c rys ta l  overgrowing the mylonit ic  
banding; PPL, X10 [NG 954 732].
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PI ate 5-53 ft-syminet r  i ca I fold a f fec t  I nq my I on 11 i c band i ng 
in 'nixed' mylonite indicat ing l e f t  I at era I 
sense of shear; PPL, X10 [NG 951 732J ,

Plate  5 - 5 4 , 51H
L a p g e g a p n e t  c r  y s t a i I o c I a s t p p e s e p u i n q b i o 111 e -  
cunphibole rock uiith granoblast ic  tex ture  (P I .5 -51R )  
f  r  o m e f f e c t s o f  m y i o n 11 i z a t i o n; n e g a t i u e p p i n t  o f  f h i n 
section ( 5 -5 4 ) ,  X3; HH, H25 (5-54B);  [NG 967 7 2 ! ] ,

P late  5-55 Garnet c r y s ta l lo c la s t  nnth asymmetricaI
carbonate pressure shadow indicat ing  r i g h t -  
l a te ra l  sense of shear in 'mixed' my Ion i te ;  
XN, XiO [HG 97! 720],

P la te  5-56 Ui tramy Io n i te  from crmphibol I te ;  note the
submicroscopic grain size of matrix and round 
amphibole c rys taM o c las ts  (Hmph); PPL, X25 [HG 
967 721] .

PI ate 5-57 Structure  I ess aspect of mylonit lc  guartz-mica
schist in a section at high angle t o  the 
I i  n e ar f a br i c ; XN, X10 [ N G 971 6 9 6 ] ,

PI ate 5-513 Large fe ldspar (Kf)  porphyroc I ast with quartz  
and p lagioclase inclusions surrounded by f in e ­
grained quartzose myionit ic  banding in 
s i l iceo us  mica schist ;  note the e f fe c ts  of the 
F2 small fo ld  on to the quartz deformation  
bands; XN, X25 [NG 971 696],
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P 1 ate 5-59,  59R fisymmetri ca I ' augen s t ru c tu re s ' i nd ica t i  ng r i  qht-  
l a te ra l  sense of movement in carbonate (ca ) -bear ing  quartz  
mylonite ( c f .  F i g . 5 ,2 )  ; PPL, K25 [NG 967 722] .

PI ate 5-60 Largely preserved garnet porphyrocIast with inclusion  
t r a i l s  surrounded by my I on i t i zed mi ca - r i  ch mat r  i x o f muscov i t  e 
sch is t ;  XN, X10 [NG 970 696].

P la te  5-61 Id io b la s t ic  garnet (g t )  surrounded by f ine -g ra ined  
m i ca-beari  ng matr i x ( bi ack seams) i n my I on i t i zed muscov i t e 
sch is t ;  XN, X I0 [HG 960 707].

PI ate 5-62 Me!I-developed banding with pinch-and-swe11 s t ructures  
i n quart z - r  i ch bands o f my I on i t e ‘ squeezed * aqa i nst fe Idspar and 
garnet cryst a I Io c Ia s ts ; note the contrast i ng deformat i on sty  Ies 
of feldspars,  h i o t i t e  (dark bands) and garnets; XN, X I 0 [NG 962 
711].

PI ate 5-63 Indentat ion of quartz band (qz) against more competent 
f  e 1dspar cryst a I Ioc Iast  s (grey co i our due t  o i nc i pi ent 
a l t e r a t i o n )  in quartzofe ldspathic  mylonite; PPL, X I0 [NG 970 
696].

P 1 ate 5-61 fly I on i t i c features along SI f o l i a t i o n  obl ique to the 
banding; note the extreme deformation of the q u a r t z - r ic h  bands 
and amph i bo Ie cryst a I lo c la s t  s , the I at t er showi ng Iong ’ t a i l s *  of  
f ine -gra ined  m ater ia l ;  PPL, X10 [NG 971 696].

PI ate 5-65 Sheath fold ir}(i I tramy Ionite  from graphite -bear ing  
metasediment; note the transposed folds in q u a r tz - r ic h  bands 
( l e f t  and r ig h t )  of lab e l ) ;  p lates fi,B,C from l ight  bands at the 
top; negative p r in t  of th in  section, X2 [NG 976 691]

P1 ate 5-65R,B,C Uar ia t ion  of shapes of amphibole and garnets at 
d i f f e r e n t  scales; we I I-round amphibole of P la te  65fl shows 
i r re g u la r  rims with indentations p a ra l le l  to cleavage at higher  
power (P I .65B) ;  note id io b la s t ic  amphibole (top r ig h t  of P I .  65fl) 
and garnets with sp i ra l  inclusion t r a i l s  and i r re g u la r  to  
p e r f e c t ly  s t ra ig h t  rims overgrowing mylonit ic  matrix (P is  656,C);  
PPI; X2, 10p, 10p respect ive ly  [NG 976 691].
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P1 ate 5-66 Shear and pressure solut ion along S2 cleavage 
a f fe c t  ing twins of c a i c i t e  porphyrociast in 
carbonate-bear i  ng mylonite; XN, X25 [NG 956 
708].

P la te  5-67 Contrasting textures between c a i c - s i I i c a t e
gne i ss ( granobi ast i c ) and f  i ne carbonat e - r  i ch 
mat r  i x wi th we i 1-rounded amph i bo Ie 
c r y s ta l lo c la s t s ;  XN, X10 [NG 973 704].

PI ate 5-68 L i th oc las t  of  f ine -gra ined s tructure less  
fe ldspath ic  rock ( la rge  dark fragment) 
together with amphibole and feldspar  
cryst  a 11ocIast s i n carbonate-r  i ch mat r  i x of  

caic-myIonite  ; XN, X10 [NG 973 704].

P late  5-69 Myionit ized carbonate-bearing with elongate
deformation bands of quartz and f ine  t a i l s  of  
gra in -s ized  reduced carbonate p a r a l le l  to a 
fo ld  ax ia l  plane; PPL, X10 [NG 971 696].

P la te  5-70 UItramyI on i t i c  band a f fe c t in g  c a l c - s i I i c a t e  
gneiss with large epidote and amphibole 
c rys ta ls ;  note the r e l a t i v e  sizes of epidote  
and fe ldspar  c rys taH oc  Iasts in the matrix;  
XN, X10 [NG 973 704].
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6 .1  INTRODUCTION
The aim of t h is  chapter is to assess the evidence from which the 
f i  n ai geomet r  ie s o f t he s ucce ssIu e Iy  f ormed foid s t r  u ct u re s c a n be 
re la ted  to t h e i r  stage by stage development, and to deduce t h e i r  
overa ll  kinematic h is to ry ,  in the f i r s t  section the geometry of  
the Let terewe synform as determined from f i e l d  studies,  and the 
i n t e rp re ta t  ion tha t  i t  exerc ises contro I over the deve1opment o f 
the F3 and FT fo ld  sets,  is assessed by an analysis of the 
or i e nta t i  o n data.  T he se c on d sec t  i on c o m pr i s e s an e va 1ua t i  o n o f 
the deformat iona1 mechanisms l i k e ly  to be responsible for the 
geometries of the FT, F3, F2 and FI folds,  as well as a discussion  
o f t he ex i st i ng k i nemati c mode 1s for fold be 11 s w i t h t he 
const ra i nts provi ded by th i  s st udy. The t h i rd sect I on i ncIudes a 
( ma i n l y ) qua 1i t at i ue est i mati on of t he f i n i t e  s tra  i n wh i ch can be 
used to constrain the kinematic in te rp re ta t ion  and the model

proposed for  the evolut ion of these rocks (Chap.8 ) .

6 . 2  GEGIIETRICfiL RHRLVSIS

6 . 2 . 1  A n a l y s i s  o f  t h e  O r i e n t a t i o n  Da t a .

The approach here does not fol low the systematic fabr ic  ana lys is  as 
presented by Turner and Uelss (1963).  I t  is rather  an attempt to 
use the density  'po le '  diagrams to cross-check and i l l u s t r a t e  the 
geometry of  large s tructures  mapped in the f i e l d ,  according to the 
p r inc ip les  discussed in Chapter 3. fis many authors have pointed  
out (e .g .  Hopgood 1980), the use of these diagrams to work out the 
geometry of polydeformed rocks (such as the present case) can be 
very misleading where four phases of approximately coaxial  fo ld ing  
are demonstrated from f i eId re 1 a t i  onshi ps.

The u nc er ta in t ie s  about the r e l a t i v e  age of several features in 
each domain ( in  p a r t ic u la r  L1xL2xL3 in domain i l l . ,  folds in domain 
IU, L1xL2 in domain I I  and F2xF3xFT in domain I.) precluded the use 
of tens to hundreds of measurements from each domain. Due to the 
v a r ia t io n  of  a t t i t u d e  and d is t r ib u t io n  of the various s t ruc tura l  
features, mainly as a resu l t  of (a )  re fo ld ing  and inte rference  
between s t ructures ,  (b) ch a ra c te r is t ic s  and complexity of
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deformation mechanisms and (c)  rheological propert ies of the rocks,  
t he mesoscop i c ana lys is  o f t he fabr i cs ujas rest  r  i ct ed t a doma i ns i 
and I I ,  where the geometry of the large fo ld can be observed in the 
f i e l d ,  In th is  way the d i f f e r e n t  y a r i a b I e factors are constrained  
to the greatest possible extent .  The measurement of the structures  
corresponding to each recognized deformationai phase (e .g .  * 5 1 '— 
to ta l  designates a l l  the measurements of SI in a given domain) 
ujere divided In two parts  correspondIng to the outcrop posit  ion 
a I o n g t h e s o u t h w e s t e r  n o r n o r  t h e a s t e r  n I I m b s o f t h e I a r q e f o I d Maps|nri
This procedure caused a bias In the pole density diagrams ( e , g . the
1pred i cted samp Ie mean a t t  i tu d e1 vaIues of each di aqram) due to the 
asymmetry of the large fold (HE ‘ verpence1) and i ts  in tersect ion  by 
the t opograph i c sur face ( see Sect s 2 ,2  and 8 . 3 ) i mp I y i ng that  far  
more r eadings f r om t h e  HE I imb uje r e r e cor ded. In addi t  i o n t h e
var i abIe i ntens i ty  of the d i f ferent  fo Id  sets ( F3 and F4
respect ive ly )  on the d i f f e r e n t  limbs means that any reconstruction  
of the geometry and a t t i t u d e  of the s tructures  should not be based 
on averages or on posit ions of maxima of pole density diagrams,, but 
instead, on qu q11 ta t  Iue data co l lec ted  In areas of weak 
overprint ing ( e .g .  the hinge zone of the large fo ld ) .

Dom iin /  -  (k m rtz o fe fd s p c ith fc  nne i  3 nea and anph/bo /  / 1 as

The diagram of LI along the HE limb of the synform shows 
predominantly the e f fe c ts  of F4 folds.  Since L1 and L2 are co­
axial  ( c f , diags 5; and 12) the F2 folds should not a f fec t  the LI 
d is t r ib u t io n  pat te rn .  The e f fe c ts  of F3 can also be neglected  
s i nee F3 f oIds were not id e n t i f ie d  a Iong th is  ( HE) I i mb, suggest i ng 
that the geometry and pos it ion  of the (F2) synform was s im i la r  to 
that observed nowadays. Even i f  they were present, as long as they 
keep a t t i tu d e s  and geometries s im i la r  to the F3 structures observed 
along the SU limb (open folds with Hli-SE- trending axes and shallow 
plunges -  d ia g .15) of the synform, they are not expected to cause 
any s i gn i f i cant influence on the LI pat t e r n . In th is  way the 
strongest influence on the LI d is t r ib u t io n  pattern is caused by the 
F4 folds which have more SE-S-trending axes. Since these folds  
were p r e f e r e n t ia l l y  developed along the HE limb of the synform the 
L1 scatter ing  along t h is  limb is expected to be high ( c f . diags 6 
and 7) confirming the f i e l d  observation that re fo ld ing  of LI by F4
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folds is the pr inc ipa l  fac tor  co n t ro l l in g  the HE plunges of LI (see 
P l . j . 3 3 ) .  0 iagran 6 shows the r e p e t i t io n  of LI poles in the HU
quadrant as well as asymmetrical g i rd le s  along serial 1 c i r c le s  around 
the locus of the mean F4 fo ld  ax is  (Diag. 17).  The weaker NU 
secondary pole could be in te rpre ted  as ind icat ing  the predominant 
SE plunges of LI since the F4 are in general r e l a t i v e l y  open 
symmetrical folds and the angle between the average LI and L4 
trends i s re 1 a t i  v e !u 1ow ( - 3 2 ° ) .  The re 1 at i v e 1g open geometry of  

these folds is also probably responsible for  the r a r i t y  of s teep ly -  
plunging L1 l ineat ions (Diag. 5 ) .  This pattern supports the 
features indicat ing the dominant ro le  played by f lexura l  mechanisms 
dur i ng F4 deueIopment ( see S e c t . 6 .2 .1 .1  and 6 . 3 . 3  for  dIscussI o n ) . 
The S-composite diagrams (S banding + S I ) ,  on the other hand, show 
the e f fe c ts  of a l l  deformational phases younger than CH (D iag . l ) .  
This involves the assumption that  the composite banding was an 
approximately planar feature at the f ina l  stages of  the D1 episode,  
something which is not u n l ik e ly  considering the high s t ra in s  
a t ta ined .  Diagram 2 snows the sca t te r ing  of SI in domain I .  D2 
and D4 folds are p r in c i p a l l y  responsible for t h is  pat tern since the 
other sets are only lo c a l ly  developed. The behaviour of SI was 
examined by p lo t t in g  the FI ax ia l  planes corresponding to the HE 
and Sl-J limbs of the large fo ld  as well as the e n t i re  domain (Diags  
j ,  4, 2, r e s p e c t iv e Iy }.  The p lo t t in g  of ' t o t a l '  hi (Diag. 2) shows 
a we I 1-deveI oped g i r d le  along a great c i r c l e ,  a pat tern  very 
s i m i 1 ar to t he ' t ot a I ' band i ng i nd i cat i ng t he i soc 1 i na 1 charact er  
of the FI folds and a common post-01 h is tory  for these- s tructures .  
The pole of t h is  g i rd le  shows a loro plunge towards the SE (05:121)  
and, fol lowing the c lass ica l  approach, would be in terpreted as 
marking the posit ion of the fold axis  a f fe c t in g  the SI f o l i a t io n .  
However, th is  pole is a composite feature, represent ing the locus of  
L2 (see mean a t t i tu d e  sample of diagram 13) and F4 axes (eastern  
most pole of diagram 17). P lo t t in g  of S1 into diagrams 
corresponding to the reworked HE and r e l a t i v e l y  preserved SU limbs 
(D iags.3 and 4, resp e c t ive ly )  3homs that the NU-extending g i r d le  
(o f  diagram 2) is absent in the Sli limb of the synform (Diag. 4)  
suggesting that  i t  was produced by F4 fo ld ing of a more SE-E -  
s t r ik in g  (S1) f o l i a t i o n .  This seems to be confirmed by a s im i la r  
asymmetry of the g i rd le  of F2 axia l  planes (Diag. 29) along the 
limb of the large F2 fo ld .
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The sca t te r ing  shown by to ta l  L2 (Diag, 12) is very s im i la r  to 
t o t a 1 L1 (Diag. 5) with two of the density pules (the more e a s te r ly  
ones) showing good superposi t ion.  The locus of the predicted mean 
sample a t t i t u d e  trends approximate Iy 10° southwards from L1 (L2 =
16:125, LI = 07:116) ,  S im i la r ly  to that observed for L I ,  tne i_£
1ocu s s 11 o ws t w o s l i g h t l y  d i f f e r  e nt con ce n t r  at i on po1e s wh e n 
measurements corresponding to HE and Sl-i limbs of the large fold are 
p l o t t e d , wi th 1 east af  fected L2 1 ineat ions trending SE-E ( Diags, 12 
and 13). The plunge and trend var ia t ions  along the SE quadrant of  
diagram 6 is mainly a FT e f fe c t  since there Is a progressive  
decrease of plunges of the concentration poles as they are s h i f te d  
towards the southeast and south. The diagram corresponding to the 
ME limb (No. 13) shows that  the concentration pole is elongate  
towards the south where the l ineat  ions become progressively  
sha 1 1 ower and Nl-i-p 1 ung i ng. Th i s t r  ans i t i ona 1 pat tern  suggest s t  hat 
both va r ia t io n s  (o f  t rend and plunge) have a common cause, v i z . the  
e f fe c ts  of  the FT folds,

The d i st r  i buti on of the F2 axia l  pi ones (Diag. 9) is s i m i 1ar t  o S1 
demonstrating again the importance of the DT episode. The somewhat 
high s t r i k e  dispersion of th is  diagram can be interpreted in terms 
o f an or i g i na I I y more E-l-1 st eep 1 y-d i pp i ng f o 1 i at i on be i ng rot at ed .

Diagram 11 shows the F2 axial  planes along the Sli limb where i ts  
Iow ang1e of s t r ik e ,  steep 1y-dipping a t t i tu d e  and non-pervasive  
nature would favour ro ta t io n  ra ther  than re fo ld ing  during DT 
deformation. This seems to be confirmed by f i e l d  observation where 
the few examples of F2 refolded by FT were id e n t i f ie d (c f .H a p  3 .3  ) .  
In contrast the S2 f o l i a t i o n  is idea l ly  posit ioned to be a f fec ted  
by the la te  phases ( p a r t i c u I a r I y  F000° and F0T0°) which, due to 
t h e i r  large wavelengths and intersect ion angles with S2 (Diags 29 
and 30) ,  would mainly cause a swing of the s t r i k e  of S2 (D ia g .9 ) .  
Assuming that  both limbs of the large synform could be a f fec ted  by 
the la te  phases, the d i f fe rence  of S2 dispersion between these two 
limbs ( c f . diagrams 19 and 11) would be mainly a function of FT 
r e fo ld ing  on the NE limb. Such an in te rp re ta t ion  seems to be 
reasonable even i f  the e f fe c ts  of the F3 folds are considered.
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This is because these D j  e f fe c ts ,  as we I I as only being developed 
along the SN limb of the F2 synform are expected to cause only 
var ia t ion s  ot the d i p of S2 since these two phases are genera l ly  
co-axia l  ( c f . diagram 15).  Accordingly,  the absence of a w e l l -  
marked g i rd Ie  ext end ing towards t he cent re of th is  d i agram ( No. 15) 
can be a t t r ib u te d  to the generally  large inter! imb angle of the F3 
folds in th is  domain (see Chap.3);  th is  is in marked contrast to 
the equ i va1ent di agram f or t he amphi bo Ie schi st ( D i ag . 18).

The S3-L3 diagram (No. 15) shows the sca t te r ing  of the ax ia l  planes 
of recumbent folds (along the Sli limb of the synform). This 
dispersion is probably an o r ig ina l  feature (not caused by 
re fo ld in g )  since the FT folds are only loca l ly  developed in th is  
part of the domain and the la te  phases are usually  best observed 
where a f f ect i ng steep 1y d ipp i ng fo 11 at i ons. This i s a I so a I i k e Iy  
exp I anat i on f or the var i at i ons in st r  i ke ( ma in ly )  shown by ST ( D iag 
16).

D om iin  / /  -  f is p h ih a ie  s c h is ts

The ana Iys i s of the dens i ty  poIe diagrams in domain I I  ( amphibo Ie 
schis ts)  is more complex due to the close a t t i t u d e  of L2, L3 and LT 
I ineat ions in th is  (SU) part of the domain (Diags/ws) , where most 
of the features present overlapping g i rd les  (see angular standard 
dev i at i on vaIues) .  However the patt  erns are s i m i I a r  t o t  hose 
obtained for domain I with the d i f fe rence  that in th is  case the 
deformationaI phase co n t ro l l in g  the outcrop pat tern is F3 
(recumbent fo ld s ) ,  instead of the upright FT folds.  Diagram 19 
shows the dispersion of L2 I ineat ions where a g i r d le  with a 'weak' 
iT 14—SE elongation connects the concentration piole of SE—plunging 
I ineat ions with the few that plunge Nil. The weak g i r d le  is in 
agreement with the geometry of th is  part of domain I I  (most 
measurements came from the Sli part of domain I I )  where the 
moderately SE plunging L2 I ineat  ions are s l i g h t l y  a f fec ted  by sub- 
horizontal to low (NU)-pIunging F3 folds (Diag. 21) .  The F2 axia l  
planes show a large dispersion with a g i r d le  extending roughly 
along a NE-SU d i re c t io n  (Diag. 18). The dispersion is probably 
caused by the F3 folds and i f  a great c i r c le  containing the 
principal  concentration poles is traced, i ts  pole (07:113)  
coincides pe r fe c t ly  with the L3 SE-plunging density pole, at
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exact I y 180'"' t o t he pred i ct ed mean at t i t ude samp I e . The F3 ax i a I 
p I ane d i agram 20} shows a cons i der ab i e d i specs i on. The best f i t 
of a great c i r c l e  containing the highest density contours has i ts  
pole very close to the predicted mean sample a t t i t u d e  of the F3 
axes (Diag. 21) instead of the pole for the FT axes as would be 
expect ed in a s i t  uat i on i nvoIvi  ng these t wo phases. fi11 hough th i s 
could be a co i nc i dence since most o f the fo I ds haue N1-1 - SE t rends 
and the g i r d le  is not eery well defined, the pattern could have 
been produced by the curved axia l  planes frequent ly  observed in 
these folds,  i f  t h is  feature  is also reproduced in large scale .  I f  
th is  is the case i t  was not produced by re fo ld ing .  Instead i t  is 
re la ted  to the mechanism of fo ld  formation (see section 6 . 3 . 4 ) .

The D4 s t ruc tura l  features in th is  domain are shown in diagrams 22 
and 23. The contrast in dispersion between fold axes (see angular- 
standard dev ia t ion values)  and axia l  planes are probably due to 
both geological and non-geo logical  factors .  The former includes 
the v a r ia t io n  of fo ld  plunges due to the previous a t t i t u d e  of the 
affected planar s t ruc ture  ( l imbs of F3 folds,, in th is  domain) as 
well as the non-cyI indr ica l  nature of the folds produced during  
th is  deformation phase; th is  l a t t e r  factor  is thought to be the one 
responsible for the extension of the g i r d le  towards the centre  of  
t he d i agram. H cont r  i but ion of t  he la te  phases is a I so I Ike Iy  but 
tbought to be very I oca I i zed because of the i r regu Iar  di s t r  i buti on 
o f t  hese struct  ures and t he probIems of re fo ld !ng  t he re I at ive Iy  
open F4 folds. The non-geo Iogical  factors can be explained by the 
d i f f i c u l t i e s  involved in the precise location of the axial  planes 
of these folds both as a function of (a)  t h e i r  large in te r  limb 
angles and (b) the in d is t in c t  nature of t h e i r  a x ia l -p la n a r  spaced 
cleavage. The i d e n t i f i c a t io n  of th is  l a t t e r  features has heavi ly  
re I i  ed on the or i entat  ion cr i  t e r  i on and a 11hough th is  couId exp la in  
the r e l a t i v e l y  small dispersion of s t r ik e s  it  does not expla in  the 
var ia t ions of dip,  something which could be a t t r ib u te d  to fanning 
of the cleavage.

Bobu in H i  -  tietasedinents

Diagrams 24, 25, 26 and 27 show the D2 and D3 s tructura l  features  
in domain I I I .  The large dispersions (see respect ive angular
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standard dev iat ion  values) r e l a t i v e  to the structures of the same 
age in the other domains can be explained in terms of the 
rheological behaviour of these rocks. The abundance of p e l i t i c  
material  means that folds are t i g h t e r ,  planar s tructures better- 
developed and loca l ized t ranspos it ions  more l i k e ly  than in the  
other domains. I t  also means a b e t te r  development of the la te r  
folds (see Hap 3 .4 )  which are probably the main cause for  the  
present di spers i on.
I n add i t i on de format i on mechan i sms were probabIy more var i ed and 
accent uat ed v i scosi ty  centrasts  bet ween m i ca - r  i ch mat r i  x and 
fe ldspathic  competent bands (from which most measurements were 
taken) have favoured the development of ptygmatic and dishannonic 
folds, fis already re fe r re d  to in section 3.3 the similar-  
character i st i cs and a t t i tu d e s  of s tructures of d i f f e r e n t  age in 
th is  domain means that the p r o b a b i l i t y  of mi si d e n t i f i c a t i o n  of  
structures is high, even though the p lo t ted  structures were 
c a r e fu l ly  selected.

Despite these factors the pole of a plane containing the  
concentration poles of F2 ax ia l  planes p lots  close to the
'p re d ic te d 1 mean a t t i t u d e  sample of F3 axes (D iags.24 and 27 ) .  The
F2 axes show shallower plunges than in the other domains (c f .D iags  
12,19 ,25 ) .  The measurements p lo t t in g  in the HE quadrant correspond
t o t he out crops w i t h comp I ex re fo Id i  ng of F2 axes( e . g . P I s .
3 .1 8 ,4 1 ) .  fis already re fe r red  to (sect ion 3 .3 )  the best developed 
I ineat  ion in th is  domain ( 'q u a r t z  rods ' )  is in most cases l i k e ly  to 
be an L I -  L2 feature but since i t  is d i f f i c u l t  to be c e r ta in  of i ts  
age on the basis of i t s  nature (but see S e c t .8 .3 )  or o r ie n ta t io n  
( c f . diagrams 25 and 27) they were not included in these diagrams.

The F3 ax ia l  planes show a HE-SU-extending g i rd le  which is 
interpreted here as a product of F4 fo ld ing as suggested by f i e l d  
observations (c_f. D iag .26) .
fis demonstrated in diagram 28, the F4 folds in th is  domain show 
high sca t te r ing  of a t t i t u d e  of fo ld  hinges, possibly re s u l t in g  from 
the mechanism of fold formation as well  as d i f f i c u l t i e s  of precise  
location of the hinges.

The a t t i t u d e  of la te  phase s tructures  is shown by diagrams 29, 30,
rv n\/ I .n I r\ I ^ j-. „-\ k. in •■■a! I Jai ia I nnrt J ^ /*. r. f i*. p f j r~.

J l  UIIU UrfC. . MIG U A I U I  |J IU IIC O  OIIUW WC I I "U C V C  I UJJCU GUI lUCII L f ’Q i  I Ul I

Structural Geology- Loch Maree 188 Chapter 6 - Interpretation of Structures



poIes Hii th s l ig h t  var iat  ion of dips around the vert icaI posi t ion, 
possibly the resu l t  of cleavage fanning. The number of measured 
axes was not enough to be contoured, because they were d i f f i c u l t  to 
measure for open fo lds,  p a r t i c u l a r l y  where the plunges were steep.  
The axia l  plane diagrams represent mainly the a t t i t u d e  of spaced 
cleavages with the good concentrations in the diagrams r e f l e c t i n g  
the f i e l d  cr i t e r  i on used for  the i r  i dent i f i cat i on ( or i entat i on) .

D i agrams 3 5 , 3 6 , 3 7 ,3 8 , and 39 show the d i s t r  i but i on and a t t  i tudes of  
structura l  elements of several ages as measured in d i f f e r e n t  
doma i ns.

6 . 2 . 1  .1 f inalysis of L I -L2  de formati  on pat t  erns i n re lot ion to 
mechanism of f o Id in g .

The L1-L2 I ineat  ion pat terns  produced by deformation around F4 and 
F000° folds in domain I were analysed with the object ive  of  
prov i d i ng addi t ionaI ev i dence about the mechan ism of F4 f o Id in g .

S i nee t he ma i nt enance of anguIar re 1 at ionshi ps ra t  her than dens i t  y 
d i st r  i but i on is the i mport ant f act or an equaI angIe st ereonet 
(U u l f f  net)  was used in t h is  section.  From a l l  the analysed cases 
only 2 examples representing two basic types of pattern observed 
w i l l  be discussed here. Diagram 33 shows the most frequent  
pat t ern , with t he I i  neat i ons d i st r  i but ed a Iong smaII c i rc Ies
keeping a constant angle with the F4 fold axis.  The second
observed pat tern shows an intermediate d is t r ib u t io n  between small 
and great c i r c le s  (Diag. 34) with the most steeply  plunging 
I ineat  ions presenting the highest dev iat ions towards great c i r c le s .

The in te rp re ta t io n  of the small c i r c le s  d is t r ib u t io n  as being *
produced by buckling is extens ive ly  discussed in the l i t e r a t u r e  
( c f . Ramsay 1967, Ghosh 1974, Ghosh and Chatter jee  1985). In 
competent layers the ea r ly  l inear  structures are rotated around the 
axis of the la te r  fo lds,  keeping a constant angular re la t io n s h ip .  
Since these s tructures were only measured for competent layers 
(which are the ones preserved in three dimensional outcrops) the 
only addit ional  s t r a in  to be accounted for in these bands would be 
the one produced by tangent ia l  longitudinal s t r a in .  This would

Structural Geology- Loch Maree 189 Chapter 6 - Interpretation of Structures



tend to increase and decrease the angles between ( fo lded)
I ineat  ions and fold axis  in the external and internal  parts  ( in  
re I at i on t o the neutraI  surf  ace) of the foId respect i u e I y . fis 
noted by Ghosh (1974, p .268 } in very competent bands t I  ike these 
quart zo f e I dspat hie I ay er s i nt er banded uj i t h b i ot i t e - r  i ch un i t s )  the  
e f f ect s o f bot h i n i t i a l  ( I  ay er para M e l )  st r  a i n and I at e st age 
s t r a in  are n e g l ig ib le ,  i t  seems, however, that i f  the layer has 
su f f er ed i n i t  i a I homogeneous st r  a i n ., as t ot a I short en i nq est i mat es 
suggest (sect ion 6 , 2 , 2 . 3 ) ,  t he anguIar re I at i onshi p between foIded 
I ineat  ions and fo ld  axis  w i l l  tend to remain constant, On the  
other hand, the t r a n s i t io n a l  pat tern  (between small and great  
c i r c le s )  is in te rpre ted  here as being produced during 
(homogeneous?) deformation of the buckle folds,  possibly at the 
la te  stages of folding,, as seems to be indicated by the 
pre f erent i a I reor i  ent a t i on o f t he a I ready more st eep i y piung i ng 
I ineat  ions. In any case t h is  and the above discussion (sect ion
6 .2 )  seem to contradic t  conclusions by Odd l ing (1984., p. 59) where 
the var iab le  plunges of LI (L2 ?) l ineat ions were a t t r ib u t e d  to 
changes in shear d i r e c t io n  throughout the h is tory  of the shear 
zone. I n add i t i on, the SE- p I ung i ng pattern of most fo ld  hi nges and 
I i  near features throughout the deformat i on hi story i s i nterpreted  
here as an i nd i cat i on of the or ig i na11y SE-pIunging and SE-dipping 
of the s t re tch ing  I ineat ion and shear zone at Loch Maree ( c f .  Chaps 
6 ,8).

6 . 2 . 2  FOLD GEORETRY

6 . 2 . 2 . 1  Introduction
Although during the last 20 years the study of deformed rocks has 
seen a considerable progress in terms of the q u a n t i f ic a t io n  of the 
deformation through the ap p l ica t ion  of mathematical methods and 
pr inc ip les  of mechanics, the study of folds and t h e i r  mechanisms of  
formation has received r e l a t i v e l y  l i t t l e  a t te n t io n .  Recent 
contr ibut ions include the work of Oertel  (1974),  Groshong (1975),  
Mitra (1978),  Oertel  and Ernst (1978),  P f i f f n e r  (1980),  Spang et 
a I . (1980),  Spang and Groshong (1981) and Hudleston and Holst  
(1984),  most of which concentrated on the deta i led  analysis  of
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( i nd i v i dua I ) f o I ds at high s truct  ur a i i eve i ra t  her t hart on fold  
t ra in s  which was the p r i o r i t y  during the 1960's,  when the pioneer  
work of Ramberg (1961) and Biot (1961) s tar ted  the systematic  
inuest igat ion of these s t ructures ,  fl possible reason for the  
rar  i ty  of studies inuoIuing fo ld  geometry and s t r a in  d i s t r i b u t  ion 
in rocks seems to be the sca rc i ty  of su i tab le  mater ial  together  
w i t h t he comp I ex i t  i es of t he deformat i on w i t h d i f ferent  part s o f 
the s tructure  fo l lowing d is t in c t  deformation paths (see Gairo la
1978). However, most natural folds seem to be the resu l t  of  some 
sort of buckling in which i r r e g u l a r i t i e s  on the surface between 
layers of d i f f e r e n t  v i s c o s i t ie s  become s e le c t iv e ly  ampl i f ied  during 
compression at low angles to the layering (Ramsay 1967, p . 372).
The theory of buckling was best developed for the case of s ingle  
embedded layers fol lowing the ear iu  work of Biot (1961) and Ramberg 
(1961) on e l a s t i c  and viscous m ater ia ls .  I t  has largely  b en ef i t ted  
f rom experi ment a I and mat hemati c a 1 work dur i ng the la te  si xt  i es 
(Biot 1964,1965 a ,1965b; Ramberg 1963a,1963b; Chappie 1968,1969;  
Sherwin and Chappel 1968; D ie t r ic h  and Carter  1969; Ramsay 1967) in 
p a r t ic u la r  with the work of Sherwin and Chappel (1968) where the  
e f fec ts  of layer p a r a l l e l  shortening during buckling were 
evaluated. In th is  way the conclusion of Biot (1961) and Ramberg 
(1961) that  fo ld ing is r e la te d  to the thickness of the layer being 
deformed and the contrast between t h is  layer and the surrounding 
materia I^expressed by equation ( 1 ) .

Ud = 2It (jii)V 3
6ji2 (1)

where Ud = dominant fold wavelength 
t = thickness of the layer  

p. 1 jjl2  = v iscos i ty  of the layer and medium respec t ive ly .

(Biot 1961,p . 1614; Ramberg 1961,p . 418)

This equation was modified to accommodate the pre-buck l ing  
homogeneous deformation ( ' l a y e r - p a r a l l e l  shorten ing ' )  discovered to 
be s ig n i f ic a n t  in folds with less than 15° of limb dip (equat ion 2 
which was modified by Hud lest on 1973a,p .29) ,  beyond which the fold
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development is re la te d  to i t s  amplitude. The 'c o r re c t '  move length 
(U) is dependent on the r a t i o ‘ U/Ud and limb dip.

Ud = 211 (jil 1 S J . )1 /3
6jj.2 2 S2 (2)

where S = (Al/A2)^‘  ̂ of  the homogeneous s t r a in
(Sherwin and Chappel 1968 re w r i t te n  by Hud lest on 1973a,p.29)

Host invest igat ions t ry in g  to determine the nature of the fo ld ing  
and the rheological  p ropert ies  of the a f fected rock.3 have been 
based on fold geometry ( in  p r o f i l e  sec t ion ) ,  arc length/ th ickness  
ra t  i os and s t ra  i n d i st r  i buti  on.

Fold shape analysis was used in t h is  study due to the r a r i t y  and 
scattered nature of the po ten t ia l  s t r a in  markers such as the 
phenocrysts in some amphibol ite  bodies. I t  was thought that  due to 
t h e i r  abundance and widespread occurrence these folds could be used 
to constrain the kinematic ana lys is  as well bs to help with the  
fa c to r iz a t io n  of the f i n i t e  s t r a in .  The fold c l a s s i f i c a t i o n  
fol lows the approach developed by Ramsay (1967 ,pp.359-372) which is 
considered to be the only q u a n t i t a t i v e ly  based fo ld c l a s s i f i c a t i o n  
system ava i lab le  that al lows folds to be compared unambiguously. 
Basica l ly  i t  involves computations made on fold p r o f i l e s .  The 
layer thickness (toO is measured between two tangents with the same 
dip (a )  bounding the upper and lower surfaces def in ing the fo ld .  
This is expressed as a r a t i o  ( t 1) of  the t a / t o ,  to being the 
thickness measured in the hinge, along the l ine connecting the two 
maximum in f le c t io n  points  ( F i g . 6.1 FI). The changes of  fo ld  shape 
are represented by a graph of t l  against a  ( F i g . 6 . 1 ) .
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B oc.

F o ld  IA

Figure 6 .1 . fl. Fold p ro file  showing relationship of layer thickness <ta> to 
limb dip (a ) . B. Fold c lass ifica tio n  system based on limb dip and layer 

thickness <A fter Ramsay 1967. figs 7-18 and 7-25).

Where l ines ( isogons) connecting the points formed by the tangents  
at equal dip (<x) are traced across the fo ld they exh ib i t  a 
c h a ra c te r is t ic  pa t te rn  which was used to c la s s i fy  the folds into  
three d i s t in c t  classes ( F i g , 6 . 2 ) .

n ' '
s u rfa c e

fo ld  I Class M

l r

Fold 3 Class IB (paroilrl)

Fold 5 Class J

Figure 6.2 . Fundamental types of fold classes. Dip isogons have been drawn at 
10° intervals from the lower to the upper surfaces X and V <Reproduced from 

Ramsay 1967,F i g .7-24).

Class 1 folds show a more open curvature of the outer arc co Hi pared 
to the inner arc.  Class 2 folds have the same arc curvature and 
Class 3 folds shorn a more open curvature of the inner arc.  These 
geometrical propert ies  are important since they r e f l e c t  the 
rheological  propert ies  of d i f f e r e n t  layers during fo ld ing.

From more than two hundred photographs of folds, s i x t y - f i v e  (from 
two domains) mere selected for treatment.  Features l ike  the
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presence of reve rse  fo ld ing ( p a r t i c u I a r Iy in F4 f o l d s ) ,  
asymmetr ica l  s t r u c t u r e s  w i t h  s ho r t  l imbs and poor I y - d e f i n e d  markers 
to g e th e r  with the s l i g h t  o b l i q u i t y  of some photographs, were the  
p r  i nc i pa I causes f o r  t  he i r  e I i m i not  i o n , The r e s t r i c t  i on o f  t he 
a n a ly s i s  to domains I and I I  f o l d s  was d i c t a t e d  by t h e i r  known 
r e l a t i o n s h i p  with the Let t e r ewe Synform, as we l l  as to t h e i r  more 
r e g u la r  geometry c o n s id e r in g  the l i m i t a t i o n s  of the  a p p l i e d  method,

ft bias towards high s t r a in  was c e r ta in ly  introduced during t h is  
ana Iys i s s i nee we I I -deueI oped foIds wi th smaII i nter11 mb angIes,  
contrast ing markers ( e , a , amph i bo I i  te  bands) and h ighly  regu lar  
pro f i Ies  w e r e  pre f erent i a IS y seI ee led , This means that  \ f  buck 1i ng 
was involved in the formation of these folds the se lec t ion  o f  ®*e!!~ 
i nt erbanded un i ts  wi t h a vani et y of ! i tho Iog ies wou!d sh i f t  the 
r esu l ts  towards folds with geometry of classes I (1C in 
p a r t ic u la r )  and 3. In some cases the fold p r o f i l e  analysed mas 

probably not a p r inc ipa l  plane of  the bulk f i n i t e  s t r a in  e l l i p s o i d  
( Hud Iest on 1973c, p . 130) but s i nee 1arge dev i a t i  ons are not 
expect ed, th is  did not cause much inf!uence on t he ana Iys i s . in 
addit ion  to these problems we should consider the po ten t ia l  
handicaps involved in a graphical solut ion ,  such as the lack of  
precis ion in t rac ing  the tangents as well as the exaqqerations o f  
irregu i ar i t i es produced duri ng photographIc enIargements of  
p r o f i l e s  of small folds,  This was the main reason why the 
presentation of the fold isogons are avoided throughout t h i s  study.  
The p re fe re n t ia l  se lec t ion  of F2 and F4 folds for ana lys is  was not 
only because of t h e i r  we i I -deueI oped nature in the selected domains 
but also due to t h e i r  importance for the geometry of the 
macroscopic fo ld .  In add i t ion  i t  was hoped that  the analys is  o f  

sp e c i f ic  aspects of the deformationaI h is tory  given by the fo ld  
geometry and t h e i r  sequential  development would p ro v id e , vatucikle 
elements for es tab l ish ing  a kinematic model for these rocks.

The analysis has fol lowed a fashion from the youngest t o  t h e  oldest  
structure .  This approach is the simplest way o f  giv ing a 
q u a l i t a t i v e  view of the complexity of the deformation o f  these 
rocks as well as of  making i t  possible to deal with the 
f a c to r iz a t io n  of the f i n i t e  s t r a in .  I t  is based on a reasonably 
deta i led  descr ip t ion of the r e l a t i v e  sequence of events (Chap.3 ) .
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The resu11s of the foId shape anaipsi s (Table 6,1.) indicate  the 
Preduiii i nance o f f o I ds o f iJI ass 1 ij qeomet ru over a l l  the ot her 
classes. They are the most abundant amongst F2 folds in the 
my I oni t es ( u5&) f oI I owed by F4 in qne i sses and amphi bo I i  tes  of  
domain i (7o&),  and F2 in domains I and I I ,  whereas Class 2 folds  
are be t te r  deueI oped amongst F2 folds in domains I I  and I .  Taking 
into account the more homogeneous composition of the amphibole 
schists (domain I I )  and the constra ints  discussed above it  appears 
that the d is t r ib u t io n  of Class 2 folds is contro l led  by the 
rheoIogicaI propert ies  of the a f fe c te d  rocks. This is in 
a c c o r d a n e e uj i t h t h e o pin! o n e x p r  e s s e d b y R a m s a y (1967, p .372) t h a t 
many natural folds are the resu l t  of buckling, so that the 
uar i at i ons of the mechan ical propert i  es o f the af  f ect ed I i t ho Ioq i es 
d ur i nq pr ogr e s s i v e d e for m at io n e x e r  t a s t r  o n g c o n t r  oI on the fold  
shape. Record i ng I y , a l t  hough f o I ds uj i t h Class 1C qeomet ry were 
developed during a l l  the de format i ona I phases., they were more 
frequent duri ng t he re I a t i  veIq ear Iy st ages o f the ( progress i ve) 
d e f o r  ma t i o n whe n c o m p a r  e d to t he m or e c o n c e n t r i  c a n d chevron s ty les  
subsequently formed (03 and 04) .  Considering that these folds  
a f fec t  the same m ater ia l ,  t h e i r  geometry suggests a progressive  
increase of v iscos i ty  (but not of v iscos i ty  contrast )  through time 
somet h i ng whi ch has been i nvari  abIu observed i n many f oId be 11 s and 
a t t r ib u te d  to a general decrease of the P-T condit ions accompanying 
t. h e p r  o g r e s s i o n o f the d e f o r  m a t ion. fi 11 h o u g h t h i s c o n c I u s i o n i s 
general ly  t rue in terms of (absolute)  v iscos ity  the presence of 
f eat ures i nd i cat i ng buck l ing as ear Iy in the de f ormat i onaI hi story  
as 01 (sect ion 6 . 2 . 2 . 5 )  seems to suggest that the evolut ion of the 
re I at i ve v i scos i t y ( wh i ch i s t he paramet.er t hat mat t ers i n t erms of 
fold shape) was much more complex. I t  seems to have var ied at 
la te r  times during D1., as i t  is suggested by the r a r i t y  of  
v i scos i t y cont rast  ' i nd i cat o r s ' i n more evoIued FI f o Id s . The 
abundance of these features associated with F2 folds (more than any 
other phase) might indicate that  the condit ions (o f  P., T, K, f i n i t e  
s t ra in  and s t r a in  ra te  e t c . )  p re v a i l in g  during 02 were the most 
favourable to promote v iscos i ty  contrast .  On the other hand the 
rather  lower d u c t i l i t y  condit ions of the 03., 04 and D - la te  phases 
did not favour the development of these features.

It  seems reasonable to predict  that i f  D2 deformation had
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progressed fu r the r  (under increasing F\ T, s t ra in  condit ions)  these 
re I at i ve i y low st ra i n f eat ures i nd i cat i ng buck I i  ng wouid g ive p i ace 
t o some ot hers ( o f  h i gh st ra in) i nd i cat i ng shear i ng. In t h is  way 
t he s i in i I ar i t i es o f f o I d st y I es of the success i ve de f or mat i on 
phases in fold b e l ts  of d iverse ages and regions in the world ( e . g . 
Hopgood 1973) should not c o n s t i tu te  any surpr ise since these 
s t ru c iu re s  wouId tend ta  represent onIy the 11 ast increiuents'  of  
de f or mat i on ( correspondi ng t o what was cal led  here D1 to D- 1 at e 
def ormat i onaI phases).

6 . 2 . 2 . 2  Late Folds

These s tructures  wiI I not be discussed in de ta i l  as they are of  
r e s t r ic te d  d is t r ib u t io n  in the area mapped. This means that  their- 
low associated s t ra in s  wouid not exert much influence on the 
present ana lys is .  I t  is perhaps re levant  to mention that these 
f oIds show feat ures i nd i cat i ng deveIopment under br i 111 e-duct i I e  
condit ions with geometries and a t t i tu d e s  which are di f f  ic u I t  tp 
r e I  a te  t o  D1 - D4 s t r u c t u r e s . The presence  o f  s t r u c t u r e s  showi ng
cons i derabIe short en i ng of the i nner a r c , s i nusoi da I shapes and 
apparent I y ho I d i ng t h i ckness/wave I engt h rat  1 os, i n add i t i on to the 
assoc i at ed ax i a I -p Ian a r  c Ieavage, seems t o i nd i cat e t hat t hey were 
produced by a considerable shortening at high angles to the HU-SE 
composite f o l i a t i o n .  Despite the uncer ta in t ies  about the mechanism 
of formation of spaced cleavages (see review by Engelder and 
Marshak 1986) the observation that spacing of cleavage domains is 
c le a r ly  a function of s t r a in  and t h is  is in turn a function of  
st ructura l  pos i t ion  (Engelder and Marshak op . c i t .p .337)  supports 
t. he re I at i onsh i p bet ween t h is  st ruct ure and t he open f o I ds .

6 . 2 . 2 . 3  F4 Folds

The va r iab le  s ty le  of these folds,  with chevron to sinusoidal  
geometry in the same outcrop confirms the expected high v iscos i ty  
contrast between the two predominant rock types (quartzofe ldspath ic  
gneiss and the r e l a t i v e l y  th in  b i o t i t e - r i c h  bands) in the outcrops 
where these folds are best developed. This sort of s i tu a t io n  was
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deformation of m ul t i layered  mater ia ls  of high v iscos i ty  contrast ,  
' k ink ing '  and buckling are observed. Uhere m ul t i layers  are 
af fec ted ,  the tendency is to form chevron folds while during 
buckling of an isolated competent band, sinusoidal shapes are 
favoured (see Ramsay 1974). Uavelengths of several scales  
( P I . 3 . 3 0 , F i g . 6 .3 )  are shown by q uartzo fe1dspathic 1ayers 
i nterbanded w i th b io t i  t e - r i  ch bands.

PI.3-31

PI. 3 -3 0

F i g . 6 . 3  U a r i a b 1e wave I e n g th  o f  F4 fo t  ds as a fu n e t i  on o f  Ia y e r  t h i  cknes; 

Sea Ie  - 1 . 5m .

fl rough estimate of to ta l  shortening for the f i r s t ,  second and 
th i r d  largest wavelength folds of th is  outcrop ( F i g . 6 .3 )  shows 
values of 42, 65 and 68$ respect ive ly .  Since there are no 
s ig n i f ic a n t  d i f fe rences  of composition in e i th e r  rock type the 
f i n i t e  s t r a in  d i f fe rences  must be a d i rect  function of the layer  
thickness v a r ia t io n .  This draws the a t ten t ion  to the fact that  
' low s t r a in - I o o k i n g ' r e l a t i v e l y  open folds in th ick  bands (see 
scale of F i g . 6 .3 )  can be indicat ing as l i t t l e  as 40-50$ of i ts  
to ta l  s t r a in .  Accordingly underestimation of the s t ra in  a t ta ined  
during th is  phase is a po ten t ia l  source of error  and should be 
considered when fa c to r iz in g  the f i n i t e  s t r a in .  This is also in 
agreement with the experimental work of Hudleston and Stephansson 
(1973) who showed that fold shape was dependent on L/h 
(Length/height)  r a t io s .  This indicates that homogeneous s t ra in
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d o fii i n a t e s t h e d e f o r mat i o n o f t h i c k  I a y e r  s uj h e r e a s b u c k  i i n g is v e r  y 
act iye  in the deformation of the th in  bands. However t h is  does not 
mean that th in  bands were not also homogeneously deformed since  
Iayer -paraM e l  short en i ng be fore s i gni f i  cant f oi d i ng was observed 
in a i l  experiments except for  u iscosity  contrasts around one 
thousand (Hudleston and Stephansson 1973). Hs demonstrated by 
those authors very th in  bands of g r a n i t ic  pegmatite ( th inne r  and 
s h o w i ng m o r e vi s c o s i ty  co n t r  a s t tha n the e x a m pIe s di sc u s s e d a bo y e 
as the resu11 of Iarge gra in s i ze of mi n e ra Is ) w i th in  b io t i  te  
schist show v a r ia t io n  of thickness with limb dip presenting the 
geomet ry o f a f I  at tened para I IeI fo ld .

fin a11empt was made to de te rmine t he v i scos i t y cont r ast  between t he 
above mentioned folded bands, i t  assumed (a)  p e r io d ic i t y  of the  
folds and no in ter ference from the surrounding layers, (h)
Newtonian behaviour of layer and medium, (c)  plane s t r a in  and (d)  
body forces are negI i g i b I e . The resu11s were h i ghIy var i  abIe  
(jilty.2 = 1.1 to >20) as were those obtained by Hud lest on (1973c).  
They suggest that although assumption (d) could be r e a l i s t i c  a l l  
the others are probably not, causing var iab le  e f fe c ts  (reducing and 
i ncreas i ng) on the di f ferent parameters. Ot her poss i bIe causes f or 
these i nconcI us i ve resu I ts  i ncIude t he smaI I number of ana Iysed 
folds which wouId strorigIy inf!uence factors l ike  the dominant 
wave Iength1. These and ot her prob1ems i nvoIved with t he es t i  mat i on 
of v iscosity  contrasts from fold geometry are discussed in d e ta i l  
by Sh i marnot o and Hara (1976 ,pp.18-21) .

In addit ion to the fold shape analysis several other features  
indicate the occurrence of buckling during the evolution of these 
folds ( see Chap.3 ) .  f l i t  hough accord i ng to Biot (1961) t h is  wouId 
suggest a minimum v iscos i ty  contrast of 1/100 (jjl1/jji2) between layer  
and enclosing medium, Hudleston (1973b) has experimental iy 3hown 
that buckling can occur at much lower v iscos i ty  contrast ;  r a t io s  of  
1 0 / 1  were obtained for folded g r a n i t ic  pegmatites in p e l i t i c  
material  (Hudleston 1973c, p . 130). Even without a r e l i a b l e  
viscos ity  contrast value, evidence for t h e i r  r e l a t i v e  competence 
during DT was given by the analysis of fold shapes ( c f .  Ramsay 
1967, Coward 1973, Francis 1973, Toogood 1976) as well as other  
s tructura l  features as discussed below.
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Fold shape ana lys is  of f i f t y-s i x F4 f o ids by t he ‘ dip i sogon 
method’ (Ramsay 1967) suggest that quartzofeIdspathic  gneisses were 
the most competent rocks in domain 1, followed by amphiboiites and 
biot  i t e - r i c h  bands of gneisses (Table 6.15. The ac id le  gneisses 
gave r i  se t o CI ass I foI  us ( predom i nan11y 1C) wh i Ie in t he
amph i bo I i t  es and bi ot i t e 1schi st 0 i ass 3 geomet ry f oi ds were
deueI oped (F ig .  6 . 4 ) .  The ouera II  e f fect In some f oId t r a  i ns i s ot
a Class 2 fold geometry produced by the a l te rn a t io n  of Class 1C and
Class 3 folds.  This would al low the folds to propagate 
i n d e f in i t e ly  as showed by Ramsay (1967 ,pp.430-436).  Deepi te  t h is  
oueraI I geometry the isogon patterns show that these folds haue not 
been f orwed regard I ess of the I i  t ho 1ogy. f l i t  hough ( s i i  g h t ) 
var ia t io n s  in composition along each layer can be expected due to 
the o r ig in  of these bands (possib ly  by met amorphic segregat ion),  
and a p e r fe c t ly  planar a t t i t u d e  before fo lding is not very l ikely. ,  
these assumptions are considered not to haue caused major 
in terferences in the geometry of the folds discussed here.

2

CLASS 1A

CLASS IB .

CLASS 1C

•O

Figure 6 .4  Interbanded gneiss and b io tite  schist (s tip p le d ).<1) shows isogon 
pattern and <2) the p lo tting  of limb shapes in Ramsay's c lass ifica tion  diagram
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■'.see f i g . 6.  1b) .

The resu l ts  of a 'uisual  harmonic ana lys is '  (Hudleston 1973a) of 50 
U/4 folds (Table 6 ,2 )  seem to confirm the isogon pat tern  method; 
with 20 and 30 as the most common shapes and 20 -> 2E ->20  
( F i g .6 .5 )  correspond i ng to gne i ss-amph i bo I i  t e-gne i ss i nt erbandi ng.

i

1
|

I
h arm o n ic  a n a ly s is .  3 0  id e a l f o ld  form:

in f l e x io n  and h in g e  p o in t s .  6  c a t e g o r ie s  o f  'sh ap e* H -F ; 5  c a t e g o r ie s  o f  

’ amp 1 i tu d s * 1 -5  <R eproduced from  Hud Ie s  to n  10 7 3 a , f i g . 12 >.

In the only example where an a l te rn a t io n  of amphibolite and 
b i o t i t e  ' s c h is t '  was observed the basic rock shows a Class 10 
geometry whi le the micaceous one shows a Class 3 geometry, in some 
of these folds ( P 1 .3 .31)  the more d u c t i le  micaceous materia l  was 
not present in su f f i c ient voIume to i n f i l l  t he d i I at i on spaces; 
they were f i l l e d  in with more soluble  material  which was probably 
washed away during weathering. I t  appears that the volume of  these 
spaces is contro l led  by the v a r ia t io n  in thickness of the folded 
layers, being p a r t i c u la r l y  we I I -developed where a multi layered  
sequence of bands with va r ia b le  thickness has suffered the same 
shortening (see Ramsay 1974, Figs 6 !i 7 ) .  Departure from a typical  
chevron geometry shown by some of these folds can be explained in 
terms of var iab le  thickness of the bands and r e l a t i v e  proportion of  
competent and soft  interbanded layers. in some of the folds the 
th in  incompetent bands of the b i o t i t  e - r ic h  material  shows extreme 
deformation. I t  has a rough f o l i a t i o n  with the appearance of a 
'melange'; i . e .  most of the mater ia l  seems to have been dragged out 
along the fold Iimb by the act ion of the overr id ing competent layer
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and t hen t i g h t ! y compressed i n the core o f the fo ld  ( F i g . 6.6.).
This ' f o l i a t i o n '  is one type of the rare examples of a new (S4)  
fabr ic  in these rocks. I t s  geometry and composition I s , however, 
more s im i la r  to the S4 fabr ics  in the amphibole schist (domain I I )  
than in the gneisses (at  least at microscopic scale -  see section  
4 . 2 . 4 )  which do not show any mesoscopic scale f o l i a t i o n  (see 
P I .3 .3 2 ) .  Th is i s eas i I y  exp I ai ned i n t erms o f the d i uerse 
deformation h is tory  of these two layers (see Treaqus 1983).

G NEISS

F ig u re  6 .6  'M e la n g e ' o f  b l o t i t e  s c h is t  in  c o re  o f  F 4  a n t i  f o r m .

The approximately constant layer thickness around the hinge of some 
of these folds ( P I . 3 .31)  would suggest., according to Ramsay (1974),  
that internal deformation of the competent layers is probably 
accommodated mostly by layer-paral  lei boundary shear., at least  
during the ear ly  stages of the deformation producing these fo lds.
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'the more du c t i le  bonds shou.i s I i ckens i de •' '̂ot high angles to the fold  
h i nges w h i ch are here i nt erpret  ed as i nd i cat i ng d i sp I a cement ( bu 
s i mp I e shear., ma i n l y ) t owards t he h i nge reg i ons w i th the i ess 
competent lager a iso act ing as a ‘ lu b r ic a n t ’ between the th ick  
quartzofe Idspathic  bands, On the other hand the observation that  
some of these folds exh ib i t  an inner arc sharper than the outer arc 
seems to i nd i cate that tangent i a I Iongi tudi naI s t ra  i n was a I so 
ac t ive .  This conclusion takes into account the fact that  most of  
these shapes were probably formed during la te  stage ‘ homogeneous' 
deformat ion which caused the t ightening of the foIds,  Figure 6,7
a .,b , and c i l l u s t r a t e s  the sequence of events envisaged in the 
development of these folds,

F i g u re  6 . 7 .  Po te n  t i  a  I d i I  a t  i on sp ac es  g i v i ng r  i se  to  h i nge c o 1 I apse  

(reproduced  from Ramsay 1974 F ig s  13 and 14).

This determined sequence of 'events'  is in agreement with 
observat i ons of Ramsay ( 1967., p . 397) that f lexura l  s l i p  and 
tangentia l  longi tudinal s t r a in  are commonly associated in nature.
In the present case the la te  stage s t ra in  has probably overprinted  
the Iow tangent i a I Iong itudi naI s t ra  in, Iead i ng to the format i on of  
Class 1C geometry folds.  This implies that the deformation was not 
r e s t r ic te d  to e i th e r  fold limbs or hinges as predicted by fo ld  
development models (Ramsay 1967,1974)., suggesting instead a 
combination of mechanisms., each one predominating during a ce r ta in  
stage of fold development as the most l i k e ly  s i tu a t io n  in nature 
(see also Cairo I a 1978). Accordingly Histogram 1 shows the resu l ts  
of the analysis of 44 F4 folds of domain I.
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Hist. FLAT. F4

Histogram  1. F la t te n in g  o f  <44 > F4 mesoscopic fo ld s . Mean 0 .4 3 ;S D = G .16.

Most limbs present ( A l * 9 , 2 ) ^  between 0 ,4  and 0 .6  (see Table 6 .1 )  
whIch i s a cons i derabIe hi gh uaIue f or t hese ( I at e ) f  oIds 
(correspond i ng t o X :Z st ra in  e11i pses of 1 :2 ,5  and 1:1.6  
r e s p e c t iu e Iy ) . i t  should be kept in mind, however, that (a )  these 
resu l ts  were used as a re I at i ue parameter ( in  comparison with F2 
fo Id s ) and ( b) that  s i gn i f  i cant homogeneous shorten i ng has taken 
p I ace in add i t ion to the i n i t i a l  Iayer para l ie !  short enIng as above 
discussed. Hs noted by Ramsay (1967.,p . 415) the p o s s ib i l i t y  of  fo ld  
shape mod i f  i cat i on be f  ore f I  at ten i ng ( t angent i a i Iong i t ud i naI 
st ra i n) means that these resu11s shou id be care f u l l y  i nt erpret  ed 
because a bias towards low s t ra ins  is introduced, Howeuer th is  
does not seem to be the case here and the present resu l ts  seem to 
be compatible with the ones obtained by Coward (1973) and Toogood 
(1976) f or s i m i Iar  st ruct ures and rocks. HI so, the ana lys is  of  
s t ra in  based on fold shapes assumes c o a x ia l i t y  of the superimposed 
st ra i n ( Ramsay 1967,p .415) somet h i ng which is uery u n l ik e ly  f  or 
these rocks and was an addit ional  reason why no systematic 
quant i t at i ue st ra in analys i s o f these folds was carr i  ed o u t .

6 .2 . 2 . 4 F3 Folds
The best developed F3 folds are observed in domains I I  and I I I .  
Chevron s ty les  are ubiquitous in domain I I  possibly as a function  
of the f in e ly  mult i layered nature of the l i tho logy and t h e i r  
propert ies (u iscos i ty  con tras t ) .  Folds of th is  age in domain I I I
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show round hinqes, f i l l  the aspects of lager thickness -  I I mb 
length control on the geometry and t ightness discussed above for­
th e few ( F 4.) cfievrori foIds were a 1 so observed in these foIds (Pis  
o ,45 to 3 ,5 2 ) .  The s tructures  i ndi cat i ue of the s t ra  i n 
d i s t r i b u t !on in more concentr ic F3 f o !ds are very s inti!ar  to those 
observed in some of the F4 folds.  They are also consistent with  
the s t ra in  pat terns reported by Stephansson (19765., Spang and 
Groshong (1981) and many others, suggesting that they were formed 
under s i m i Iar  condi t i ons ( fo Id i  ng mechan isms) t o t he st ruct ures 
i nvest i gated by those out hors . D i st ingu i shi ng f eatures 1ncIude the 
more frequent occurrence of s t ra ig h t  limbs in folds with constant  
I i  mb Iength and I ayer th i  ckness ( P I .3 .5 2 ) .  The foId ing o f few 
s l i g h t l y  t h icker bands g i ves r  i se to hi nge d i I  at i on whi ch i n th i  s 
fold set is f i l l e d  by quartz and carbonate, the l a t t e r  being 
usua11y I a te r  d i ssoIved out ( P i .3 .5 0 ) .  The presence o f the 1s i nks‘ 
and abundant m i nera I t ransf  ormat i ons ( chI or i t i zat i on and opaque 
m i n e ra Is ) suggests (1 )  the act i  on o f pressure so i ut i  on mechan i sms 
with transport at i on of mat er i a I to d i st ances cons i derabIy Iarger  
than the grain scale., as well as (2)  a higher f lu id  a c t i v i t y  than 
during D4 (see Chap.7 ) .

Other factors which can be used to d is t ingu ish these folds from 
t h e i r  F4 counterparts in terms of s t r a in  d is t r ib u t io n  are the 
smaI Ier v i scosi ty  contrast  bet ween the I ayers w i t h d i f f  erent  
composition and the act ion of more d u c t i le  deformation mechanisms 
at the grain scale ( S e c t .4 .2  .3 ) .  These have apparently contro l led  
the formation of features such as ( I )  the va r ia t io n  of in te r  I i mb 
anglej f requent ly  observed to be unrelated to layer thickness (Pis  
3. 44 /45) ,  (2)  the f ormati on of an ax i a i pianar spaced cIeavage 
( P I .3 .4 5 ) ,  (3)  Iimb thrusts  (Pi .3 .49 )  and (4) curvature of the 
axial  plane ( P I . 3 .4 7 ) .  The strong and more pervasive nature of the 
( fo lded by F2) composite banding when compared to the less 
developed S2 f o l i a t i o n  might have inh ib i ted  the s l ip  between these 
bands, fis exper imental ly  shown by Ghosh (1968) the f r i c t i o n  
between layers is an essent ia l  factor  in f lexura l  s l ip  folding^ 
with low f r i c t i o n  favouring concentr ic or congruent folds while  
kinking is more l i k e l y  at higher f r i c t i o n  condit ions. This seems 
to be supported by comparison of D3 microstructuraI  features in 
domains I and I I  (S e c t . 4 . 2 . 3 ) .  In the former domain the
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react i vat i on of the handing by s l ip  was assisted by the presence of  
th in  b i oti  t e - r ic h  un i ts whi i e in the I at t e r  the ‘ st i ck up' e f f ect 
has promoted the development of limb thrusts  or ‘ f l e x u r a l - s l i p  
thrusts '  (Kuenen and de S i t t e r  193u in Ramsay 1967), Recording to 
experiments performed by these authors a system of shear planes can 
be deueI oped as a resui t of f Iexura I  s l ip  f o Id in g , part i c u Ia r Iy  In 
more homogeneous layers. This was confirmed by Ramberg (1961),  who 
suggested that such shear planes are l i k e ly  to deuelop in folds  
with t /w < 1 to 3. Although these rocks show a we! ! -deueloped 
banding (suggesting that much of the si ip could have happened 
between the layers during the ear ly  stages of deformation) the
presence of the pri ncI pa I shear pIanes or Iented at approx i mateIy
60° to the axia l  plane and conjugate to the small ' l imb th rus ts '
( F i g , 6 . u ) i ndi ca tes t hat  these s t  r u c t  ures are formed under 1sem i -  
b r i t t l e 1 condi t  i o n s , Th is  is  a I so so f  or  t  he amphi bo Ie schi  s t s , 
regard I ess o f  the  i n te rbanded-1ook i  ng na tu re  o f  the I i tho  Iogy 
i nd i c a t i  ng t h a t  t  he v i scos i t y  cont r a s t  s bet ween the amph i bo Ie and 
pIag i o c Ia s e - r  i ch bands are p r a c t i  caI Iy i nef  f e c t i  ue at  t h i s  stage 
probab ly  as a f u n c t io n  o f  the  low d u c t i l i t y  o f  the m a te r ia l  (a lmost 
b r i t t l e  b eh av io u r ) .  In t h i s  case the  rock  behaved as the 
homogeneous m a te r ia l  of kuenen and de S i t t e r  (1938 j_n Ramsay 1967).

The observation that in the mica-schists those limb thrusts bear no 
re la t ionsh ip  to (1)  the fold hinges or to (2) the small inner arc 
i nverse fa u l ts  ( P I .3 .59 )  or (3 )  s t ruct  ures l ike  sI i ckensi des ( a l l  
these i nd i cat i ve of 11 angent i a I Iong i t ud i naI st r a i n ’ ) suggest s that  
they were formed due to the imposs ib i l i ty  of accommodating the 
overa11 short en i ng by fold ing only.

In terms of v iscos i ty  contrast during D3 it  seems that the fe ldspar  
and amphibo Ie - r i c h  bands have a lower contrast than quartz and mica
schists (of  domain I I I ) ;  t h is  is suggested by the geometry of the
more evolved folds and thrusts  in the metasediments ( P I . 3 .5 8 ) .  I t  
appears that during D3 the l i t  ho logical control on the geometry of 
the structures was not strong enough to overcome the deformation 
mechanism; thus i t  was probably a function of the r e l a t i v e l y  high 
structura l  levels ( i . e .  P.T.X,  s t r a in  ra te  e t c . )  under which these 
structures formed.

Pure shear s t r a in  with the axis of maximum compressive stress
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para I i e I to t he or i ent at i on o I the i ay er i nq produces symmet r  i ca 1 
upr i ght f o I ds w i t h ax i a 1 pi ones perpend i eu i ar t o t he ax i s o f 
max i in urn shortening. However, i f  a shear couple is established  
duri ng progressi ue de format i on the resu ! tant to i ds are asymmetr i c a 1 
in i t h ax i a ! pi ones i nc 1 I ned oppos i t e t o t he sense o f 1 ay er -para  1 I e i 
shear where f r i c t i o n  between the layers is low (Reches and Johnson 
1976). Un the other hand under high f r i c t i o n  conditions the 
development of one set of kink bands inclined into the layer  
p a ra l le l  shear d i rec t io n  is the observed feature .  Other more 
comp1ex modeIs for produc i ng asymmetri ca 1 foIds Invo1uIng both pure
and simple shear have been proposed in the l i t e r a t u r e  ( c f . Ghosh 
1966, -bin i t  he 1977, Hoeppener et a! . 1983). Although none of these 
appears t o exp la in  a l l  the f eatures assoc i at ed w i t h t hese f oIds, i t 
is suggested here that pure shear and Interbanding s l ip  had an 
important ro le  during the development of these folds, fis the 
presence of Sl-J and ME ' t ransport  d i r e c t io n '  indicates, there was no 
unique sense or d i r e c t io n  of movement for these thrusts (although  
most of them show a d i r e c t io n  of transport  towards the Sl-J) so that  
the development of thrust  planes could have occurred along any of 
t he pr i nc i pa I shear p 1 ones ( F i g .6 .8 )  or even propagate a Iong t he 
banding in a more advanced stage of development, in add it ion  the 
absence of large displacements along these ‘ limb thrusts '  ( the  one 
in P I , 3.58 was the largest observed ) suggest that the thrust ing  
was due to r e l a t i v e l y  local accommodation of the s t ra in  and would 
not imply large overa ll  simple shear as the deformation c o n t ro l l in g  
process ( see Chap.8 ) .  In th is  way i t  is a I so It keIy t hat both foId  
and thrusts were formed under the sam§ overa ll  s t ra in  regime during 
progress i veIy decreas i ng duct i I i  ty  condi t i ons.
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F i g u re  6 . 8  Deoe I opmen t  o f  f  1 e x u ra  I - s I i  p thr-us t s  i n de fo rm e d , i n i t i a l l y  

homogeneous s la b s  o f  c la y  ( m o d if ie d  a f t e r  Kuenen and de S i t t e r ,  1938 in  Ramsay
a r t c  "i £  : — " i_ r » ni y u  i  mt i I Q .  ( o U ) .
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6 . 2 . 2 . 5  F2 Folds

IJI ass 11' fol lowed by iJ lasses I  and 3 is the order of abundance of  
F2 fold geometry in domains 1 and 11, Class 2 geometry is 
r e l a t i v e l y  more frequent in the amphibole schists where i t  is 
observed p a r t i c u l a r l y  in the mafic bands, In most cases the 
presence o f f eat ures l ik e  ' paras i t i c ' m i nor f o 1ds ho 1d i ng 
w a v eIe n g th /1 a y er th i  c k n e s s r  a t i  o s a n d i n so me ( r  ar e ) c a ses saddle 
r  e e ts (Pi , s . d 4) d e mo n s t ra t e th e a c 1 1y e cha r a c t e r o f t h e s e co mp e t e n t 
b a n d s d ur i n g to ld  deu e 1o p me n t = H o w e v e r , s o m e o f t he se s t r  uct u r  es 
a f fe c t ing  fe ldspath ic  bands show a Class 2 geometry ( i s o c l in a l  
f o 1 ds) cons i der ed as being t y p i ca N y f or med as ' pass .i ue ' f o I ds , De 
S i t t e r  (1 964} and Ramsay (1967,.p ,411 ) have proposed that  
homogeneous s t r a in  on a Class 1 fo ld can produce a fold with  
geometry very s im i la r  to a Class 2 f o l d , so that ’ s im i la r  folds can 
be envisaged in mathematical terms as p a ra l le l  folds which have 
been subject ed to an i n f i n i t e  compress i ue st ra i n ' ( Ramsay 
1967, p .413) .  This i s not an un i i k e !y poss i b i 1i t y part i cui a r I y  i f  
we cons i der t he Iack o f prec i s i on o f the f oId cl ass i f i cat i on system 
that makes i t very d i f f i cu 11 t o d i st i nqu i sh be.tween strong 1 y 
' f 1 a t tened ' f 1exura1 f o 1ds and ' t r u e 1 s i m i I a r  f o 1ds at hi gh I i  mb 
dips ( F i g , 6 . 9 ) .  However, in addit  ion , there is the probIem that  
the v iscos ity  contrast needed to produce the fold has to disappear  
dur i ng the I at e f I at t en i ng st ages, so t hat i t can f i a t  t en i n a 
homogeneous way. This lead Hud lest on (1973a) to propose that  the 
folds i n i t i a t e d  in an ac t ive  low v iscos i ty  contrast layer and that  
the deformation proceeded by a combination of buckling and 
f la t te n in g .  Following a si mu I at i on of th is  process Hud 1eston 
(op ■c i t . dp,41-43)  concluded that the geometries of the re s u l t in g  
folds vary between p a r a l l e l  (almost only buckling) and s im i la r  

( i nuoIv i ng Iarge components of f I  at ten ing).  In a pIot of t a ‘ 
against a  for natural  and experimental ly  produced folds, the 
di f ference between the two sets of curves ( f l a t te n e d  buckle folds  
and simultaneous f la t t e n in g  and buckling)  is minimal! being 
s l ig h t l y  more evident in folds of high limb dips ( F i g . 6 . 9 ) .
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F ig u re  6 . 9 .  S im u lta n e o u s  b u c k l in g  and f l a t t e n i n g  o f  f o ld s .  H .T h re e  o f  th e  f t  

d is c r e t e  s e c t io n s  o f  th e  f o id  m o d e l, a f t e r  k  in c re m e n ts  o f  b u c k ! in g  and  

f l a t t e n i n g .  The q u a d r a t ic  e lo n g a t io n  d i r e c t io n s  a r e  th o s e  o f  b o th  in c re m e n ta l  

and f i n i t e  s t r a i n s  in  th e  h in g e  s e c t io n ,  and o f  in c re m e n ta l s t r a i n s  o n ly  in  

th e  o th e r  s e c t io n s .  B. C u rv es  f t ,  B  and €  : th ic k n e s s  v a r ia t io n s  w ith  d ip  in

p a ra  I Ie I  fo  I ds f l a t t e n e d  by s t r a i  ns o f  <A21AJ j = 0.75, 0.5 and 0 .2 5  

r e s p e c t iv e I y . C u rv es  1-7 : th ic k n e s s  v a r ia t io n s  w ith  d ip  in  fo Id s  form ed by  

s i mu Ita n e o u s  buck I i  ng and f l a t  te n  i ng < R eproduced from  H u d Ie s  to n  19 7 3 a , f  i g .2 3  >.

Tx, o0

According to Hudleston (1973a.) the reason why many folded competent 
bands seem to show geometry close to ideal f la t tened  p a r a l l e l  folds  
may be re la ted  to (1)  decreasing rheological contrast between the 
I ayers dur i ng deformat i on; {2} i ncreas i ng resi stance to cont i nued 
buckling in the layer exerted by the enclosing medium as the fold  
closes and the less competent mater ial  is extruded from the inner 
arc zones (the competent layer might be forced to take up 
de f ormat i on by f I at t en i ng) and (3)  a process o f s i mu 11 aneous 
buck I i  ng and f I  at ten ing a f f ec t i  ng a para I IeI fold ( Hud Ieston 
1973a,pp.^2-43) .  Although Hudleston regards reason (1) as ' the  
most u n l i k e l y to hold as a general r u l e ' ,  the presence of several  
f eat ures seen to indicate s i gn i f icant oar i at i ons o f u i scosi t y 
contrast during deformation of the rocks at Loch flaree and these 
are the sub j ect of the fo i lowi  ng d i scuss ion.

In the present work eva luat ion of competence contrast has r e l ie d  
heavi ly  upon fold shapes, ' loba te  & cuspate' s t ructures (Ramsay 
1967,p . 383) and boudinage. Cleavage re f ra c t io n  was not observed in 
these rocks (see s e c t . 6 , 2 . 2 . 6 )  and the absence of su i tab le  s t ra in  
markers in adjacent bands of d i f f e r e n t  composition means that these 
two features could not be used as v iscos ity  indicators.  I t  is 
perhaps re levant  to mention that  even in highly deformed (01)
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feldspar phenocrysts in p o rp h yr i t ic  amphiboiites no boudinage was 
o b s e r  ve d , suggesting a Io w ( o r  no n e x i s t e n t ) ui s c o s i t y cu nt r  a s t 
bet ween them and t he mat r  i x ( Sec t . 6 ,3 ) ,

The i nterbanded q u a r t z o f e Id s p a t h i  c gne i sses and amph i bo I i  t  es show 
evidence f o r  v i s c o s i t y  ‘ swapp ing1 from D1 to  04, Where a f f e c t e d  by 
la te  01 buudinage the  maf ic  bands in amphI bo 1i t e s  were more 
compet ent than the  qua r t  zo fe i dspat h i c gne i sses (P is  3 , 8 / 9 ) .
However, the presence of cuspate and iohate structures at the cores 
of some FI foIds i nd i cates an ear Iy staqe of 01 i nuoIv!ng buck I i  ng 
when the gne i ss was more compet ent t han the amph i bo I i  t e ( F i q .6 .1 0 ) ,  
This l a t t e r  r e la t io n s h ip  seems to be maintained during most of 02 
de format i o n w h e n  f eat ures i nd i cat i ng a v i scous gne i ss 
( part i cu I ar I y fo ld  shapes} are w i despread. Lons; i der i nq t hat i n 
several cases the same bands at a spe c i f ic  s t ructura l  ievel are 
being dealt  wi th the I a te ra  I var i at Ions o f compos i t i  on and 
d i f fe r e n t  posit ions on a large fold ( i , e . hinge or limbs) are 
unIi  keIy to be respons i bIe for  thi  s behaui our . The i n f Iuence of 
other p o t e n t i a l l y  c o n t r o l l in g  factors is discussed below,

PI.3-3

| Figure 6.10 Cuspate and lobate structures associted with FI folds  
V in maf ic and fe Is  i c ( s t i p p l e d ) bands of 1 banded amph ibo I i  t e 1.

Oariat ion of v isco s i ty  contrast reported in the l i t e r a t u r e  has been 
frequent Iy at t r  i but ed t o met amorphi c changes dur i ng progress i ue 
deformation. Granul i te  facies basic rocks were thought to have 
been retrogressed to bi ot i te amph i bo Ii  tes ( Coward 1973, Franc i s 
1973j Ramsay 1982) or had t h e i r  competence contrast reduced by syn- 
migmatit ic b i o t i t i z a t i o n  (Sengupta 1983). However th is  explanation  
is c e r ta in ly  not the best one for the Loch Maree rocks. There is 
no evidence for  a g ra n u l i te  fac ies metamorphism. I f  the 
mineraIogicaI t ransformations from a ' s o f t 1 biotite-amphibo I i t e  to 
a ■harder1 (than the gneisses) pyroxene granu l i te  during la te  01
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was the cause ot baud mage, th is  (hypothet ica l )  met amorphism should 
have taken place re I at Ive Iy  rap id ly  (between the ear ly  FI buck l iny  
and the F2 shortening,* and what is more un l ik e ly ,  should have 
disappeared leaving no t races (see Chap,?)..

The F2 fo ld  shape analys is  in interbanded amphibo I i tes  and gneisses 
produced the same r e s u l ts  obtained for F4 folds i . e .  Class 1C 
geomet ry folds for t he quart zo feIdspat hi c gnei sses and CI ass 3 
geomet ry for the amph i bo I i t e s . Fiesu 11 s o f the v i sua I harmon i c 
analysis from few samples confirm the above pattern with (1 )  shapes 
2D 2E 2D for amphibo I i t s  sandwiched between gneisses and (2)  
f la t t e n in g  of Class 1C folds showing higher values than for F4 
folds (Histogram 2 ) .  u l

12 •

»■

8-

—
OX) 0.2 <S  0 6  0 8  KO P.2

H is t .  FLAT. F2

H is to g ra m  2 .  F I a t  te n  ing  o f  ( 2 5 )  F2 f o ld s .  Mean -  0 .3 7 ;S D = 0 .2

Cuspate and lobate features are quite  commonly associated with both 
F2 and F4 fo ld phases; they are also occasionally observed in Ft 
folds. These features have c y l in d r ic a l  shapes ( the ' fo ld  mull ions' 
of Hi Ison 1982). They are formed where a competent layer is 
shortened p a r a l le l  to the layering and are the resu l t  of a 
mechanical i n s t a b i l i t y .  These structures have been shown in 
experimental and mathematical models to be contro l led  by v iscos i ty  
contrast and layer thickness ( the same factors which control the 
geometry of buckle fo lds)  and can be observed to be folded at 
larger wavelengths (Smith 1975,1977,1979, Cosgrove 1980, F letcher  
1982, Sokoutis 1987). Uh ile  evidence for competence contrast and 
buckling during D1 are rare  the presence of late D1 boudins and F2 
p a r a s i t ic  minor folds is qu i te  common. This is,  however, a 
function of the s t r a in  in te n s i ty  since the FI folds represent a
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mu ch h i gh e r s t r a  i n s ta te  t ha n t he D1 b6udin s or F 2 f oIds so t hat i t  
does not diminish the importance of the former features ind icat ing  
buckling during the ea r ly  stages of the development of these ( F I )  
foIds ( see S e c t . 6 . 2 . 2 , 6 ) .

Although Ramsay (1982) suggested that mull ions or cuspate-Iobate  
structures indicate p.l/p.2 < 10, Sokoutis (1987) reports a much 
iji i der r  ange o f v i scos i t y cont rast ( I / 10 t o 1/1000) .  He a I so 
d e m on s t r  a t e s t hat t he s ha pe of t he f e a tu re s pr o d uce d is u e r  y m uch a 
f  u n c t i o n o f the b u 1 k s h o r  t e n i n g, s o t h a t a t 1 o uj u i s c o s i t y 
co n tras ts , a much higher s t r a in  is necessary to produce cusps and 
! obes ( Sokout i s 1987, p . 241) .  Cons i der i ng the geometry of t  he 
structures and the genera l ly  high s t ra in  shown by these folds  
(although the observed s tructure  was in the core of a re 1 at iu e 1y
I o uj st ra i n F1 fo ld )  i t  is poss i b 1 e t hat t he v i scos i t y cont r  ast was 
not very high and, as w i l l  be discussed below., inverted during  
progression of the deformat ion.

Ramsay (1982) ca l led  a t te n t io n  to the danger of est imating values  
of v i scos i ty  ra t  i os on the basi s o f assumi ng that the mater i a Is 
involved have a l inear  behaviour,  fis already mentioned (Chap.5) 
there are several factors  other than F'-T conditions which can 
control the l inear  or non- l inear  behaviour of the material  under- 
deformation . The analysis  of the geometry of boudinage and other- 
feat ures provided gives an opportunity of evaluating the behaviour 
of rocks (as opposed to monomineral ic aggregates -  see L'hap.5) 
under p a r t ic u la r  condit ions.  This is because even i f  the exact 
flow laws c o n t ro l l in g  the deformation are not known (e .g .  being 
assessed f rom m i crost ruct ura I ev i dence dur ing D1 my I on i t i zat i on, 
c f . Chap.5)., i t  can be observed that some 'm a te r ia ls ’ have flowed 
more read i Iy  than others. In th is  way, i t  is not just  the 
deformation condit ions of each mineral that are important but also  
the i nfIuence of the comb i nat i on of the severa i m ineraI speci es and 
how it  a f fe c ts  the flow of the rock.
Rs b r i e f l y  discussed in chapter 5 the problems of evaluating the 
flow laws are extremely complex since even monomineralic aggregates 
show d i f f e r e n t  s t r e s s / s t r a in  curves from s ing le c rys ta ls  (o f  the 
same species., Fig.  6 .1 1 ) ,  a feature a t t r ib u te d  to 'o r ie n ta t io n  
softening' (Uhite  et a I . 1980) in the single c rys ta ls  (Gandais and
II i ! I a i me 1984, p .200) .  Examp Ies of the comp i ex interp lay of
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f a c t o r s hi e r  e o b s e p v  e d i n s e u e p a ! ! i t h o 1 o q i e s a t L o c h fi a pee, a n d 
include the more competent behaviour of white quartz bands in mica-  
schists  and gneisses, despite the observation that quartz seemed to  
be so f t e r  than muscovi te  ( duri ng D1 my I on i t i  za t I  on) and quartz  i tes  
generaliy  more d u c t i l e  than gneisses in high qrade rocks (Ramsay 
1982, p . 118).

2000 -

1000

dry quartz S xtol 900*0 ! i7  Tm j Q.6)

dry quartz S. xiaf 1000*c ( r /  Tm j 0.65)

— --------------- Atbite P. xtol ( T .,Y .)
 An 50 P. xtol { S .)

r . w i (b , h. ) ]

800*c ( T / Tm =0.7 _0.8)

Sonidme S xtol (W.erol), 700*c ( T /T m =0.7)

Sonidine S. xtol ( W.e: at), 900*c ( T /T m = 0.85) 

Plogiodase S.xtol 1S.,H), 800*c ( T /T m *0.7_Q8)
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—r~
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F ig u re  6 .1 1  fffe ( s t r e s s / s t r a i n )  c u rv e s  f o r  fe ld s p a r s .  S . X t a l :  s in g le  c r y s t a ls ;  

v a lu e s  from  B org  and H e a rd , 1970 (B .H . > and W il la im e  e t  a  I . . 1979 (14. e t  a l . ) ;

h a tch ed  a r e a s  r e p r e s e n t  th e  v a r ia t io n s  o f  c as  a  fu n c t io n  o f  th e  c r y s t a l  

o r ie n t a t io n ;  th e  s o f t e s t  o r ie n t a t io n s  a r e  c o n s id e re d . P . X t a l :  p o ly c r y s t a l ;  

v a lu e s  from  Borg  and H e a rd , 1970 <B. , H . >, S e i f e r t ,  1980 CS> and T u l I is  arid  

Vund, ( 1 9 8 0 )  ( T . , V . ) .  The v a lu e s  f o r  d ry  c r y s t a ls  o f  q u a r tz  o r ie n t e d  f o r  

b asa l g l i d e  a r e  from  B la c ic ,  1971 (s e e  a ls o  G rig g s  1 9 6 7 ). (R e p ro d u ced  from  

Ganda i s and U i I ! a  i me 1984, f  i g .3  >
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Uher e th in  pure u11r amafic amphibo 1e bands showing ( D1) pineh-and-  
sweI I s t ruc tures ,  immersed in more mafic bands sandwiched between 
f e ls ic  layers were a f fec ted  by D2 shortening they formed 
' paras i t i c ' mi nor f o Id s . This i ndi cates that t he u11rama f i c bands 
were more competent than the enclosing medium during 01 extension  
and short en i ng ( P I . 3.20  j , Cons i der i ng that t he ma f i c bands of  
amphibuIites are more competent than the f e ls ic  ones (Pis  3 . 8 / 9 ) ,  
th is  u i t ram af ic  layer can be considered also more competent than 
the f e ls ic  bands (of  these rocks) during the la te  01 extension  
event.  H very s im i la r  re la t io n s h ip  was observed with quartz  bands 
in muscovite sch is t .  They show pinch-and-sweI! s tructures  
at t r i  but ed to 01 and cuspate - !obate f eat ures assoc I at ed wit  h 02 
short en i ng (P I .  4 . 2 6 ) .  fi possi bIe reason f or t hi s behavi our i s t he 
nature of the predominant deformation mechanism in each of these 
rock types: while quartz deforms by ( e . g . ,) d is locat ion  g l id e  the  
micas deform by a more e f f i c i e n t  mechanism such as grain boundary 
s l id in g ,  fis d i scussed i n Sect i on 5 .3  t he predomi nant de format i on 
mechanism of these minerals and aggregates w i l l . n o t  necessari ly  be 
the same during a i l  stages of the deformation (e .g .  grain boundary 
s l id in g  needs a minimum grain size to take place) and so w i l l  not 
be the fIow ing proper1 1es o f the rock .

fis noted by Gandais and l-Jillaime (198T, pp.220-221 ) the softening  
e f fe c ts  of water seem to be one of the most important c o n t ro l l in g  
factors on the deformation of d i f f e r e n t  mineral species.
Experimental work shows that dry quartz is harder than fe ldspar  
( F i g . 6 .11)  while the reverse is true in n a tu ra l ly  deformed rocks.  
This indicates that the softening e f fec ts  of water are more 
important in quartz than in feldspar.  According to Tull  is and Vund 
(1980) th is  weakening process is complex, depending on the 
equil ibr ium concentration of water which is in turn contro l led  by 
P, T and f l u i d  composition. Experiments on polycrystal  I ine  
aggregates comparing feldspars and other minerals have demonstrated 
that fe ldspars are weaker than q u a r tz i te  at 600°C and ~ 2G0GHPa

whereas the reverse is t rue at 900°C and 300 to 2000f1Pa (Shelton  
and Kronenberg 1978).  Kronenberg and Shelton (1980) also showed 
that plag ioclase is stronger than cIinopyroxene below 800°C but
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sof ter  above th i  s temperature.

The above discussion indicates that a reversal of the r e l a t i v e  
v iscos i ty  between the particuIar-  rock tupes could have been caused 
by any of the factors set out, or a combination of them. In 
addit ion i t  couid have taken place without necessari i u invoIuing  
3 i gn i f i cant m i ner a I t r  ans f or mat i ons, s o m e t h i n g uj h i c h uj a s n o t 
observed in these rocks, fis w i l l  be demonstrated in chapter 7 
var ia t ion s  of P-T-K condit ions between ear ly  111., late HI,  and 112 
did occur and they might have played an important ro le  in the 
progression of the deformation within  the my ion ite  zones. However, 
these v a r ia t io n s  did not promote mineralog ical changes awau from 
these zones of severe grain size  reduction ( c f . Sect .7 .3 )  and are 
probably not resposible for the competence va r ia t io n  as i t  has been 
suggested, somewhat simpi i st i caI Iy in the l i t e r a t u r e  ( c f . Coward 
1973, Francis 1973, Ramsay 1982).

Modelling by Parr ish et a l . (1976) has produced s im i la r  folds  
(using the f i n i t e  element method) in a q u a r tz i te  layer in marble 
matrix ,  with both layer and matrix deforming according to 
exper imentally  determined non-1inear fIow 1aws. They recorded a 
reversing of v is c o s i ty  contrast for these rock types at around 
500°C due to the strong temperature-dependence of the v iscos i ty  of  
wet q u a r t z i te  (F ig .  6 .1 2 ) .  J' \
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Figure 6.12 fl p lo t of log quartzite/marble viscosity contrast a t

t = 1Q” 14/s e c  as  a  fu n c t io n  o f  te m p e ra tu re . The h ig h  te m p e ra tu re -d e p e n d e n c e  

o f  th e  w e t q u a r t z i t e : m a r b le  c o n t r a s t  is  a d i r e c t  consequence o f  th e  s t r o n g  

te m p e ra tu re -d e p e n d e n c e  o f  v is c o s i t y  o f  th e  w et q u a r t z i t e  (R eprod u ced  from
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P a rr  i sh  e t  a l  , f i g . 6 b ) .

The fo ld f ormati on mode I then proposed, i nuoIues i n i t i a l

am p l i f ic a t io n  of the fo ld  at temperatures lower than 500°C (when 
t  he quart z i te buck Ies ) ,  foI I owed by f I  at ten i ng at s I i g h t I u  hi gher 
t emperatures (550°-600° C) .  The 50-100° C t emperat ure d I f  ference  
required is a t ta ined  during progressive metamorphism, and would 
reduce the v iscos i ty  c o n t ra s t , making then possibIe the formation  
of s i m i I a r  foIds (Parr i sh et a I . 1976, pp.204-205).

The invest igat ions of boudinage and the formation of mull ion 
structures in Newtonian and non-Newtonian mater ia ls  by Smith 
(1975,1977) Ied to the cone 1 usi on t h a t , i n nature , the more 
competent material  is often the more strongly non-Newtonian, and at  
f ixed values of P,T and s t r a in  ra te ,  i t  is the one with la rger  
grain s i z e . However, no signi f icant grain size va r ia t  ion was 
observed between boudins and 'm a t r i x 1 in the Loch Maree rocks.  
Record i ng Iy , w i th the poss i bIe ro Ie  of P-T cond r t i  ons a i ready 
assessed the influence of s t r a in  ra te  needs to be evaluated. In 
addit ion ,  the observation that amphibolites and mafic bands showed 
high r e l a t i v e  v iscos i ty  during extension as opposed to low 
v iscos i ty  during compression (ea r ly  D1 and 02) suggests that  the 
dif ferences of flow propert ies  between both these types of  
de f ormat i on couId a I so have pI ayed a si gn i f i  cant r o I e .

F in i t e  s t r a in  values and mechanisms of deformation (pure x simple 
shear) are one of the most obvious di fferences suggested by these 
structures.  Despite the low v iscos ity  contrast geometry of the  
boudins ( implying that much higher s t ra ins  than the suggested by 
the geometry of the structures could have been achieved) the 
boudinage was interpreted as indicat ing lower s t ra in s  than the 
fo ld ing on the basis tha t . rocks  are generally  weaker under 
extension than under compression (Paterson 1978, Jaeger and Cook 
1979) p a r t i c u la r l y  under d u c t i le  deformation condit ions (Etheridge  
et a 1.1984) .  The boudins also suggest a predominance of pure 
shear, while simple shear (or a simple shear component) is more 
l i k e ly  to have been important in the development of the folds where
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a non-coaxiai  s t ra in  path is the ru le  rather  than the exception  
(St ephansson 1976, Diet r  ich and Cart er 1969). in add i t i on si nee 
boud i nage i mp i i es compress i on at h i qh a no 1 es t o t he 1 ayer i ng roh i 1 e 
loro angles are suggested by the buckle folds, another important  
di f fe rence  is perhaps the ro le  played by the ex is t in g  anisotropies  
in r e l a t i o n  to the local stress system, The influence of some of  
these factors has been discussed bu Parrish et a 1. (1976, p . 205) 
who suggested that an addit ional  mechanism for v iscos i ty  contrast  
reduct i on roou 1 d operate ijjhere an anisotropic  1 i tho 1 oqy ( in t h e i r  
c a s e a m i c a s c h i s t i n the L o c h 11 a r  e e r  o c k s t h e a m p hi i b o I i t e s ) 
i n t e r 1ayered roi th a 1 ess an I sotropi c band ( quartz i te  aqa i nst f e l s i c  
bands at Loch Maree) are compressed at high and low angles to the 
f o 1 i a t i o n , Dur i ng t he boud i nage st age ( the bet t er f o 1i at ed) 
a iti p h i bo I i t e ro o u Id be m o r e u i s c o u s ( a t c o n s t a n t T ° ) t h a n d u r  i n g 
buckling because of the ease by which micas could deform by 
trdnsI a t ion g I i  ding para Mel to the basa1 p 1 one ( but see di scussion 
i n Sect ion 5 . 3 . 2 . 3 ) .  Hit  hough thi  s mechan i sm cou1d exp 1 a i n t  he 
s i t uat i on o f quartz bands uj i t h i n m i ca sch i st suf fer  i ng i n i t i a l  
buck 1 i ng and 1 at er f l a t t e n i  nq due to the vIscos i t y contrast  
reduct i on, as a f unct i on of fo Id  1i mb rot a t i  on ( i ncreasi ng angIe 
bet ween an i sot ropy and max i mum pr i nc i pa i compress i on d i r ee l  i on) ,  11 
f a i l s  to explain the much more common s i tu a t io n  of boudinaged 
quartz  bands in mica sch is t  observed in 1oro grade metamorphic 
rocks .

P f i f f n e r  and Ramsay (1962) reg is tered the markedly non - l inear  
accumuI at i on o f f i n i t e  st ra i n ro i t h time and showed horo a 
comparatively small v a r ia t io n  in s t ra in  ra te  leads to great  
di f ferences in the f i n i t e  s t r a in  during a given period of t ime.
They also cal led  a t te n t io n  to the fact that sequences developed 
during subphases could r e f l e c t  the non-cantinuous character  of  
deformation with time periods of high deformation being r e l a t i v e l y  
short ( c f . Dahlstrom 1970, P f i f f n e r  1978). On t h is  basis i t  is 
u n l ik e ly  that s t ra in  rates were constant during 01 and 02, 
something which is to be expected from knowledge of the d r iv in g  
forces for deformation (Oxburgh and Turcote 1971,Johnston et a I , 
1977, Turcote 1982).
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H 3 pointed o ut by se u e r a i aut hors ( e . q , E i i i o 11 197 3, Gan dai s an d 
Ui l ia ime 19u4) the deformation mechanisms are u n l ik e ly  to be 
ma i nta i ned under oar i abIe st ra i n rat  es because o f the i r  di f f  erent  
e f f ic ie n c y  in d i ss i pat i  ng t he de format i on ( see Sect i on 5 . 3 ) .  In 
add i t i on d i f f us i on mechan i sms ! ead i ng t o Newt on i an f I oiu I aws o f  t he 
Nabarro-Herring type are slower and more l i k e ly  to be replaced by 
non-Newton i an mechan i sms (El I i  ot t 1973, p ,2659) so that the 
poss i b i i i t y o f o i scos i ty contrast i noers i on is faooured,

Th ese cons i dera 1 i ons haue been used t  o i n fer  t hat f 1 ous 1 aujs oary as 
a function of stress and s t r a in  rate  on the scale of a s ingle  fo ld  
(Parr  i sh 1973), I n add 11 i on uj i t  h increasing stress or s t r a in  rate., 
the flow mechanisms change in such a may., that the stress  
dependence of s t r a in  ra te  changes from l inear  to power to 
exponential ,  in t h is  way while a power flow law might be 
applicable oyer most of the fold (o f  his non- l inear  model)., lorn and 
high s t ra in  ra tes  were reg is tered  in the outer and inner hinge 
respect i u e Iy .

S i nee most cI ass i caI st ud i es haue used a I i near rheoIog i caI I aw 
( c f ,  Romberg 1960, Biot 1961,1964, Sherwin and Chappel 1968) the 
implications of changes in v iscos ity  contrast seem to be alarming  
in terms of modelling fold formation mechanisms, However., Chappel 
(1969) defends the vaI id i t y  of th is  assumption sinee (1)  those 
stud i es mere rest r i  ct ed to foIds o f Iow amp I i tude and ( 2 ) i t  is 
during th is  stage that  the wavelengths are determined: he concludes 
that "the dominant wavelength analyses are probably v a l id  for most 
I ayers o f compos i t e rheo I ogy" ( p . 114) .  More recent I y , Hud I eston 
(1 973c, p . 121) and St ephansson (1976., p . 157) have proposed that  
l inear  Newtonian v iscos i ty  is not s t r i c t I u necessary for  
appl icat ion  of the theory of stress or ienta t ions  during fo ld ing  
since flow of rocks can be considered in terms of ' e f f e c t i v e  
v i scos i t y 1 whi ch i s a f unct i on o f st ra i n r a t e ,

The existence of such a 'v is co s i ty  contrast v a r ia t io n '  makes i t  
possible for ac t ive  folding to be replaced by passive fo ld ing ( e , q . 
Escher and Uatterson 1974., Ramsay 1980) contrary to most views 
expressed in l i t e r a t u r e  (e .g .  Hudleston 1973a., Ghosh 1974, Treagus 
and Treagus 1981). Accordingly,  folds produced by Hudleston and 
Stephansson (1973) in experiments where increments of buckling and
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homogeneous shorten i ng ( t heoret i co 1 ! y on I y possible when jjl 1 = jj.2) 
were added separate ly ,  are the best reproduction of the geometry of  
natura I f oIds ( Hobbs et a I . 1976., p .204),

Uar i at ions of v i scosi ty  contrast mi ght heIp to explain features  
s uc h a s the 1 a n o ma Io us b e ha v i o ur o f h or n bIe n d e- r  i ch r  o ck s 1 rep or te  d 
by Toogood ( 1976, p .143),  !n add i t i  on, the strang D1 t ransposi t i on
inferred for the amphibo I e-bear ing rocks of domain I I  at Loch 
Har e e , tha t a r  e g e n e r  a I Ig ta  ke n t o be qu i te  c om pete n t ( c f . R a m s ay 
1982} , may represent a more common s i t uat i on t han i n i t i a l !  y 
recognized (Fernandes 1986 5, I t  also suggests that v a r ia t io n s  of  
v i § c o s i t y c o n t r  a s t c a n o c c u r  i n a c o m p I e x uj a y s o t h a t competence 
contrasts re la t io n s  cannot be considered as va l id  for long periods  
of t i me i nvoIvi  ng comp I ex deformat i on (Laxfordi an eye Ie 5 as 
proposed by Wheeler et a I .1987 ,p ,160. The need for research in 
th is  area is summarized by Hobbs et a I , (1976., p. 206} as fol lows:
" s i nce the mat hemat i ca I t heory f or t he v i scous s i t  uat i on has nouj 

reached a stage inhere the nucleation process and the v a r ia t io n  of  
dominant wavelength with layer shortening in Newtonian m ater ia ls  is 
well understood. . . .  the pressing need is to devefop a n a ly t ic a l  
ap p r o a c he s f or m a t e r i a l s  wi t h non- 1 i n e ar reI  a t i  ons hi ps be twe e n 
stress and s t r a in  r a t e . . . . "

don-eg > /n d r  / ca / d / oharnon / c  and c o n v o lu te  F 2  fa  /da

StrongIy non-cyI i ndr i caI pIane ( F2) foIds are part i c u Ia r I y  common 
in mylonit ized rocks of domains I and I I  at Loch Maree. They have 

var iab le  geometry ( F i g . 6 .13)  with ' B' values (Wil l iams and Chapman
1979) r a r e ly  below 90°.
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Figure 6.13 The variety of fold shapes and their positions on the POP; 
diagram. <a) Diagramatic representation of fold shapes. ( I )  Loci of FI folds.
<ll)  Loci of F2 folds. (Slightly modified from Williams and Chappman 1979, 
f i g. 2a )

Fr oiii the i p  geometry most u f  these folds tuou I d be better  denominated 
' fI at t ened non-cyIindr i ca i pIane fo Ids ' ,  pi ot t ing in f i e ld  ( I ) of 
Figure 6.13. fis prev i ous I y descr i bed (Chap. 4.) the curvi I inear 
hinge folds are intimately associated with 1supercyIindricaI 1 folds 
suggesting a genetic l ink between these fold geometries. The 
i nci p i ent st ret ch i ng I i neat i on and weak axi a i -p Ianar  f o I i  at i on 
showed by the non-cyI indircaI folds would indicate that they 
represent a less evolved stage of the same process which produced 
the ’ supercyIi ndr icai 1 fo Ids . This poss i b i i i t u and ot her eu i dence 
o f t  he mechan i cs of ( F2) fold f ormat i on wi l l  be d i scussed be Iow.

Det a i led st ud i es of foId geometri es and st ra i n patt erns i n noturaI 
and experimentally produced folds suggest that buckling is a 
su i tabIe mechan i sm to form non-cyI i ndr i caI fo 1ds ( c f . Sherwi n and 
Chappel 196u; Cobbold 1976, Gairola 1976, Johnson 1977., Dubey and 
Cobbold 1977). Features such as per ic l ina l  shapes and bifurcation  
of hinges., observed in some of the Loch Haree folds and 
experimentally produced by Dubey and Cobbold, were a t t r ibu ted  by 
these authors to three possible factors (or the ir  combination) 
v i z . :
(1)  amplif ication of non-cyI indricaI deflection ( c f . Sherwin and 
Chapel 1968);
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(2)  hinge 1engthen i ng sIower t han amp I i f i cat ion;
(3) i nt er t erence of d i f fe ren t  wave!enqths. The amp I i  f icat I on of a 
d e f I e  c t i o n ( f a c to r  1 a bove) or se ve r  a I i n i t i a l  pe r  tu r  ba11on s ( c f . 
Lewis and Wil l iams 1978) does not account for the fo l lowing  
common Iy observed fe a tu re s :
(1)  the development of these folds on a high s t r a in  tec ton ic  
s ur f  a c e a s o ppo s ed t o a s e di m e nt ary i a y ering;
(2)  the folds a f fe c t  a considerably th ick  sequence of bands and 
seem t o sho w a spa t i a I peri  od ic i t y ( s a t u ra t i on model of C ob boId
1979) and;
(3)  they are probably a recurrent feature being developed on 
successive generations of banding /foM at ions  (Ghosh and Sengupta 
1984).
Thus i n a f ur ther  deveIopment o f t hi s ( mod i f i ed buck Ie f o 1ds} 
model; i t  was suggested that the i n i t i a l  fo ld  geometry was 
pass i veIy mod i f i ed; as part of a progress i ve deformat i on duri  ng 
which simple shear played a predominant ro le  ( c f . Carreras et a 1. 
1977; Quinquis et a I . 1978; Cobbold and Quinquis 1980., Ramsay
1980). H deta i led  sequence of events to account for the geometry 
of these structures was proposed by Ghosh and Sengupta (1984,
1987), based on the evolution of three successive coaxial  fo ld  sets  
in India. The proposed model involves buckling with the production
0 f non-cyIi  ndr i caI f o Id s . Hs a f unct i on of st ra i n or mechan i caI
1 nhomogenei t i es i nherent i n an i sotrop i c rocks the mechan i caI
p r  o p e r  t i es o f t he r o c k s wouId v a r  y a c r  oss and along the shea r 
direct  ion in di f ferent segments of the bands . Ini t iat  ion of buck Ie 
folds wouId pref  erent i a I I Iy occur in the r e l a t i v e l y  weaker and 
easy-glid ing segments of the deforming rock so that r e l a t i v e l y  
d i scont i nuous non-cyI i ndr i caI foIds wouId be generated. With 
progression of the deformation the hinges would be extended into 
para l le l ism  with the strong (s t re tch in g )  l in e a t io n .  Accordingly;  
th is  sequence of events can p e r fe c t ly  account for a l l  the features  
associated with the F2 folds at Lock Maree (see Chap.3) re in fo rc in g  
the previous suggestion that non-cy I indr ica I  (B = 120°) folds  
represent an incip ient  stage of evolution of these (F2) s t ructures .

On the other hand., the canvafafe and d/stfiarman/c geometry of  F2 
folds in some outcrops is very s im i la r  to that of 'viscous fo ld s ' ;  
structures a t t r ib u te d  to ' flowage of melt '  by HcLellan (1984).  But
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as recagnized by the above autbior, 11 other ppocesses in the soI id 
st at e and at i ower ap ades can gi ye folds of s i m i I q p i y yap i ed 
geomet py and o p  i erit at i on" ( p , 34 1). On t h i s bas i s t he d i sharmon i c 
folds in the Loch Maree pocks ape intepppeted as haying been 
produced ma inly by buck I i ng,

Ramsay (1967, p . 418) proposed that di sharmoni c foIds are formed 
where the buckles are independent of one another,  being a function  
of the large distances between the Sayers (greater* than t h e i r  
i n i t i a l  wave Iength) .  Hit  hough th is  re I at ionshi p i s very d i f f i cu11 
to demonstrate in the Loch Maree rocks, the to I lowing features  
seem to support the act ion of buckling during the ea r ly  stages of  
deueI opment o f t hese f oI us:

1 j some sort of p e r io d ic i t y  and waveIength/thickness control on 
single folded layers.
(2) Class 1C and Class 3 geometry in guartz bands and my I on i t ized  
mi ca schi st respect i ye Iy (see TabIe 6 .1 ) ;
( 3 ) 1 Paras i t  i c 1 mi nor f oIds i n ( more competent) guart z bands ho Id i ng
re I at ionships between wave length and layer thickness as well as
pat t er ns i nd i cat i ng t angent i a I I ong i t ud i na I st ra-i n in hi nges o f 
mi cpgfoIds ( Sect . 4 .2 .3 , . j };
(4)Sinusoida I shapes with (occasional)  nose detachment ( P I . 3-17)  
and frequent lobate-cuspate s tructures along contact quartz  mica 
sch i st ( P I .4 .26)  and frequent assoc i a t i  on wi th ptygmati c foIds  
( ' e l a s t i c a s '  of Ramsay and Hubber 1983,, p. 12).

Although there is no d i rec t  evidence for non-Newtonian behaviour of 
t hese f e I dspat h i c bands ( e . g . F11 s . 3 -15 ,56 ) ,  flgost i no (1971) has 
shown experi mentally that for mater i a Is of non-1 i near f Iow, the
or i ent at ion of axia l  pianes o f f oIds var i es with t he di spos i t i on of
t he compet ent bands, hay ing l i t t l e  re I at ionsh i p wi th t he 
or i ent at i on of the st ra in  eI I i pso i d . These cone i us i ons have been 
confirmed by de Capraris (1974) who proposed that a wide range of  
wavelengths and complex forms w i l l  be produced during deformation  
of non-Newtonian mater ia ls .  in th is  way, despite factors l ike :
(1) lack of d is t in c t  generations of micro fabr ics  and;
(2) invar iable  association of these structures with mylonit ic  
rocks, most of the disharmonic and convolute folds are a t t r ib u te d  
to D2 deformationaI phase and i ts  interference with DI s tructures.
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Factor  (1.) above can be exp la ined  in terms o f  the general  lack o f  
re  I at i onsh i p bet ween t  hese s t r u c t  ures and t  he s t r a i n  eI I ipso i d 
( Rgost ino op . c i t . ) so t h a t  most o f  the 02 shor ten  inn is  d i s s ip a te d  
by buck I i  ng o f  t  hese ( compet e n t ) f  e Idspat  hi c bands w i t  h in 
( i ncompet e n t ) m i c a - r  i ch my I on i t  i c gne i sses and qua r t  zo fe Id s p a t  h Ic  
sch i st  s . Hriother cI ear i nd i cat  i on o f  v i scos i t  y cont r a s t  bet  ween 
t  hese guart  zo f  e Idspa t  h ie  Iayers  and encI os i ng med i urn i s t  he 
observat i on t h a t  guart  z bands t  end t  o form ptygmat i c f  o Ids  (1n 
pro f i l e  sect  i on) ,  wh i Ie the te ld s p a t  hi  c bands g i ve r  i se to  
c o nv oIu te  a n d di s ha r  m o ni  c s t  r  u c t  u r  e s . Ihe a s s o c i a t  io n o f  these 
f o ld s  w i th  m y l o n i t i c  rocks ( f a c t o r  2 above) can be exp la ined  in 
terms o f  the p ro d u c t io n  o f  s t r o n g l y  c o n t r a s t i n g  v i s c o s i t y  bands 
dur i ng my I on i t  i z a t i  on ( f  e Idspat  hi c and mi caceous and qua r t  zose 
laye rs ,  c f .S e c t .7 .3 )  as we l l  as the mechanism o f  de fo rm a t ion  
( buck I i  ng or  i g i nated by mechan i caI i ns t  ab i I i  t i  es w i t  h in t  he shear 
zone) .  In a d d i t i o n ,  the  a c t io n  o f  01 and 02 processes d u r in g  the  
fo rm a t ion  o f  these convo lu te  s t r u c t u r e s  cannot be r u le d  out on the  
bas is  o f  the lack o f  a coherent geometry s in ce  ou tc rops  w i t h  t h i s  
geometry o f  f o l d s  are o f  subo rd ina te  occurrence (see a lso  S e c t . 3 .3  
and d i scussi  on o f  k i nemat i c mode Is be I o w ) .

6 . 2 . 2 . 6  FI FOLDS

K i nemat i c a I I y  i mpor t a n t  fe a tu re s  assoc i at  ed w i t  h t  hese f  o Ids  
i ncIude;
(1) Lobate and cuspate s t r u c t u r e s  along the boundary between maf ic  
and f e l s i c  u n i t s  in amph i bo I i t  es ( F ig .  6-10 above) and t  he geomet r y  

o f  Class 1C ->2 f o ld s  o f  the few analysed shapes;
(2)  Good development o f  these fo ld s  in w e l l - i n te rb a n d e d  u n i t s ;
(3) P a r a l l e l i s m  o f  f o l d  hinges w i th  the shape f a b r i c  expressed by 
e lo nga t ion  o f  qua r tz  aggregates and f e ld s p a r  phenocrys ts  in the 
porphyr i  t i c amph i bo I i t  e s ;
(4)  NU-SE e lo n g a t io n  o f  sheath f o ld s ,  t h a t  were a ls o  observed in 
rocks i n wh i ch my I on i t  i c f  eat  ures are i nc i pi ent  o r  a b s e n t .

Features (1)  and (2)  above in d ic a te  the a c t i o n  o f  b u c k l in g  du r in g  
the e a r l y  stages o f  development o f  these ( F I )  f o l d s .  Features (3)  
and (4) suggest the inc reas ing  importance o f  s im p le  shear w i th  
p rogress ion  o f  01 de fo rm a t ion  c u lm in a t in g  w i th  the development o f  
the my I o n i t e s  (see a lso  Sect.  6 . 3 ) .
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Desp ite  ev i denue f o r  s im p le  shear du r in g  the  deue i opment o f  these 
fo ld s  the mechanism envisaged here to  have c o n t r o l l e d  t h e i r  
development does not f o l l o w  any o f  the th re e  c l a s s i c a l  models f o r  
format i on o f  s i m i I a r  f o 1d s . Three o f  the genera 1 mode 1s whIch have 
been extens i  ue Iy  d i scussed i n t he 1i t  e ra t  ure ( FI i nn 1962, Ramsay 
1962,1967, Hudleston 1973a) are ( ! )  inhomoqeneous s imple  shear 
para 11e 1 to  the a x ia l  su r face  o f  the f o ld  and at  h igh  ang les  to  the 
1ayer i  ng , (2)  d i f  f e re n t  i a I f  i a t  t en i ng g i u i ng r  i se t  o di f  f e re n t  i a I
shea r  i n q wh i c h i s t  r  a n s m i 11 ed t hr  o ugho u t  t  he r  o c k m a s s a n d (3 )  
homogeneous s t  ra  i n super i mposed on i n i t i a l  1y para 1 I e 1 f  o 1d s ,

Mode 1s ( 1 } and 12) imply pass ive behav iour  o f  the laye rs  and were 
c r  i t  i c i zed by FI i nn ( 1962, p .725) f o r  the i r  two di  mens i onaI na tu re  
as ujeI ! as the lack o f  d i s c r e t e  p o t e n t i a l  shear planes t i n  severa l  
s i m i I a r  f  o ! d s ),  a Iong wh i ch the shear was supposed to  take pI ac e , 
Al though the f i r s t  o f  these models (1)  cou ld  account f o r  f e a tu re s  
l i k e  t  he 1 f Iam e1 f o Id s  ( P I . 3 ,1 )  w i thou t  hau i ng t  o f  ace t  he 
di  f f  i c u i t  ies o f  absence o f  d i s c r e t e  shear s u r fa ces  ( Hobbs 1972) 
s ince  SI is we I 1-deueI oped (see a lso  Mat tauer  et  a 1■ 19ot)  i t  is  a 
t  wo d i mens i ona I mode 1 and f  a i I s  to  exp l a i n  t  he obserued buck I i  ng 
fea tu res .  I t  cannot account f o r  the la rge  ex tens ions  p a r a l l e l  to  
the f o ld  axes, so t h a t  these ( ‘ f l a m e ’ ) f o l d s  are b e t t e r  exp la ined  
as a product o f  h igh  de format ion o f  c u s p a t  e and lobate  features;
( c f . F ig .  6—10), under condi t i ons o f  decreas i  ng v i  scos i t y  c o n t ra s t  
( o v e rp r i n t e d  by s imp le  shear at l a t e r  s ta g e s ) .  Model (2)  seems 
a I s o t o b e i nadequat e si  nee i t  f a i 1s to  exp l a i n  bot h ( a ) t  he 
per i od i c i t  y and buck I i  n g - r e 1 at  ed f  eat  ures  assoc i at  ed wi t  h many 
s i m i l a r  f o ld s  and (b) the absence o f  a ( u n d e r l y in g )  more competent 
I ayer from wh i ch the d i f  f e re n t  i a 1 shear ( due to  d i f  f e re n t  i a I 
de fo rmat ion)  is  t r a n s m i t t e d  ( i n  any case these e f f e c t s  would not be 
propagated to  d is tan c es  g re a te r  than about one i n i t i a l  wave lenght -  
c f . Ramsay 196/, p. 416). Thus; i t  the evidence f o r  v i s c o s i t y  
con t ra s t  v a r i a t i o n s  ( S e c t . 6 . 2 . 2 . 5  above) is  a lso  cons ide red ,  a 
m o d i f i c a t i o n  o f  model ( 3 ) ,  to  inc lude  the  la rge  ex tens ions  p a r a l l e l  
t o  the f o ld  h inges recorded,  can be a s u i t a b l e  model. Several 
aspects o f  t h i s  (env isaged)  e v o lu t i o n  model w i l l  be discussed 
be Iow.
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Pint?e P a p a l!e i  E x te n s io n

Treagus (1981) when d is c u s s in g  the de fo rma t ion  o f  v iscous  laye rs  in 
progress i ve ( and ob i i que 1 y o r  i e n te d ) compress i ue s t  ra i n emphas i zed 
t.he d i s t  i net  s t  ra  i n s t  y i es f  o r  I ayers  o f  d I f  f  e ren t  u i scos i t y . The 
competent ones shorn r e l a t i v e l y  low s t r a i n s  and the ex tens ion  
I i  neat i on i n i t i a l  I y perpend i c u I a r  t o  c Ieavage-beddi  nq i n te r s e c t  i on 
may become c lo s e r  to  p a r a l l e l i s m  at h igh s t ra ins , ,  when k va lue 
(FI inn 1962) becomes >1 ( f i e l d  o f  apparent c o n s t r i c t i o n  o f  Ramsay 
and Rood 1973) w h i le  the h igh  s t r a i n  incompetent la ye rs  show a mode
0 f d e fo rm a t i  o n s i m i la  r  to  s i m p Ie  s hea r . U a r  i a b 1e va Iu es o f
e Ionga t i  on para l i e !  to  the f  o lu  hi nqe were a I so re p o r te d  by severaI  
au thors  (Ayr ton  and Ramsay 1974, G a i ro la  1977, Uatk inson 1975), 
However, d e s p i te  the fa c t  t h a t  they  reproduce fe a tu re s  such as the 
remarkable cyI i n d r i c i t y  as we l l  as the low am pl i tude  to  wave length  
r a t i o  o f  some o f  the  F2 f o l d s ,  they  cannot account f o r  the  la rge 
bu lk  ex tens ion  va lues recorded ( S e c t . 6 .3 )  or  the  evidence f o r  
s i mpIe shear mechan i sms assoc i at  ed wi t  h severaI  o f t h e s e  f o I d s ,

Hobbs et a i ■ (1976) have rev  i ewed the or  i g i n and probIems o f
1 nt  e rp re t  i ng i i  neat ions t  hat  i ndI cat  e hi nge-para M e l  ex tens i o n , 
Several types o f • I i n e a t i o n s  d iscussed by these au tho rs  were 
observed in the Loch f laree rocks .  They inc lude  m ineral  l i n e a l  ions 
marked by (1)  d i mens i onaI and c ru s t  a I Iograph i  c or  i en ta t  i on o f  
amph i bo I e c r y s t  a 1 s , ( 2.) de f  ormed f  e I dspar phenocryst  s and (3)
de f ormed quar t  z and o th e r  m i neraI  agg re ga tes . H i t  hough r o t  at  i on 
has c e r t  a i n Iy  occurred ( pa r t  i c u I a r I y  i n hi  gh s t  ra i n zones) o r  i ent  ed 
growth i s a more I i ke Iy  exp I a na t ion  f o r  t he amph i bo Ie I i  neat i o n ,
I t  is  compat i bIe w i th  the met amorphi c condi t i ons and a I so accounts 
fo r  the presence o f  t h i s  i i n e a t  ion in low s t r a i n  zones o f  
amphibo I i t e s j  where fe ld s p a r  phenocrys ts  show l i t t l e  or  no evidence 
o f  de fo rmat ion  (a l though  they are r e c r y s t a I  I ized th roughout  -  see 
Chap.4).  The o th e r  types o f  I ineat ions inc lude  rods ,  mul l ions and 
boudins as wel l  as ( d i s r u p t e d )  h inges,  and are more l i k e l y  t o  have 
su f fe re d  c ons ide rab le  r o t a t i o n  at  some stage o f  t h e i r  development.

Hinge p a r a l l e l  ex tens ion  is  undoubted ly  the most d i f f i c u l t  o f  the 
observed fea tu re s  to  be explained.,  so th a t  any model capable o f  
s u c c e s s fu l l y  e x p la in in g  t h i s  f e a tu re  (which is  u b iq u i t o u s  in the 
mapped rocks )  can a lso  account f o r  the o r i e n t a t i o n  and s t r a i n  s t a te
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o f  rods., mull  ions and baud ins.  fis d iscussed by Hobbs et  a 1 . (.1976) 
the mode i o f  development o f  f o l d s  w i th  hinqe p a r a l l e l  e x te n s io n  
(Hi co I as and Boudier  1975., Uatk inson 1975} is on ly  adequate where 
1 ouj s t r a i n  ua 1 ues (<15%) are recorded and because o f  space 
p robIems, i s p a r t  i c u 1a r i  y p r o b 1emati c where f o 1d hi  nges have I ow 
p 1unges. ' Apparent hi n ge -p a ra M e l  s t  r e t  chi  n g ' produced by
super i m p o s i t  i on o f  s t  r a m  e M i pso i ds on t  o a 1 ready e 1 on gat ed 
o b je c t s ,  as suggested by Ramsay (1967, p . 220),  is  a t h e o r e t i c a l l y  
v a l i d  p o s s i b i l i t y  but which does not app ly  to  the p resen t  case 
where the s t r a i n  markers show i n i t i a l  random d i s t r i b u t i o n  and 
or  i e n t  at  i o n . His o t  he s u i t a b 1e s upe r  i m po s i t  i o n o f  t  wo o r  more 
s t  r  a i n e I I i p s o i d s ( G r  o c o 11 1979),  w h i c h s e e m s t  o b e a g o o d 
q u a l i t a t i v e  exp 1ana t i  on f  or  t he s t  ra  i n p a t t  ern ( see S e c t . 6 . 3 ) ,  
encounters  problems in e x p la i n in g  L i } the cont inuous  p ro g re s s iv e  
n a tu re  o f  the deformat i on from c o n s t r i ct  ions to  f 1 a1 1 e n i n g 
( i nt  e rp re t  ed as assoc i a t  ed w i t  h t  he Hl-I-SE t  rans 1 at  i on o f  t  he 
basement rocks and ( i i )  the magnitude o f  s t r a i n s  recorded  ( c f . 
S e c t . 6 . 3 ) .

The assoc i at  i on o f  D1 de fo rm a t i  on wi t  h t  he s t  rongest  my 1 on i t  i za t  i on 
episode has been wel l  documented (see S e c t . 6 . 3 ),  so t h a t  the  
process o f  fo rm a t ion  o f  these f o ld s  must be com pat ib le  w i t h  the  
fo rm at ion  o f  the my I o n i t e s  and the t r a n s l a t i o n  o f  the basement 
gneisses over the s u p ra c ru s ta l  seguence. in t h i s  way i t  is  
suggested here t h a t  s imple shear has played an impor tant  r o l e  not 
on Iy in the deveIopment but a I so i n the r e o r i  en ta t  i on o f  a I ready 
e x i s t i n g  ( F I )  f o l d s  ( some o f wh i ch ., i n doma in i might have been 
formed du r in g  p r e - L a x fo rd ia n  t im es -  see Chap.8) .  The mechanism is 
the same proposed f o r  the F2 s t r u c t u r e s  w i th  the d i f f e r e n c e  t h a t  
much h ighe r  s t r a i n s  are a t t a in e d  du r in g  D1 ( the  F2 f o ld s  can be 
cons idered as a lower s t r a i n  s t a t e  o f  the same de fo rm a t ion  see 
d iscuss io n  be low),  lie I I - d e v e 1 oped sheath f o ld s  are formed from 
amp I i f  i ca t  i on o f  o r i  g i naI d e f l e c t  ions or i nt  ernaI mechan i caI  
i n s t a b i l i t i e s  (a t  shear s t r a i n s  >10). L inear  s t r u c t u r e s  are 
r o ta te d  towards the (NU-SE) movement d i r e c t i o n  produc ing  the  
remarkab le col  inear  r e l a t i o n s h i p  shown by the D1 and D2 s t r u c t u r e s  
and the la rge va lues o f  ex tens ion  recorded ( S e c t . 6 . 3 ) .  D e s c r i p t i v e  
and exper imenta l  accounts o f  t h i s  type o f  mechanism are u b iq u i t o u s  
in the recent  l i t e r a t u r e  to  which the reader is r e f e r r e d  f o r
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d e t a i l s  { c t , Hansen 1967, Ramsay and S tu r t  1973, l -J i l l iams and Zwart
1977, Rhodes and Gayer 1977, Minnigh 1979, Cobboid and Quinqu is
I960., Sk jernaa 19ti0, Berthe and Brun 1980, Henderson 1981, La Tour
1981).

6 . 2 . 2 . 7  DISCUSS ION OF THE KIHEUfiTIC MODELS
The k in em a t ic  s i g n i f i c a n c e  o f  I i n e a t  ion p a t t e r n s  has been debated 
f o r  a long t ime in the l i t e r a t u r e  (see Rhodes and Gayer 1977 f o r  a 
rev iew and Uan Den Dr iessche 1986 f o r  a more up to  date 
d i s c u s s io n ) ,  f i l t h  o u q h s e u e r  a I m o d e r  n w o  r  k  e r  s f  a v o u r  t  h e h e r  e 
den o m i na te  d ' I o  nq11u di n a I 1 m ode l ,  whe r  e t h e t  rans po r  t  di  r e c t i  o n i s 
cons idered to  be p a r a I I e i  to  the I in e a r  f a b r i c s  ( i n c Iu d in g  f o l d  
axes) and to  the length  o f  the f o l d  b e l t  ( c f .  Shack le t  on and Ries 
1984 and re fe rences  t h e r e i n ) ,  many o the rs  ( c f . L i s t e r  and P r ic e
1978, Mattauer et a I . 1981, Duncan 1984, Lagarde and Mi chard 1986, 
R id le y  1986) d i scuss t  he ' t ra n s v e rs a I  1 mode I wi t h  t r a n s p o r t  
d i r e c t i o n  at  h igh angles to  f o l d  axes, p a r a l l e l  or  t r a n s v e rs a l  t o  a
s t  r e t  ch i ng I i  neat i o n . Th is  I at  t  e r  mode I advocates no maj or
movement p a r a l l e l  to  the length  o f  the orogen and seems t o  be 
compat i bIe mi t  h the k i nemat i c i nt  e r p r e ta t  i ons o f  hi  gh s t  r u c tu r a  I
Ieve is  o f  f o i d  b e l t s ,  pa r t  i c u I a r  iy  the f i Ips ( c f . Schmid 1975, 
Siddans 1979, Beach 1981., Ramsay 1981, P f f i f n e r  1981 and re fe ren c es  
t h e r e i n ) .  The c o n t rove rsy  s t i l l  p e r s i s t s  (see Jacobson 1983., Uan 
Den Driessche 1986) and i t  is  most ly  a f u n c t io n  o f  the inadequacy 
o f  e i t h e r  model to  inc lude  a l l  the observed f e a tu re s ,  I t  is  a lso  a 
f u n c t io n  o f  the f a i l u r e  to  recogn ize  the in f l u e n c e  o f  f a c t o r s  such 
a s :
(1)  the s t r u c t u r a l  level  under i n v e s t i g a t i o n .  Since in a t h r u s t  
p i l e  the d i f f e r e n t  u n i t s  couId e x h i b i t  d i v e rs e  t r a n s p o r t  
d i r e c t i o n s ,  the p re s e n ta t io n  o f  data r e l a t i v e  to  severa l  s t r u c t u r a l  
le v e ls  o f  an e n t i r e  ' f o l d  b e l t '  in a map ( e .g .  Hossack and Cooper
1986) can be very m i sIead i ng ;
(2)  the r e c o g n i t i o n  o f  the t r u e  s t r e t c h i n g  c h a ra c te r  o f  I i n e a t  ions,  
the shear na tu re  o f  the de fo rm a t ion  zone or  the  presence o f  v a r ie d  
magnitude o f  shear zones w i t h i n  the ' f o l d  b e l t '  ( c f . Lacass in  and 
Mattauer 1985).;
(3)  the e f f e c t s  o f  s t r a i n  i n t e n s i t y  upon the e x i s t i n g  s t r u c t u r e s .
(4) the complex i n t e r p l a y  between t h r u s t i n g  and s t r i k e - s l i p
( ' t r a n s p r e s s i o n ' ) which can occur at  the same t ime in d i f f e r e n t
places  or at  d i f f e r e n t  t imes in the same p lace o f  the mobi lebeTt.
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Try ing  to  c l a r i f y  these problems Hansen et ai , (.1965) have recorded 
the o r i e n t a t i o n  o f  f o l d  axes and ‘ s l i p  l i n e s '  in p o r t i o n s  o f  the  
Norwegian Caledon ides and p a r t s  o f  the Appalach ians and f l ip s .  The 
observed p a t t e rn  is  t r a n s v e rs e  in the ou te r  zones and l o n g i t u d in a l  
in the inner  metamorphic co res ,  the l a t t e r  being cons idered as 
1compati bIe w i t  h Iarge sea Ie i ong i t  udi naI t  r a n s p o r t 1 (Hansen et  a l . 
1965, p . 41U).  11 o r  e r  e c e n t  r  e s e a r  c h h a s s h o w n t  h at  l i n e  a t  i o n s d o
not l i e  on ly  p a r a l l e l  o r  p e rp e n d ic u Ia r  to  the length  o f  the ' f o l d  
b e l t ' . ,  but present  a w i de range o f  a11 i tudes bet ween these t  wo 
extremes ( c f . L i s l e  1 9 8 4 ,Shack Ie ton and f l ies ,  Hossack and Cooper 
1986). Th is  was i nt  e r p r e t  ed as an e f  f  ect  produced by r o t  at  i on o f  
f o l d  hinges towards the  movement d i re c t io n , ,  as h igh s t r a i n  zones 
r e la t e d  to  I arge t h r u s t s  movi ng towards the fo re lan d  are approached 
(Ramsay 1979). Accord ing  to  t h i s  au tho r ,  h inge r o t a t i o n  is  not a 
la te  event in the f o l d  h i s t o r y  but progresses  du r in g  f o ld  
deve I opment., be i ng a f  unet i on o f  t  he i n i t  i a I o r  i ent  at  i on o f  t he 
h i n g e , magnitude and type  o f  s t r a i n .  In the Loch Haree rocks  no 
in te rm ed ia te  s tages o f  h inge r o t a t i o n  ( e s p e c i a l l y  o f  F1 f o l d s )  were 
observed. Hs prey  i ous Iy  des c r i  bed t he fo Id s  were a l l  e i t h e r  
ex t remely  c y l i n d r i c a l  o r  sheath l i k e .  Th is  is ,  however, a n a tu ra l  
resu11 o f  t  he c r  i t e r  i a adopt ed f  or  t  he di s t i  net  i on between t  he f o Id  
phases (see S e c t . 3..3) so t h a t  i f  the F2 f o ld s  are cons idered as 
p a r  t  o f  the s am e ( p r  o g r  ess i  v e ) def o r  ma t i  o n , s ome o f  th  e s e ( s m a i I ) 
f o ld s  cou ld  rep resen t  i n i t i a l  stages o f  h inge r o t a t i o n  (e .g .
F* I .3 .1 8 ) .  I t  shou I d be emphas i zed however, t hat no ' ear I y ' maj or 
folds with hinges at high angles to the i inear fabr ic  were 
observed. fissum i ng t he ' I ong i t ud i na I 1 mode I w i t h Nl-i-SE d i rect  i on 
of movement, the only explanat ion for the absence of folds showing 
hinges at high angIes to t h is  d i rect  ion, wouId be that the foIds  
were a I ready i n i t i a t e d  st rongIy non-cyI i ndri caI ( Rhodes and Gayer 
1977). This would also expla in the presence of open ( r e l a t i v e l y  
low s t r a in )  F2 and la te r  folds (e .g .  P I . 3 .3 )  with hinges p a r a l le l  
to the strong I ineat ion. These structures are u n l ik e ly  to have 
been rotated towards t h e i r  present posit ion since according to 
Sanderson (1973) and Cobbold and Quinquis (1980) the s t r a in  
involved with a 90° r o ta t io n  would make them is o c l in a l .
Recognizing th is  problem and based on the geometry produced by the 
anastomosing character  of the my I o n i t ic  f o l i a t i o n ,  Bell (1978) and 
Bell and Hammond (1984) propose a model by which the ' lower '  s t r a in
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f  o I d 5 w o u Id a I r  e a d y n u c I e a t  e w i t  h a x e s a t  i o w a n g I e s t  o t  h e 
s t  r e tc h  i ng di r e c t  i on as a consequence o f  t  he t r  i ax i a i eI I i  pso i d 
shape o f  the  ' pods ' sur rounded by anastomos i ng my I on i t  i c f o 1i a t  i on 
(F ig ,  6 .1 3 ) .

(A)

zI \

(C)

F ig u re  6 .1 3 .  (P i) S k e tc h  o f  an e l l i p s o i d a l  pod su rro u n d e d  by an as to m o s in g  

<my I on i t  i c > fo l  i a t  ion  show ing  th e  d iv e rg e n c e  o f  L as w e ll  as  S a ro u n d  th e  pod  

w ith  r e s p e c t  to  th e  b u lk  s t r a i n  a x e s  X,  V and Z . ( E )  S k e tc h  show ing  a  s h e a th  

f o ld  p roduced  by im posing  a  zo n e  o f  inhomogeneous s h e a r on th e  u p p e r p a r t  o f  

an e l l ip s o i d a l  pod such as  t h a t  shown in  f ig u r e  <fl>. M ote th e  open s t y l e  o f  

th e  fo ld  w here i t  is  o r ie n t e d  s u b - p a r a l l e l  to  th e  s t r e t c h in g  I in e a t  io n  and  

t h a t  i t  has form ed a s h e a th  g e o m e try  w ith o u t  in v o lv in g r o t a t io n  o f  th e  f o ld  

a x i s . The X - a x is  o f  th e  b u lk  s t r a i n  e l l i p s e  is  a p p ro x im a te ly  p a r a l l e l  to  th e  

long a x is  o f  th e  p od , and c o n s e q u e n tly  much o f  th e  an astom osing  ( m y lo n i t i c )  

s c h is t o s i t y  l i e s  a t  a  m arked a n g le  to  th e  b u lk  XV p la n e . S in  such  l o c a l i t i e s  

i s s-uscep t  i b I e to  f  o I d i ng d u r i ng p ro g re s s  i ve  my I on i t  i za  t  i o n . < C > H t  te n u a  t  i on 

and t ig h t e n in g  o f  th e  s h e a th  f o ld  p ro d u ce d  in  <B) due to  f u r t h e r  inhomogeneous 

de fo rm a t i o n . < S I i  gh 11y mod i f  i ed  from  Be I I and Hammond <1984, f  i g .6  >

According to  t h i s  model on ly  a smal l  volume o f  the rock would 
c on ta in  f o ld s  at  h igh  ang le  to  the  p r i n c i p a l  e lo n g a t io n  d i r e c t i o n .  
Th is  model would a ls o  e x p la in  the  r a r i t y  o f  fea tu res  such as the
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spI ay pat tern expected duri ny foId i nq of the stre tch  i nq 1 i neat i on 
a Iong t he hinge zone ot a devei op i ng sheat h fold (F ig .  6 .14)  
expected but not observed in n a tu ra l ly  deformed rocks (Bei l  and 
Hammond 1984). The model, however, does not provide an adequate 
exp 1 anat i on for the asymmetry ( towards ME) a t t  i tude, per i od i c i ty  
or the buckling re la te d  features presented by the Loch llaree folds.

Figure 6.14. Two sketches showing the e ffec t on an e a r lie r  formed stretching  

Iineat ion of the formation and subsequent rotation of a fold in itia ted  a t a 
high angle to the bulk stretching d irection. Figure a shows the fold geometry 

soon a fte r  its  formation. Figure b shows the e ffect on the e a rlie r  Iineat ion 
a fte r subsequent rotation of the fold toward the bulk stretching d irection.
The older Iineat ion could be expected to locally maintain a high angle to the 
fold axis. This geometry is rare ly  observed. (Reproduced from Bell and Hammond 
1984, f i g . 11)

Another theoret i caI Iy possi bIe way of exp I a i n i ng the coax i a I 
geometry of the F1-F2 fo ld sets is based on the ro le  played by 
' l i n e a r  anisotropy'  (Cobbold and Uatkinson 1985, Uatkinson and 
Cobbold 1981, Uatkinson 1983). These authors have demonstrated 
that in rocks with a strong l inear  anisotropy folds w i l l  form with 
axes nearly  p a r a l le l  to t h is  l inear  fabr ic  for a v a r ie ty  of  
d i f fe r e n t  stress f i e l d s .  This model is adequate to explain some of 
the features of the Loch flaree rocks v iz .  (1)  the col inear nature 
of the several fo ld  sets,  (2)  the ( restr ic tedHhrust  ing towards SU
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a n d N E a s s o c i a t e d w i t h the F 3 f o I d s a n d (3) the F 4 b u c k i e f o I d s , 
a I I o f uih i ch cou 1 d be produced by a HHE- SSII or i ent ed comp r  e ss i on. 
However, i t  is not capable of expla ining the high (H14-SE) 
elongation s t ra in s  recorded or the kinematic indicators  of shear 
sense in the my Ion ites  which are best observed in sections at high 
angIes to the f o I i a t  i on and conta i ning t he st re t  ch i ng I i  neat i on 
( i . e .  p a ra l le l  to the length of the ' b e l t ' ) .

L a c a 3 3 i n a n d fl a 11 a u e r  (19 8 5, p . 7 41 ) d r e w a 11 e n t i o n t o t h e p r  o b I e m s 
of us i ng geomet r  i caI ana Iysi s o f f oIds as k i nemat i c i ndi c a t o r s .
They hold the view that in h ighly  deformed rocks fo ld geometry 
seems to be unrelated to the kinematic evolut ion.  Referr ing to the 
work done in the F'eninne nappes they pointed out that most studies  
have concentrated on the superimposed fo ld ing and l i t t l e  a t te n t io n  
was given to the ro le  played by shear and thrust ing  with the  
f or mat i on o f st re t  ch i nq I i neat i ons. l-ih i I e t he i r  op i n i ons seem t o 
be rather  extreme some of them could f ind support or evidence from 
the presently studied rocks, fit Loch Maree, adding to the 
i nconcI us ive ev i dence gIven by the f oIds in i so I at i on, there is the 
regional context of these rocks, The Loch Maree rocks are part of 
a crusta i -sea  Ie shear zones of Lax fordian age ( c f , Coward 1984, .
Coward and Park 1987, see also S e c t .8 . 3 ) .  This, together with ( i )  
the lack of evidence for dup l ica t ion  of the s t ra t ig raphy  during 01 
and ( i i )  the abundance of small scale structures ind icat ing  simple 
shear, suggest the importance of the l a t t e r  mechanism in the 
development of these 'Laxfordian b e l t s , 1 . l-ih i Ie the 
1 I ong i tud i na I ‘ mode I w i t h a Hl-i-SE movement d i rect  i on i s adopted 
here , f inding support in the importance of simpIe shear mechanisms 
( in  the ear ly  stages of deformationaI sequence 01-02) and magnitude 
p I us or i ent at i on o f the st r  a i n markers., an el egant exp I anat i on to 
account for the geometry a t t i t u d e  and s t r a in  s ta te  of these folds  
altogether has s t i l l  to be proposed. However i t  seems d i f f i c u l t  
and s c i e n t i f i c a l l y  incorrect to assume that these s tructures  bear 
no r e la t io n  with the highly deformed rocks (as proposed by Lacassin 
and Mattauer op . ci t . ) since we can in fact recognize that they are 
also a product of th is  deformation. What seems to be a more l i k e ly  
explanation is that the present knowledge of the deformation  
processes is s t i l l  not s u f f i c i e n t  to produce a model capable of  
including a l l  the features reported for these kind of rocks. In
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any case a general model based on transpressSon secerns to be able 
to accommodate roost of  the p r inc ipa l  features displayed by these  
rocks ( c f .  Chap.8 ) .
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TABLE 6.1 RESULTS OF FOLD SHAPE ANALYSIS. 1 AND I I  REFERS TO 
DOHA INS.

CLASS 1C 
FOLDS

SHORTENING 
Ar i t hmet i c 
mean

Standard 
dev i at i on

CLASS 3 
FOLDS (U/H)

CLASS 1A 
FOLDS (U/H)

TOTAL-in
quarter
wavelengths

NYLON ITES ( I )

No of quarter  
wavelengths 61 (851

0.293

O . H

CLASS 2
FOLDS (U/H) 8 ( 1 IX)

(4%)

72 (100%)

F2
(11 + I )

25 (66%)

F4( I )

0.370

0.20

10 (26%)

3 (8%)

38 (100%)

44 (78%)

0 .4 3 ‘

0.16

7 (12%) 

5 (9%)

56 (100%)
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TABLE 6.2  RESULTS OF 1U ! SURL' HflRflOHJC ANALYSIS OF 25 F4 FOLDS 
FROn D O r iR IN I (HOSTLY IN GNEISSES)

A B C D E F

1

2 5 7 3 1

3 1 6 7 1 1

4 1 3  2 7

5 1 1 1 2
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6 . 3  STRAIN ANALYSIS

6 . 3 . 1  INTRODUCTION

The presence o f  var  i ab i y de f orined phenocryst s i n porphyr i t i c 
amph i bo I i t es ( f i g . 6. HR be 1 ou») pr-ou i des u bas i 5 f or- asse55 i ng 
th e  geometr-y and in te n s i ty  of s t ra in  which can then be compared 
with the s t r a in  patterns shown by other structures such as FI and 
F2 folds,  This approach is dependent upon the existence of  
pract i caI Iy unde formed phenocrysts ( i nd i cat i ye of very !ow 
deformation) in a few l im i ted  areas; in most of the rocks the 
deformed phenocrysts are p ro la te  to oblate shaped (Pis 3.11 to  
3 .13)  resu11 i ng from Iow to intermed i ate magni tudes of 01 
deformat ion ( see Chap. 3 ) .  Ho s t ra in  determinations were possibIe in 
t he my I on i t es, whi ch represent t he hi qhest st ra i n condi t i ons i n t he 
area ( c f .  Chap.5 ) .

Due to the character  ist  ics of the s t ra in  markers; the Flf/0 method uf  
Ramsay (1967) and Dunnet (1969) was used. In addit ion to being 
considered a very r e l i a b l e  technique., th is  method also gives  
information about the r e la t io n s  of s t ra in  to other features and 
permits the v a l i d i t y  of the involved assumptions to be assessed 
(Hanna and Fry 1979,p . 162). The following nomenclature is based on 
L is le  (1985) and Ramsay and Huber (1983) ;

e (extension) = (1 - 1o) / 1o, ( lo )  being or ig ina l  length, ( I )  
f in a l  length
X >Y >Z Pri nc i p 1e axes of the st ra i n e11i pso i d 
R i , R f , Rs I n i t i a l ,  f i naI and st ra i n ra t  i o of an 
e l l i p t i c a l  s t r a in  marker (long ax is /short  ax is)
RXY = X/Y Fix i a I r a t i o  of e l l i p s e  on XV plane 
RYZ = Y/Z Rxial  r a t i o  of e l l i p s e  on YZ plane 
K = (RXY-1)/ (RYZ-1) 
e = In (1+e) = 1/2 In R 
In RXY = In (1+ e l )  -  In (1+e2) = el -  e2

Structural Geology- Loch Maree 235 Chapter 6 - Interpretation of Structures



g = (RXV+RVZ -  1)
H = Harmonic mean of Rf values
0' = Hngle between the long axis of a marker* and the 
es tab1i shed re ference i i ne

The s t r a in  data mere obtained from measurements on (13) samples cut 
para Mel  to the pr i no i pa I sect i ons o f t he st ra in e I ! i pso i d ( XV 
plane -SI f o l i a t i o n )  and subjected to the treatment set out by

L is le  (1985),  The shape of the f ina l  e l l i p s e  (Rf)  is a function  
of t he f orm and or i ent at i on o f t he i n i t i a l  and st ra in  e l l i  pse 
(Ramsay 1967),
Because of  the t ime consuming ca lcu la t ions and uncer ta in t ies  
involved in the process ( c f ,  Ramsay 1967, Owens 1984., l lheeier 1986) 
data co l lec ted  on f rac tu re  surfaces at high angles to each other  
mere not used.

D i f f i c u l t i e s  i nvoIved wi th the measurement s i n samp Ies i nc1ude t he 
extreme elongation of most crystals. ,  several of which were longer 
than the specimen. This meant that large markers as well as the 
ones representing the highest s t r a in  values of the specimen could 
not be measured. Sections containing X showed no v a r ia t io n  of 0 ‘ 
so that the harmonic mean (H) mas considered to be the best 
approx i mat i on to the st ra in .  The viscos i t y contrast bet ween 
phenocrysts and matrix  mas considered to be very lorn since 
f o l i a t i o n  d e f le c t io n  and pinch-and-swelI  st ructures mere very rare  
and no pressure shadows or even re f ra c t io n  of SI across the 
amphibo I i t e - g n e is s  contact mere observed ( c f .  Gay 1968, L is le  1985, 
p . 24).  Rddit ional  d i f f i c u l t i e s  included the d e f in i t io n  fo the 
out l ines  and measurement of the short axes of small c rys ta ls ,  
re i nfore i ng the l im i t  at ions ( part i cu Ia r Iy  quant i t  at i ve) of  t  he 
obtained values of s t r a in .

6 .3 . 2  In te rp re t a t i o n  of the Results

The number and s t r a in  geometry of the analysed specimens bear no 
re la t ions h ip  with t h e i r  abundance in the f i e l d .  While ' L 1
tec ton i tes  mere fa r  more abundant than 'S' tec ton i tes  in domain I ,
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m o s t o f  the s p e c i m e n s w i t h t h i s t g p e o f f  a b r  i c c o u ! d n o t b e u s e d 
because of the length of the deformed markers, frequent ly  longer 
than the specimen. Specimens from the (p r o la te -o b la te )  
t ransi  t i onaI zone were d i f f i c u l t  to obtai n and rapi d t ransi  t ion 
from pro la te  to Si banding was the ru le  ra ther  than the exception,  
so that almost a l l  the analysed samples plot into d i s t in c t  f ie ld s  
of the FI inn diagram ( F i g .6 .1 8 ) .

X/Y

\  l* 
\ 2*

3*
K?1

5* s  6* v
T

x/z

F ig .6.18 FI inn diagram of deformed phenocrysts (see tex t  for 
d e t a i I s ).

The heterogeneous nature of the deformation of these rocks (at  the 
hand sample scale)  means that  the resu l ts  obtained are a function 
of the choice of the samples and t h e i r  processing. This can be 
i l l u s t r a te d  by the analys is  of one sample (L-198) whose resu l ts  
were used as guidel ines for the processing of the remainder.

The s t ra in  heterogeneity  is represented in Figure 6 . H R  (see also 
Fig. 6 .19)  sketched from a sample whose measurements are shown in
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Tab ie 6 .3 .  The st ra  in e ! i i pso i d f o r  t h i s  samp! e uias ca icu  1 ateu in 
two ways:
(1) The a x ia l  r a t i o s  o f  the s t r a i n  e l l i p s e s  were measured on the  HZ 
and VZ p lanes .  The a x i s  Z was equated to  the  u n i t  and the  RHV was 
then c a l c u la te d  from the  former re la t io n s ;  l. HZ y c } .  This; a x ia l  
r a t  i o i s p resent  ed as X/VCfiLC in Table 6 .3 .  The resu11 i ng K -v a 1ue 
s t r a i n  e l l i p s o i d s  are p resen ted as KCflLC and ELL I P. CALL-.
(2 )  The ax i a I r a t  i o RHV «jas measured on sur  f  aces para i le i  t  o the
(S I )  f o l i a t i o n .  Th is  a x i a l  r a t i o  is  presented as H/VHEHS. and the
resu 11 i nq K ua I ues and s t  ra  in e I I i  pso i d as K11EH5. and ELL I P . HERS.
respect  i veI y , in TabIe 6 .3 .

The T ' d i s t r ib u t io n  ( F i g , 6 . 1 6fi) is f a i r I y  symmetricaI 
( symm. i ndex=0.956 } wi t h few markers present i ng a hi qh f Iuc tua t  i on. 
Th i s probabIy i nd i cat es ari i n i t i a l  eI I i  pt icaI  ( r  i ) shape wh i ch 
exceeded the st ra i n reg i st ered for t hi s sect i on (Rs approx. 3 , 1 ) ,  
since a typ ica l  length/width r a t i o  of 3 to 4 was assumed for  the 
prismatic  sections of these p iagioclase crys ta ls  in d o le r i te s .  
This assumption seems to have been confirmed by superposing the  
points d i s t r i b u t io n  on to the standard curve (Rs = 2 .85 )  given by 
L is le  (1985) reproduced here in Fig.  6 .1 5d .
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>12

Tin *=• A CL'a4.-.fc fi*..-.* i_m o  {wr; men 10) i i-r  l y  . . I H  f ]  ^ jK . t  T '_  i t  ■ i >_*iTi —*.< iiij_> i t  i_ t ^  •_* v i iu  n u  i i j .  y . o u  m i  I i

parameters are giu&n in Table 6.3.
(a)  Numbers \ } 8 & 12 correspond to separate ana lys is  

of top., bottom, and to ta l  sample respect i Me I y .
The data are p lo t ted  on Figures 6.15 R,BjC and
FI inn  diagram of Fig.  6 .18.

(b) S t ra in  e l l ip s o id s  corresponding to the analysed 
parts of the sample. Measurements of sample no. 8 
are as fo I I oius:

VZ (Rf/PHV) XZ (H) XV (H)
M = 69 76 89

(N = No. markers)
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/ f ic iw p a t f 'b f / i t #  o f  o t r a /n

fl comparison between the resu i ts  calculated by the above described  
d i f f e r e n t  procedures show that the calculated and measured s t r a in  
e l l i p s o i d  geometries would change i f  the specimen was t rea ted  as 
represent ing one s ta te  of s t r a in  ( i , e . sample no. 8 ) t he 
re s u l t in g  e l l ip s o id  shape would be d i f f e r e n t  (p ro la te  for- 
calculated  and oblate for measured). i f  the specimen is analysed 
af  te  r  ha vi ng bee n di vi d e d in t o t wo ha Iues, t he a e o m e t r  y of the 
de f ormat ion e l l i p s o i d  is ma i nt ai ned ( samp Ies no. I and 12 -  Table 
6 .3 )  but the d i f f erence of K-vaIues f or the pro I ate st ra in is 
increased. This accentuated s t r a in  incompat ibi I i ty  ( both met.hods 
above should idea l ly  produce the same results.) may resu l t  from the 
operation of a number of factors ,  some of which w i l l  be discussed 
be Iow.

( 1 ) Over—def ined s t ra  in eI I i p s o id .
While an e l l i p s e  may be expressed by three parameters i f  the 
plane in which i t  l ies  is defined, an e l l ip s o id  can be 
expressed by s ix  parameters, the lengths and o r ien ta t io n s  of  
i ts  three pr i nc i pa I axes. Therefore three el I i  pt icaI  sect i ons 
wiI I overde f ine the eI I i pso id si nee they de f i ne a ni ne-  
parameter f igure  instead of a six-parameter f i g u r e . This is 
because any three e l l ip s e s  may not necessari ly  come from the 
same, e l l i p s o id  so that they might not be compatible (H i l to n
1980).

(2)Heterogenous s t ra in
Computer simulations of homogeneously deformed markers 
performed by Holm (1983) t y p i c a l l y  show a t ig h t  c lu s te r  at the 
centre of the Rf /0  diagram but n a tu ra l ly  deformed markers are  
characterised by a d is t in c t  lack of th is  point concentration.  
This feature was a t t r ib u te d  by Holm (1983., p. 103-107) to the 
heterogeneous character of the natural strains.,  considered to  
be the only important factor  d i f f e r i n g  between the compared 
deformed populations. He also pointed out th a t ,  although the 
assumption of homogeneous s t r a in  is inherent in the Rf/PHV 
method., i ts  use is not invalidated at highly heterogeneous
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st ra in s .  The main e f fec t  produced is to increase the 
s ca 11 e r  i n g of the poi n t s , ca usi n g a redu c t i on of the accurac y 
of the method, which in our case m i ght have contr ibuted to the 
s t r  ain incompat i b i I i t y . in addit  ion, the above re fe r re d  
author noted that  i f homogeneous s t r a in  is assumed., the 
sca11 er of po i nt s wou !d i ncorrec1I y be a11 r  i buted to e f fect s 
of an i n i t i a l  fabr ic  and,or shape of the s t r a in  markers (Holm 
19uo, p. 11 j 9} .  However, in the case of the Loch fiaree rocks,  
the true influence of the shape of markers can be demonstrated 
by comparing the resu l ts  from the analysis of the sample shown 
in F i g . 6 . M f l . The point u i s t r ib u t io n  ( F i g . 6 .1 5a) shows a
pos it ive  c o r re la t io n  between low axia l  r a t io s  ’..Rf,.1 and high 
f luc tua t ion  in the VZ section producing a skewness towards 
negat i ve vaIues of 0 1 ( F i g . 6 .1 6fi) . This asymmetr ic pa t te rn  
whi ch d i f fers f rom a ' sca11eri  ng1 o f po i nts wou i d be best 
in te rpreted as produced by the i n i t i a l  shape and o r ie n ta t io n  
o f  the m a r  k e rs ( f Io  w ba nd ing ?).

f  ' [ C f f  {  + k  A  .-4 + k  r-. ;
V -J /L !  I CL- I. O LI I Li 1C u u u p  L CU L CL1III i L) Li C

The ca lcu la t io n  of the harmonic mean for each section  
containing k, arid the assumption that i t  represents a 
reasonable approximation to the s t ra ins  may have contr ibuted to 
the s t ra i  n i ncompat i b i I i  t y . Recordi ng to L is le  (1977a) the 
harmonic mean is an e f f i c i e n t  method under condit ions of (a )  
homogeneous s t r a in ,  bj? absence of a pre-deformat ion pre ferred  
or i ent at i on and ( c ) reasonab I y h i gh st ra i n rat  i os . l-ih i I e t  he 
possible e f fe c ts  of factors (a.) and (b) was discussed above., 
the influence of factor  (c )  was considered to be minimal} even 
in sections perpendicular to the l inear  fabr ic  (which are the  
ones showing the lowest values of the pro la te  s t r a in  -  see 
Table 6 . 4 ) .
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Fig. 6.15. Rf/PHi distribut ion of specin»ens shown m F ig .6.14. H- 
totol (sampIe 8),  B-top half (sample D j  C-bottom half (sample 12). D 
-Rf/PHI eurue eorresporiding to point distribution of Fig.fi.15fl (after- 
Lisle 1085).

Fig. 6.16. Histograms of the plots shown in F ig .6.15. fl,B,C 
correspond to R,B,C of Fig.fi .15.
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Figure 6.17 shows the v a r ia t io n  of the harmonic mean (H) as a 
function of i n i t i a l  r a t i o  ( R i ) and s t ra in  r a t i o  ( Rs) .  fiithough 
th is  graph cannot be d i r e c t l y  used for YZ sections (where Rs was 
obtained by comparison with standard curves) i t  gives an idea of  
the Rs d i f ferences to be expected and helps in the se lec t ion  of the 
best f i t  standard curves.

u.
o
2
<UJ2
o

<X

STRAIN RATIO. RS

Fig. 6.17. fi graph for estimating Rs from tha harmonic moan of the 
ax i a i ra t i os of dot ormed passi ve e i I i  pticaI markers.

Accordingly., the value of H = 3.1 was obtained for sample 8, 
but the best f i t  curve was the one corresponding to Rs = 2.85  
( F i g . 6 .1 5D).  For high st r  a i n va I ues, l ike  t hose de t erm i ned f or­
al I the other sections., the difference, between Rs and H is 
i nsi gn i f i cant ( cons i der i nq R i = 3 t o 4) .

The s t ra in  incom pat ib i l i ty  in sample 8 becomes even larger i f  a 
value of Rs( YZ) = 2.85 instead of 3.09 is used., indicat  ing that  
factors, other than those presently  discussed, are more 
important on i ts  contro l .

(4)The error  involved with the measurements of specimens cut 
along the XV section should also a f fec t  the s t r a in  
computations, in p a r t ic u la r  the oblate s t r a in  markers where a 
s I i ght deviat ion f rom para I IeI  ism (with XY pIane) wou1d 
produce large va r ia t io n s  in the measurements of the Y axis .  
However, a comparison between the measurements obtained for 
sample 1 (p ro la te )  and sample 12 (ob la te )  shows that the
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di f f  erenees o f  RHV measured and cai  cuI at  ed ( Table 6 ,3 )  f  o r  
o b la te  s t r a i n  are much s m a l le r  (RHV calc . /RHV meas, = 1 .3 )  
than those ob ta ined  f o r  the p r o la te  p a r t  o f  the sample ( Fi a V 
ca lc . /RHV meas. = 5 . u ) ,  sugges t ing  th a t  the u n d e re s t im a t io n  o f  
H va lues would e xe r t  a s t ro n g e r  c o n t ro l  on the RHV c a l c ,  
va lues than mis takes on measurements o f  V (compare RHV and RVZ 
meas. or  bot h samp 1 e s ).  Record i n g 1 y , I f  t  he c a 1c u 1 at  ed 
r  e s u 11s a r  e ass u me d t  o b e the t  ru e on e s , t  h e va 1u e s o f  R H V 
HERS, o f  samples 1 and 12 (Table  6 .3 )  u jo u  I d  i n d i c a te  an 
underest  imat ion o f  H, Th is  ujould be a more c r i t i c a l  f a c t o r  
f o r  the p r o l a t e  s t r a i n  as i t  is  a pp a ren t ly  con f i rmed by the  
1 a r  g e s t  d i s c r  e p a n c y o f  b o t  h R H V ( m e a s u r  e d a n d c a 1 c u I a t  e d ) 
co r respond ing  to  sample 1. However i f  sample 12 is  t r e a t e d  as 
two d i s t i n c t  specimens th e re  Is no change o f  the  r e s u l t i n g  
e l l i p s o i d  geometry,  i . e .samp 1es 1 and 12 are p r o l a t e  
i r r e s p e c t i v e  o f  the method used ( 'HERS. '  o r  'C A L C . ' ) .  This 
c onc lus ion  had impor tan t  im p l i c a t i o n s  f o r  the t rea tm en t  of the 
samp 1e s .

I t  seems that while factors (1)  and (2) have promoted s t r a in  
incom pat ib i l i ty ,  factors (3 )  and (4)  might have even worked against  
i t .  Although factors other than the above discussed might be 
cont r i  but i ng t o t he i ncompat i b i 1 i t y o f st ra i n ( see di scussi on about 
vo I ume var i at i on be I ow) t. he ro 1 e pi ayed by st ra i n het er ogene i t y 
seems to be of fundamental importance and the influence of t h is  
factor  was kept in mind during a l l  phases of th is  work., from the 
select ion of addit ional  samples to in te rp re ta t io n  of the re s u l ts .

6 . 3 . 3  GEOLOGICAL I t tPLICf iTI  OHS OF STRAIN ANALYSIS

Despite the small number of specimens and a l l  the above 
d i f f i c u l t i e s ,  the obtained pat tern corresponds to that determined 
for deformed pebbles and associated thrust ing  in the Caledon ides 
and flips (FI  inn 1956, Hossack 1968, L is le  1984 and Rotschbacher & 
Oertel 1987). The pro la te  represent higher s t ra in s  than the 
deformed oblate markers, with the e l l ip s o id s  almost invar iab ly  
showing the same o r ie n ta t io n  of axes. This is at variance with the
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conclusions reached during f i e l d  work when oblate-shaped s t r a in  
markers were considered to be representing much higher magnitudes 
of deformation than the pro la te  ones (c f .  also flyers 1978),  and 
emphasizes the necessity of s t ra in  measurements whenever markers 
are ava i 1ab1e .
The s t r  a i n p a 11 e r  n a n d m a g n i t u d e v a r  i at i o n s in the L o c h fi a r  e e r  o c k s 
are generally  s im i la r  to those set out in the l i t e r a t u r e  by Hossack 
1968, Grocott 1979, 1984, L is le  1984 , Tor i urn i 1985, Tor i urn i and 
N o d a 19 8 6 a nd R at sc hba c he r a nd 0 e r  t e ! 19 8 7, m o s t o f w hi ch w ere 
in terpreted in terms of superImposi 1 1on of two or more s t r a in  
regimes. In several of these cases the longest axes of the f i n i t e  
s t ra  in e 1 I i pso i d represent an ‘ apparent st ret  ch i ng1 di rect i on 
which might not correspond to the t ra n s la t io n  d i rec t ion  ( c f .
Grocot t 1979, p .475) be i ng f requent1y para I IeI  t o f o 1d axes (e .g .  
Ramsay 1967,p .220, Roy and Faerseth 1981 ,p .57) .  1n add i t i on, i f
only the f i n i t e  s t r a in  is recorded ( i . e .  the geometry of the 
e l l ip s o id s  corresponding to the superimposed episodes of 
deformation is unknown), i t  is not possible to be cer ta in  whether 
the const r I c  t i  o n i s t r  u e o r  a ppa r e n t o r  t he g e o m e t r  y du e t o 
f I  at ten i ng or p 1ane st ra in. H super i mpos i t i on mode 1 is, however, 
inadequate to account for the pattern obtained in th is  study, since  
there is no evidence for e i th e r  deformation e a r l i e r  than D1 
a f fe c t in g  the phenocrysts or a larger  scale d is t r ib u t io n  pat tern  
of t he st ra i n geomet ry compat i bIe with more than one ' ep i sode' of  
deformati on ( e . q . Grocot t 1979).

RemarkabIe features of th is  deformat ion incIude (1) the decreasing 
st ra i n magni t udes f rom pro la te  to oblate st ra i n geometry and (2)  
the rapid t r a n s i t io n  between these two types of s t ra in .  This 
deformation was frequent ly  local ized into zones ( P I . 3.12)  many of  
which, although not reaching the my Ion i te  stage have developed a 
good pIanar fab r ic  (see Chap.4 ) .  .

Where my Ion i te  does occur i ts  association with D1 deformation was 
demonstrated on geometrical and kinematic basis (see Chap.3 and 
section 6 . 2 . 2 . 6 )  and from the f i e l d  observation of the t r a n s i t io n  
from pro la te  to oblate  s t r a in  geometry to mylonite during D1. fl 
natural pred ic t ion  would be that the s t ra in  magnitude also 
increases from pro la te  s t ra in s  in the 'host'  rocks to oblate in the 
my Ionites .  However, th is  is not the pat tern registered for the
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Loch Maree rocks or for s im i la r ly  deformed rocks elsewhere ( c f .
FI i nn 1956,1961 , Hossack 1968, Lisle. 1984). The decreas i nq st ra  i n 
magnitude as the thrust  zones are approached observed by FI inn 
(1956, p . 502) was in terpre ted  as an ind icat ion  that the deformat ion 
(o f  the surrounding rocks) was not caused by the movement on the  
thrust  plane but was., instead, the cause of such movement (but see 
11 i 1 ton and UI M iams 1981).

M agnitude o f  s t r a in

The s t r a in  magnitude was expressed in terms of the parameters of  r  
Mat t e r  son (1968, p. 55)., D and d of Ramsay and Huber (1983, p. 202)
where r  = '..RHV + RHZ -  1) ( 6 .3 )
and D = [ ( e l  -  e2)2 + (e2 -  e 3 )2 ]1 /2  ( 6 .4 )
and d = [(RHV -  1)2 + (RVZ -  1 )2 ]1 /2  ( 6 .5 )

Increasi ng vaIues o f t hese paramet ers i ndi cate i ncreas i ng magni t ude 
of deformation (see l i s t  of symbols). The values of r  are shown as 
obI ique I ines in the FI inn diagram ( F i g . 6 .1 8 ) .  The other two 
values (D and d) are only presented numerically  (Table 6 . 4 ) .  fl 
rapid comparison between the values of to ta l  s t r a in  corresponding 
to pro la te  and oblate geometry, respect ive ly ,  shows that the values 
of D L d for these two geometries d i f f e r  s l i g h t l y  ( less than 15$ 
and 10$ respec t ive ly )  while the values of r  are markedly d i f f e r e n t .  
The l a t t e r  is thought to r e f l e c t  the way i t  is ca lculated more than 
the geological condit ions so that i t  w i l l  not be discussed any 
fur ther .  Bearing in mind the small d i f ferences in values of  
' t o t a l '  de f ormat i on bet ween oblate and pro late  geomet r i es , t he w i de 
gap and distance between the deformation f ie ld s  and the o r ig in  
( 1 ,1 )  corresponding to these two types of s t r a in  in the FI inn 
diagram ( F i g . 6 .18)  are interpreted here as produced by the type of  
diagram chosen to represent these geometries (the logarithmic p lot  
would bring these f ie ld s  much closer together ) .  Considering that  
the deformation magnitudes are not as large as they f i r s t  appeared 
to be, as well as the i d e n t i f i c a t io n  of a s im i la r  pattern in other  
fold be l ts  (as above r e f e r r e d ) ,  one posible explanation is that the 
registered pat tern is a function of the l im i ta t io n s  of the s t r a in
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ana lysis methods in determ i ni ng t he magn i t udes of nat u r a 1 st ra i ns 
in these types of rocks, in fact., both Hossack (1968) and 
L is !e (  1984.) have applied the Rf/PHV method measuring the RVZ and 
RHZ (Hossack 1968) so that i f  the above explanation has any 
v a I i d i t y , i t  couId suggest that th is  method introduces a bias  
t owards pro I ate st ra i ns . Once hi qh de format i on i s at t ained i t 
b e c o m e s v e r  y d i f f i c u 11 t o m e a s u r  e the s t r  a i n b y a n y m e t h o d n  o t 
only due to the magnitude of the deformation but because these are 
a I s o p r  e f e r  e n t i a I z o n e s f o r  c h e m i c a I r  e d i s 1 r  i b u t i o n o f c o m p o n e n t  s 
with formation of met amorphic banding ( c f .  flyers 1978., Ramsay and 
fi I I i son 1979., see a I so sect . 7 , 3 ) .

S tra in  geom e try

The st ra i n geomet r  y is d i f f  i cu i t t o exp la in ,  l-lh i I e f eat ures ! i ke 
the lack of intermediate s t r a in  markers between both deformat ion 
f ie ld s  of Figure 6.18 are very much a function of sampling and the 
cr i t e r i a  adopted in t h e i r  processing., the deformat ion f i e l d  of  
f I  at t en i ng couId have been produced by (1)  mod i f i cat i on 
( f I  at t en i ng) o f markers i n i t i a l l y  de formed by pI one s t r a i  n or (2)  
voIume change under essenti a I Iy pI one st ra i n condi t i ons.

Ev i dence for (1) has been d i scussed i n sect i ons 5.3 .1  and 6 . 2 . 2 . 5 .  
Ramsay and Hood (1973) have demonstrated that i f  there is a volume 
change during deformation the l ine separating e l l ip s o id s  of  
(apparent) con str ic t ion  and (apparent) f la ttening. ,  although keeping 
the same slope., is displaced e i th e r  upwards (volume increase) or 
downwards (volume decrease),  fissuming i n i t i a l  plane s t r a in  (K = 1) 
a best f i t  l ine  through these points (o f  the f la t te n in g  f i e l d )  can 
be traced ( F i g . 6 .1 8 ) .  fi volume reduction (DU) of 23$ is then 
caIcuI at ed using equat i on 6.6  be Iow. 
e1 -  e2 = e2 -  e3 + In (1+D) ( 6 .6 )

fis explained by Ramsay and Hood (1973., p . 269) the 'apparent  
f l a t te n in g '  is produced by shortening along the Z d i re c t io n  without  
a corresponding elongation along H., so that  e l l ip s o id s  with oblate  
shapes do not necessari ly  imply extension along the V ax is .
Evidence for volume change during D1 deformation includes the
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format ion of a cont i nuous SI bandi ng by deformat i on o f the 
phenocrysts (Chap.3) and other geochemical and microstructura i  
features (see Chaps 4 and 5) which w i l l  he discussed in more d e ta i l  
in Chap.7.

Oblate

Prolate

Fig .6.19. Geometry of a cube suffering prolate to oblate strain  (na 
volume change assumed}.

Pro late st ra i ns are d i f f i cu I t  to exp lain geo 1og i caI 1y . Shear zone 
te rm ina t ion - re la ted  models were proposed by Ramsay and A l l i son  
(1979),  Ramsay (1980),  Coward and Kim (19815, Coward and Potts  
(1983) to account for th is  type of s t ra in  geometry ( F i g . 6 .2 0 ) .
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Non p lane s t ra in  model (e2^ 0 )

Ca)

J A

(b)

displacement

shear zone limits

deformed

c cons t r ic t ion s t ra in s  (e2 ~ve) 
f  f l a t t e n in g  s t ra in s  (e +ve)

F i g .6 .20 .  Tqpes of s t r a in  d is t r ib u t  ion near* the shear* zone 
terminat ions, (a)  Non-piane model. The heavy l ines represent  
pr i no i pa I st ra in d i rect  i ons, po i nt s represent i sot rop i c zones ., f . 
and c. represent f l a t t e n in g  (e2 +ve) and c o n s t r ic t iv e  (e2 -ue)  
s t ra in s  respect ive ly  (reproduced from Ramsay and A l l iso n  1979 
f i g . H b ) .  (b) Uar ia t ions in k value w ith in  a shear zone., near the 
fau l t  t ip s ,  fit A, C and E the s t ra in s  are of k=1. fit B they tend 
to be more oblate ,  fit 0 they tend to be more p ro la te .  See text  
for d e ta i ls  ( r  e p r o d u c e d f r  o m U o w a r d a n d P o 11 s 19 b o., F i y . 2 J .

Although the scales are considerably d i f f e r e n t  the same c o n t r o l l in g  
mechanism of deformation (simple shear) is l i k e ly  to have produced 
s im i la r  features ( c f .  Tchalenko 1970). I t  is suggested here that  
the t ra n s i t io n  between pro la te  and oblate s t r a in  is re la te d  to 
st ra i n softening con tro l led  I oca I i zat i on of t he de format i on a 1ong 
narrow zones, leading to the development of my Ion i tes  (wi th  an S- 
f abr i c ) and assoc i at ed thrusts .  As the t ransI at i on of success i ue 
units  on several scales takes place structures ind icat ing  
f la t te n in g  and simple shear were developed in these narrow zones. 
The prolate  s t ra in s  although dominant in terms of volume would be 
r e s t r ic te d  to the in t e r i o r  of the deforming 'pods’ where the 
deformation was more homogeneous ( F i g . 6 .1 9 ) .  The pat tern  of s t r a in  
in tensi ty  increasing towards the underlying thrusts  as noted by 
Chapman et a I . (1979)., Chapman and Ui l l iams (1981) and Law and 
Potts (1987) was not detected in the Loch Maree rocks. Although
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the main t h r u s t  boundar ies are marked bij m i ] ion i tes  and no 
sys tem a t ic  s tudy o f  s t r a i n  oar i at  ion on a I or  ye sca le  was c a r r i e d  
out ( i n  p a r t  as a f u n c t io n  o f  the absence o f  s u i t a b l e  markers).,  the 
o b se rva t ion  th a t  the complete range o f  s t r a i n  geometr ies  and 
magnitudes mas present  in almost a l l  sca les  o f  shear zones seems to  
i nd i ca te  t h a t  t h i s  p a t t e r n  i s not s i mp1y re  1 at  ed to  the  he i ght  o f  
the markers mi t h i n  the  t h r u s t  p i l e  as suggested by i l l  i tem and 
U i 11i ams (19u1). 1n th  i s may., despi te  the apparent re  1 at  i onshi  p
b e t  u i e e n s t r  u c tu  ra  1 Ie v e 1 a nd t y pe o f  f  a br  i c s ( pr  e do mi n a n 1 1y ' S ’ 
c f . bchmerdtner et a I , 1977) observed in domain M i  ( c ons id e red  to  
be a lower leve l  in the t h r u s t  p i l e  -  see Chaps 2 and 7) t h i s  type 
o f  fab r  ic  is  consider*ed to  hiave been produced by composi t  iona 1 
r  a t  h e r  than s t  r  u c tu  ra  1 co nt  r  o ! ,  wi t  h t  he m o r  e m i c ac e o u s u n i t s  
deve i op i ng an ‘ S' f a b r i  c and the  g u a r t z o f e 1dspa th i  c an ‘ S>L' o r  
*L >S ' f a b r i c .

Be l l  (1981) c a 1 Ied at  t e n t  i on t  o t he s t  ra  i n i ncompat i b i 1 i t  i es 
in t roduced  by de fo rm a t ion  models propos ing pure and s im p le  shear 
mechanisms. Lam and P o t t s  (1987) a pp ly ing  a pure and s im p le  shear 
modei to  a Hoine t h r u s t  sheet in Skye have recogn ized  t h i s  problem 
and proposed th a t  where two deforming juxtaposed domains are  
a f fe c te d  one by pure shear and the o the r  by s im u l taneous  pure and 
s i mp1e shear t  here i s no s t  ra  i n i ncompat i b i 1i t  y problem ( F i g . 6 .2 1 ) .  
Th is  model is  e s s e n t i a l l y  t h a t  o f  Be l l  (1981) shown in F igu re  4.1 
considered in t h i s  s tudy as the one which best repoduced the  
m ic roscop ic  sca le  f e a tu re s  (see Chap.4) .  fls opposed to  the  
d i scussed m i c ros t  r u c tu r a  1 s t u d ie s  ( Chaps 4 . and 5 ) ,  the 
contemporane i ty  o f  these two types  o f  s t r a i n  is  more c l e a r  in the 
present case where no ev idence f o r  overp r  i n t  ing is  obse rve d .
Mode I 1i ng o f  s t r a i n  p a t t e rn s  in terms o f  d i f f e r i n g  c o n t r i b u t i o n s  o f  
pure and s imp le  shear in t h r u s t  sheets  mas presen ted by Coward and 
Kim (1981 )  ̂ Comard and P o t t s  (1983)., Sanderson (1982).
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F i g u re  6 .2 1 .  S t r a  i n compa t  i b i I i t y  cons i d e ra  t  i ons a s so c  i a  te d  w i th  

j ux. tap o s  i t  i on o f  u i f  f e re n  t  k i n em o ti c domai n s . F o r  s i m p l i c i t y  d e format i on i s 

assumed to  be p la n e  s t r a i n  w ith  X and Z in  th e  p la n e  o f  th e  d ia g ra m . <a>

Undeform ed dom ain u n d e r la in  by zo ne o f  s im p le  s h e a r d e fo r m a t io n .  <b>

Undeform ed domain u n d e r la in  by zo ne o f  p u re  s h e a r d e fo rm a t io n ,  t c )  Zone o f  

p u re  s h e a r u n d e r la in  by zone o f  s im p le  s h e a r d e fo rm a t io n . t d ) Zone o f  p u re  

s h e a r u n d e r la in  by zo ne o f  com bined s im p le  and p u re  s h e a r  d e fo rm a t io n . <e>

J u x ta p o s it io n  o f  th re e  dom ains o f  s im p le  s h e a r d e fo rm a t io n ;  a n g u la r  s h e a r  

s t r a i n  in c re a s e s  downwards. < f ) J u x ta p o s it io n  o f  fo u r  dom ains o f  p u re  s h e a r  

d e fo rm a t io n ;  s t r a i n  r a t i o  in c re a s e s  downwards. <g> J u x t a p o s it io n  o f  fo u r  

doma i ns w i th  p ro  f r e s s  i v e Iy  ch an g i ng comb i n a t  i ons o f  p u re  and s  i m pIe s h e a r  

d e fo rm a t io n ;  to p  dom ain is  c h a r a c t e r iz e d  by s o le ly  p u re  s h e a r  d e fo rm a t io n  

whi 1s t component o f  s im p le  s h e a r  in c re a s e s  p ro g re s s  i'-'e I y  downwards th ro u g h  th e  

lo w er dom ains. P u re  s h e a r  com ponent is  id e n t ic a l  in  a  I I fo u r  d om ains . N o te  

t h a t  s t r a i n  c o m p a t ib i l i t y  is  o n ly  m a in ta in e d  in  s i t u a t i o n s  <a> , Cd>, and  

< g ) .  ( R eproduced from  Law and F’o t  t s  1987, f i g .  13 >.
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TABLE 6,3  STRAIN FROM SflHPLE SHOWN IN FIGURE 6 .14 .  See tex t  for  
exp Ianat i on and l i s t  of  symboIs for de f In  i t  i on o f pa ran e te rs .

SANPLE
NO. 8 1 12

RCK/Z) 25,3 41.18 17.36

R(V/Z) 3.09 2.25 4.37

R(K/V)calc. 8.18 18.3 3.97

R(M/V)meas. 2.91 3.11 2.99

K-ca1c , 2.64 8.13 0.90

K-irieas. 0.94 1.38 0.68

ELLIP.calc. PROLATE PROLATE OBLATE

ELL 1P. meas, OBLATE PROLATE OBLRTE
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TABLE 6 .4 .  GEOHETRV flHD flIIOUHT OF DEFDRHRT I OH OF STRAW MARKERS 
( see F i gure 6.18 for p i o t t  i ng of samp Ies ' Sp1) .

Sp R(X/2) n i1'«!.'-? \hi r/  a D d r

1 18.3 2,2 2.24 7.24 19.5
£ 17.5 3.2 2.05 4.98 19.7
3 17.2 4.9 2.02 4.63 21.1
4 16.6 C. . £. 2.16 6.65 17.8
5 15.6 3 .3 1.95 4.38 17.9
6 15.3 4.0 1.92 4.12 18.3
“ir 1 o o 1 J . U 4.5 1.87 4.06 17.3
8 8.18 3.1 1.38 2.66 10.3

TOTAL 15.59 38.39 141.'

9 5.3 ~i o 1 . -J 2.01 6.30 11.6
10 4.7 6.0 1.80 5.00 9.7
11 4.3 6.3 1.87 5 .3 9 .6
12 3.97 4.3 1.47 3.37 “i nI . J
13 3.6 5.4 1.72 4.41 8 .0
14 3.3 6.4 1.96 5.42 8.7
15 2.8 3.9 1.40 2.91 5 .7
TOTAL 13.6 36.0 60 .6
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The data were processed with the use of the Stat is program 
d e u e ! o p e d b y M. U o o d c o c k o f C a m b r i d q e U n i y e r  s i t u . U n i e s s 
otherwise stated;  I ,  a l l  diagrams are equal area contoured 
p j o ts ; 2 , pianar f  eatures are represent ed by t he i r  po Ies; 3, 
n is the number of measurements; 4. M is the mean att i tude-
sample; 5, S is the angular standard d e f la t io n ;  6, C is the
a t t i tu d e  of the axis of the best f i t  cone to data; 7,
contours are in number of points per 100 per number of points
% area,

DI AGRAM 1 PI ot o f S-compos i t e ( Sb+S I ) - t  ot a I , doma in I ; n = 
842; contours <5, 5-15., 15-25, 25-35; contoured from points  
plot  of Keppie 1967 fo lder  1 stereonet 4a.

DIAGRAM 2 Plot of Fl ax ia l  planes ( S l ) - t o t a l ,  domain I;  n = 
96; 11 = 123/78; S = 42°; C = 09/034; contours <2 2 -5 ,  5 -8 ,  8-  

1 1  ■

DI flGRflfl 3. PI ot of F1 ax i a I pi ones ( S I )  HE I i mb, doma in I ; n =
53; fl = 121/64; S = 38°; C = 24/022; contours <3, 3 -5 ,  5 -8 ,
8-11.

D1RGRRI1 4 , Plot of Fl ax ia l  planes (S l )-SU limb, domain I; n =
43; M = 303/67; S = 42°; C = 25/233; contours <2, 2 -4 ,  4-6 ,
6-8.

0 1AGRRM 5 . PIot o f L1 - 1ot a I ( most Iy ! i neat i ons) ,  doma in I ; n = 
765; M = 07/116; S = 23°; C = 01/116; contours <5, 5-15,  15- 
25, 25-35 and greater;  a t t i t u d e  three concentration poles 
from E to S are 15/102, 16/119, 05/124.

DIAGRAM 6 . PIot of LI-HE I i  mb ( most Iy I i  neat i ons}, doma in I ; n 
= 564; M = 05/116; S = 24°; C = 01/115; contours <5, 5-16,  
16-28, 28-33; a t t i t u d e  of E-S'E concentration pole 15/100 and 
SE-S secondary concentration pole 13/126.
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DIflGRRM 7 . P!ot of LI SU jimb ( must Iy i i  neat 1ons}, doma in !; n 
= 154; f1 = 1 J / 119; b = 17“ ; I- = 0 j /  121; contours <4, 4 -1U, 
10-29., 30-35,

DIfibRflfl 8 . Plot of LI stretched phenocrysts- mostly from bl-l
I i mb}, doma in I ; n — 4 i ; fl = 1U / 112; b = 15*; L = U5; 101; 
contours <7, 7-14, 14-20, 20-26.

DifiGRfifl 9 . Plot of F2 ax ia l  planes ( S 2 ) - t o t a l ,  domain I; n = 
188., II = 122/85; S = 31°; C = 10/025; contours <3, 3 -7 ,  7-12,
1 2-  1 8 .

D i fiGRfifl 10. PI ot of F2 ax i a I pi anes ( S2 5 -HE I i mb, doma in I ; n
= 140; 11 = 126/90; S = 31°; C = 02/025; contours <4, 4 -7 ,  7-
I I  11i i , i i “ i i ,

DI fiGRflf'l 11 Plot of F2 axia l  planes (S2)-Sl-1 limb, domain I; n 
= 48; fl = 095/70; S = 25“ ; L = 11/U12; contours 3-7 ,  7-  
10, 10-13.

DI RljRflfl 12 Plot of L2 ( fo ld  axes; on I ;_j)-tota! , domain I; n = 
240; H = 16/125.; b = 29°; U = 17/126; contours <3, 3 -7 ,  i - l 2 ,  
12-20.

DifiGRfifl 13.Plot of L2 vfold axes only)-HE limb, domain I; n = 
145; 0 = 17/128; S = 28°; C = 22/124; contours <4, 4 -7 ,  7-  
10,10-17.

DI fiGRflf'l 14 PI ot o f L2 ( f o I d axes on I y ) -SU I i mb, doma i n I ; n = 
95; fl = 11/108; S = 23°; C = 05/304; "contours <7, 7-13, 13- 
19, 19-25.

DifiGRfifl 15 Plot of F3 axia l  planes and L3 ( fo ld  axes-dots) SU 
limb, domain I; n = 49 (a x ia l  planes) 17 (axes);  M = 82/299;
S = 27; C = 87/320; contours <3, 3-5,  5-7 ,  7-9 .

DifiGRfifl 16 Plot of F4 axia l  planes-NE limb (most ly) ,  domain 
I ; ri -  189; fl = 328/86; b = 28°; C = 02/239; contours 3, 3—
r  f. i n  1 n 1 a
U i  U “ I u , I U  I u
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DifiGRfifl 17 Plot of L4 (axes)-HE 1tmb mostly,  domain 1; n = 
123; fl = 29/149; S = 35°.; C = 18/159; contours <3, 3 -5 ,  5-8 ,  
8-13.

DifiGRfifl 18 Plot of F2 ax ia l  planes., domain I I ;  n = 57; fl =
JO1/ u 1; S = 44°; C = 1J/211; contours <3, J -5 ,  5 -7 ,  7-9.

DifiGRfifl 19 Plot of 12 (mostly fold axes),  domain I I ;  n = 122 
fl = JO:126; b = JJ°; C -  20/112; contours J2, 2 -6 ,  6 - lit, 1U-
17.

DifiGRfifl 2U Plot of FJ ax ia l  planes, domain I i ;  n = 5o; fl = 
255/10; S = 35°; C = 82/185; contours <2, 2 -4 ,  4-6., 6-8 .

DifiGRfifl 21 Plot of Lo mostly fold axes,1, domain I I ;  n = 75; 
fl = 05/291; b = 24°; C = 16/206; contours; <J , J - 7 , 7-16,  16-

0 1fiGRfifl 22 Riot uf F4 uxia l  planes, domain I i :  n -  49; fl -  
148/84; b  = 25"; G -  U6:22o; contours <J, J-/. ,  7-11,  11-16.

DifiGRfifl 23 Plot of L4 tmostly fold axes,1, domain I I ;  n = 42; 
fl = 06/132; S = 32°; C = 02/312; contours <4, 4-7 ,  7 -9 ,  9-11

DifiGRfifl 24 Plot of F2 axia l  planes, domain M l ;  n = 62; fl = 
312/78; b = 4J” ; I- = 11/210; contours < J, 3 -5 ,  5-u., 0-14.

DifiGRfifl 25 Plot of L2 (mostly fold axes,1, domain I I I ;  n = 86 
fl = 007T33; S = 31°; C = 01/137; contours <2, 2 -6 ,  6 -11 ,11 -
18.

DifiGRfifl 26 Plot of F3 axia l  planes, domain i l l ;  n = 98; fl = 
137/13; S = 40°; C = 76/036; contours <2, 2 -5 ,  5 -7 ,  7-11.

DifiGRfifl 27 Plot of F3 axes (mostly fold axes) ,  domain i l l ;  n 
= 133; fl = 00/128; S = 33°; C = 03/130; contours <2, 2-5 ,  5-  
8, 8-13.
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D i H h Fi H fl 2 ij P ! o t. o f  F 4 l s 2 ) u x 1 a I p lanes  s q u a r  e s } and !.. 2 4 } 
axes (dots). ,  domain M l .

DIfiGRfifl z9 P lo t  o f  F000° a x i a l  p lanes con tou red /  and ( .j7 
a x e s ( d o t  s ) , d o m a i n I f  o r  t  h e p I a n a r  s t  r  u c t  u r  e s -  n = 8 8; fl 
= - jS/do; S = ZZ° ; ij = 0 8 / Zu o ; con tou rs  x4, 4-8 , u-1u, 16-22.

DI fib RAD JU P lo t  o f  F04ll° a x ia l  p lanes (con tou red )  and (21) 
axes (dots.,1, domain I ;  f o r  the p la n a r  s t r u c t u r e s  -  n = 121; 11 
= U j 1/ 8 1 ; b = 20" ;  C = U2 / o02; con tou rs  ^u,  8—!6, 16—2u, 2u—

01 fiGRfifl J1 Plot of  F060° ax ia l  planes '.contoured,* and (u,* 
axes (do ts ) ,  domain I; for the planar structures -  n = 69; fl
= 232/88; S = 17°; C = 02/137: contours <8, 8-15,  15-28, 28-  
34.

DifiGRfifl 32 Plot of F090° ax ia l  planes (contoured) and (10)  
axes (do ts ) ,  domain I; for the planar s tructures -  n = 47; fl
= 081/87; S = 22°; C = 02/168; contours <4, 4 t 9 , 9-15, 15-21,

DifiGRfifl 33 Plot of (18)  LI I ineat ions (dots)  a f fected  by F4 
f o I d iu 11 h ax i s ( cross) 30 /160 and ax i a I p I ane ( I i ne) 130/85.  
Hote d i s t r  i buti  on of M a Ionq smaI i c i re Ies of st ereonet .

DifiGRfifl 34 Plot of (52) LI i i neat ion (dots)  a f fected by F4 
fold with axis  (cross) 17/340 and ax ia l  plane ( l i n e )  350/74.  
Note the d i s t r  i buti on pat tern of LI not cI ear Iy a Iong sma11 
ne i t her jgreat c i rc I e s .

DifiGRfifl 35 Plot of F -"ear ly"  s t ruc tu ra l  elements in domain
IU; black dots are (35)  axes and open diamonds are (37) ax ia l  
pIanes.

DifiGRfifl 36 Plot  of F-"mid" s t ruc tu ra l  elements in domain IU.; 
black dots are (12) axes and black t r ia n g le s  are (15) ax ia l  
pIanes,
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0! fib FifiM J? Piot of 'br  i t  t i e '  s t ructures in domain I : (16) MU- 
SE fau l ts  (open t r i a n g le s ) ;  (35 norinal fau l ts  (black 
s q u a r  e s ); a n d (4) b r  i 111 e t h r  u s t  s ( b I a c k d o t s ) ,

DifiGRfifl 36 P io t  o f  Fl s t r u c t u r a l  e lements In domain I I I ;  \ 16} 
f  o I d axes ( b I ack dot s ) and (8 )  ax I a I pi anes ( open d I amends),

DifiGRfifl 39 Plot of D2a shear zone elements in domain I;  axia l  
p I anes o t" fo I ds compr i se (20)  s i n i st ra I ( b i ack t r  i ang I e s ) and 
(8)  dextraI  (black squares);  axes of (5 )  3 m i s t r a l  folds as 
black dots,
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DIAGRAMS 21-39
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CHAPTER 7 -  METRnORPH! C CONDITIONS
7 .1  INTRODUCTION
7 . 2  P-T  CONDITIONS
7 . 3  CHEN I CflL AND flECHRNICfiL EFFECTS OF FLUIDS
7 . 4  DISCUSSION

7 .1  INTRODUCTION

The aim of t h is  chapter- is to establ ish  the pattern of  
t e it i p e r  a t u r  e v a r  i a t i o n i n r  e I a t i o n t o t he d e f o r  m a t i o n a I hi s t o r  y 
of the Loch Maree rocks, This pat tern is then used to ( i )  
a s s e s s a c o n t i n u o u s e u o i u t i o n f o r  D! -  D 2 d e f o r  m a 1 i o n b a s e d o n 
the determined s t ru c tu ra l  sequence (Chap. 6) and ( i i )  
cons t r  a i n the p r  o po s e d t e c t oni c mode1 f o r  b as e m ent- cov er 
re I at i ons i n t he a r e a .

Desp i te the d i f f icu11 i es faced i n appi y i ng the c 1 ass i caI 
me t h o d o !og y of mi cr os t r  u c t u r  a 1 an a Iy sis i n t he de t e r  mi n a t i on 
of t iming of deformation and mineral growth (sect ion 4 . 3 ) .  a 
temporal framework for  the development of ear ly  and la te  Ml 
and 112 mineral assemblages was obtained from the study of  
hundreds of th in  sect ions. Su itab Ie  mineraI pa irs  from these 
assembI ages were ana Iysed ( us i ng the eIectron m i croprobe) as a 
basis for ca IcuI at ion of temperature condi t ions us i ng the 
garnet-hornbIende and garnet-bi  oti  te qeothermometers. The 
l imited amount of data thus obtained are then compared to the 
met amorphi c cond i t i  ons as i nd i cated by d i agnost i c m i nera Is  and 
parageneses. In addit ion.,  the ro le  played by f lu ids  
part ic u Ia r Iy  in the mobiIi  ty  of some eIements dur ing D1 and D2 
my I o n i t i z a t i o n  is discussed. These carious aspects are then 
used as basis for assessing the met amorphic evolut ion of the 
rock assemblage and a discussion of the ex is t ing  data from 
other Lewi si an terranes.
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7 . 2  P-T CONDITIONS

The ana Iysed mi neraIs i ncIud i ng garnet-b i  oti  t e and garnet -  
h o r n b I e n d e p a i r s ui e r e s e I e c ted f r  o m r o c k s c o n s i a e r e d t o 
r e p r  e s e n t the N1 a n a 112 m e t a m o r p h i c c o n d i t i o n s a s d e t e r  m i n e d 
by the analysis of the microfabric (Chap. 4)  ̂ mostly in rocks 
of domain I I  and 111 considered as part of the ear ly  cover 
sequence ( c f .  Chaps. 2 and 0 ) .  However the temperature values  
obtained from geothermometry should not be considered in 
i so I at ion for a 11hough geo J ng j ca I I y si gn i f ic a n t , they are a 
function of several other factors some of which w i l l  be 
d i scussed be Iow. The check i ng against pet r  ogenet i e gr i ds and 
delai  ied microprobe invest igat ion of composit ionai var ia t  ion 
of the minerals is a recommended procedure and th is  was 
followed in part in the present study.

7 . 2 . 1  G e o t h e n o a e t r y

Choice o f  g e o th e rmo®e te re

The geothermometers used in th is  study ( g a r n e t - b io t i t e  -  
Thompson 1976, Hoidaway and Lee 1977; garnet-hornblende -  
Graham and Powell 1984) were chosen because of ( i )  the 
ava i lab le  mineralogy and ( i i )  the intermediate range of  
t e m p e r  a t u r e s g i v e n b y t h e s e c a I i b r  a t i o n s a r  e a s s e s s e d t  o g i v e 
a reasonable approximation to the condit ions that  a f fe c te d  the 
Loch flaree rocks (see Sect. 7 .2 .1  below). Compared with  
ot her garnet-h i ot i t e geot hermometers, Thompson’ s (1976 ) 
caI i brat i on has the advantage o f be i ng empi r  i caI Iy determi ned, 
with the temperatures checked by f i e l d  observations (Essene 
1982). Despite the fact that garnets and b i o t i t e s  in 
metapelites in the temperature ranges of greenschist and 
amph i bo I i t e f ac i es l i e  re I at iveIy  close to t he respect i ve 
binar ies  (Essene 1982, p . 164), t h is  c a l ib r a t io n ,  by using 
natural garnets and b i o t i t e s ,  takes into account possible

octahedral subst i tu t ions  (Ca and Hn in garnets and f l l+ - ,  Ti

and Fe+:* in b i o t i t e s ) ,  something not considered in other  
ca l ib ra t io n s  l ike  those of Ferry and Spears (1978) and Indares
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and MartiqnoIe (19b5).  Un the other hand the c a l ib r a t io n  of 
Holdaway and Lee (1977),  although based on that of Thompson 
(1976),  ha s t he a dva n t a qe o f i n c iu din q co r r  e c t io n s f o r  t he 
c o n s i d e r e d e x c e p t i o na I I y ! o w u a ! u e s q i u e n b y the ! o w -  
temperature end of the l a t t e r ,  Figure 7.1 shows the 
re la t ionsh ips  between these and some other q a r n e t - b i o t i t e  
ca I i  brat i ons a va i I a b Ie  i n t he I i  t erat  u r e ,

2.5

H o l d a w a y  & Lee
ThompsonV

u
93
00 2.0

F e r r y  & Spear

Goldman & Albce

1.0

,9 0 0 8 0 0 7 0 0 6 0 0 5 0 0

TEMPERATURE, l O V K ’ K)

F ig u re  7 .1  Uar ious ca i ib ra t io n s  o f  the  b io t i t e - g a r n e t  KD therm om eter. 

The F e rry  and Spear <1978) v e rs io n  g iv e s  the h ig h e s t te m p e ra tu re s ; the  

Goldman and filb ee  <1977) c a l ib r a t io n  may be low because the  iso to p e  

therm om eters have been re s e t  from the h ig h e r tem pera tu res  <Ghent e t  a I . 

1979); the  Holdaway and Lee <1977) and Thompson <1976) c a l ib r a t io n s  

d i f f e r  o n ly  a t  the  low tem pera tu re  end <m od ified  from Essene 1932, 

f i g . 3 ) .

The garnet-hornbIende thermometer was used because of both ( i )  
the textura l  and s t ructura l  evidence for the recrysta l  I i z a t i o n

Structural Geology -  Loch Maree 261 Chapter 7 -  Metamorphism



ot the Graph i bo i e schists  os o resu l t  of 112 and ( i i )  the none 
c o m m o ri o c c y p p e nee o f a iri p h i b o i e t h a n b i o t i t e c p q s t a I I o cI a s t s i n 
my I on i t es ( see be! ow),  i h i s ca i i brat i on i s emp i r i ca I be i ng 
b a s e d o n t h e g a p n e t -  c I i n o p y p o x e n e q e o t h e p m o m e t e p , I t  i s 
a P  p I i c able be! o w o  5 U “ c  t o p  o  c k s w i t h fl n -  p o o n q a p n e t s a n d 
com non hopnb I endes o t iu i de I u vary i nq compos i t i on,

The exchange peactions and equations used fop the temperature 
calcula t ions are set out in Appendix 7 .1 ,  while representa t ive  
ana I ys i s o f garnet s , b i ot i t es and hornb I endes are g i yen I n 
Table 7 .2 .  For reuiews of the probIems inuoIued uji th  
estimations of F'-T conditions., the reader is re fe r red  to  
Essene (1982) and Powell (1985).

The temperatures calcu lated  for 111 and 112 metamorhpic phases 
at Loch flaree are presented in Table 7.1 (beIota).

/ / /  f is t  m o rp h  fc  Condi t  io n s

The 111 temperatures were obtained from mineral pa irs  with  
granobIast i c textures ( c f , P I .5 .5 4 A) preserved w ith in  Iarge  
garnet crysta I Ioc Iasts  ( garnet-b i  ot S t  e ca i i b ra t i  on) and a I so 
amphibole crysta l  loc lasts  (garnet-hornbl-ende cal ibrat  i o n ) .
This is because of

( i ) t he wi despread express i on of t he la te  01 my I on i t i zat i on 
and the suscept i b i I i ty of m i nera is 1 i ke bi ot i te  to the grai  n 
size reduction processes ( c f .  Chap. 6) and ( i i )  the higher  
confidence that 111 parageneses are being analysed. This 
procedure inuoIued the assumptions the ( i )  the analysed 
my I on i t es haue at t a i ned equ i I i br i urn dur i ng 111 and ( i i ) the 
compos i t i on of these m i neraI phases was not s i gn i f i cant Iy 
modified during subsequent events -  the late  D1 m y lon i t i za t ion  
in p a r t ic u la r .  Uh ile  the f i r s t  assumption is not u n l ik e ly  due 
to the generally  w e l l -es tab l ished  f l u i d  loss ( p a r t i c u l a r l y  
H2O) experienced with increasing met amorphic grade and also

the absence of zoning in the analysed minerals ( c f .  Tracy 
1982, Powell 1985),  assessment of the e f fe c ts  of  l a te r  
( re trogress ive )  events seems to be necessary.
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Hn attempt to evaluate the e f fe c ts  of poIumetamorphism can he 
made bp comparing the temperatures obtained from the same rock 
(b io t i te -hornb Iende sch is t )  by both g a r n e t - b i o t i t e  and garnet-  
hornb lende geothermometersbased on the temperatures obtained 
for t12 (not a f fected by the my lon i t  izat  i o n ) . The 
reeryst a i I i  zed (M2) amphi boi e schi st ( samp Ie 4, Table 7,1 
a b o v e ) g a v e the a v e r  a a e t e m p e r  a t u r  e s o f 444 ° 0 a n d 484 ° L‘ u s i n q 
garnet-bi ot i te and garnet-hornbIende c a I ib r a t  i ons, 
respect i ve I y i suggesting that the l a t t e r  col i brat ion yields- 
higher temperatures than the former (see also Graham and 
Pome!I 1984, p . 21) ,  However, the 40°C d i f fe renc e  could be 
included with in  the e r ro r  of the g a r n e t - b i o t i t e  c a l ib r a t io n  
(see equations in Appendix 7 . 1 ) .  The average garnet-  
hornb I ende temperature o f I11 for samp I e (1) us i ng amph i bo I e 
c r ystal  loo lasts i s I ower than the averages obtained from 
g a r n e t - b io t i t e  with in  I i thoc Ias ts  of the same rock, suggesting 
that la te r  r e - e q u i l i b r a t io n  (during my Ion i t i z a t i o n )  was more 
e f fe c t i v e  in the amphI bole c r u s t a I IocI a st s used in the former 
caI i  brat i on than i n t he re I at i veIy Iarger  garnet-b i  ot i te  
gneiss I ithoc lasts used in the l a t t e r .  Thus, i f  the 
proport ion between the temperatures obtained for 112 from both 
geot hermomet ers in sample 14 can be used as a correct ion  
factor  on the average of garnet-b iot i te  temperatures for Til of 
sample (1)  a value of 660°C is obtained for i l l .  This is an 
i nd i cat i on that chemi caI changes duri ng my I on i t i zat i on were 
more e f f ect i ve on ( sma I I )  s ingle  cryst a I Ioc lasts  t han on 
( I a rger ) l i t  hoc Iast s ( see Sect i on 7 . 3 ) .  I t  is a I so i n 
agreement with: ( i ) the Iarge vari  at i ons of amph i bo Ie 
compositions at th in  section scale observed in some samples (4 
and 5 c f .  standard deviat ions for amphibole and garnet  
analysis in Table 7 .2 )  which are regarded as responsible for  
the wide va r ia t ion s  of maximum and minimum temperatures  
obtained for these specimens (garnet-hornbIende c a l i b r a t i o n ) ,  
despite the fact that on Iu Fe-pargasites (nomenclature of  
Leake 1978) were used for the temperature ca lcu la t ions  and
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( i i )  the widespread re c o n s t i tu t io n  of the amphibole schists  
during f'12, ind icat ing  the reac t ive  nature of these rocks under 
met amorph i c cond i t i ons despi t e the i r  hi qh res i st ance t o 
de formati on ( see below),

t I2  Net am orphic Cond/1 /ons

The f'12 metamorph i c max i mum was determ i ned from amphi bo Ie 
schists of domain M (SU) where r e c r y s t a 11 Izat  ion of 
(sp ec ia l !y )  aimandine and hornblende was ubiquitous, The 
i o w e r  fl 2 t e m p e r  a t u r  e s o b t a i n e d f o r  fl 2 (Table 7 .1 )  a r  e 
c on3 i s t e n t w i t h the s t r  u ct u ra I In t e r  pre1a t ion f o r  t hes e r  o c k s 
(Chaps, 3 and 4) where the r a r i t y  of D1 my I o n i t i c  features in 
th is  unit  was suggested to be a funct ion of the widespread 
m e t a m o r p h i c r  e c o n s t i t u t i o n w h i c h t o o k p I a c e d u r  i n q t h e fl 2 
episode. This seems to be confirmed by other indicators l ik e  
the lower fin content of p iagioclase in places where the S2 
fo l i a t io n  is we I I -de veI oped ( see Table 7 , 3 ) ,

The i d i obIast i c a Imand i ne garnet s overgrowi ng the f i ne 
my I on i t i  c f oI i a t i  on i n some of the peI i  t ic my I on i t es ( PIs 
5.65fi,B) are in terpre ted as f'12 garnets,  fiI though some of them 
show sp i raI  i ncius i ons i n the i r  cores , an i nd i cat i on of  
ro ta t ion  of these c r y s ta ls ,  the homogeneous compositions 
between core and rim suggests that e i th e r  ( i )  the met amorphic 
cond i t i  ons were ma i nt a i ned f rom a 1dynam i c ' to a 1st at i c ! 
phase of growth or ( i i )  that the fl 1 garnet was completely r e ­
equ i l ib ra ted  during the f'12 episode. Although garnets are 
known to be re f ra c to ry  mineraIs the a l t e r n a t i  ve ( i i ) ,  of  
complete recrysta l  I i z a t i o n  of these minerals during f12, was 
considered the most l i k e l y  one based on the fol lowing:
( a) t he temperat ures assoc i at ed w i th D1 my I on i t i zat ion are  
lower than those obtained for Ml and H2,cmcl
(b) the garnet rims are overgrowing a m ylon i t ic  f o l i a t io n  
which has been in terpre ted as of la te  01 age. Even though 
there is the p o s s i b i l i t y  that t h is  my I em i t i z a t io n  is of 02 age 
(see Chaps. 3,4).,  the 01 age of overgrown mylonit ic  f o l i a t i o n  
is indicated by the lower range of temperatures obtained for
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with the use of these id io b ia s t ic  garnets in the 
calculat ions (a resu l t  of t h e i r  low pyrope and.high 
spessartine content when compared to t h e i r  Ml counterparts c f . 
moIX of end members of garnets L-156R1 and L-CfiN, Table 7 . 2 ) .  
Th i s corI f i rms t he presence o f pre-  and post-D1 my I on i t i zat i on 
garnet growths and e l iminates a l t e r n a t i v e  ( i )fje. of maintenance 
o f me t am orph i c con d i t i o ns f ro m the dunam i c ( MI) t o s t a t i  c (M2) 
phases of growth of th is  mineral (c_f, Obee and White 1985., 
p .70ij for an in te rp re ta t  ion of verq simi lar evidence) which
finds no support in the present study.

The homogeneous (non-zoned) nature of these garnets can be 
used as an ind icat ion  of the temperature a t ta ined  by M2. This  
can be derived from the inference that i f  these garnets have 
g r  o w n i n a t w o -s tage f a s h i o n ( w i t h t h e c o r  e a n d r  i m s 
corresponding to Ml and M2, respec t ive ly )  then they were 
probably zoned at the beginning of the M2 episode, and have 
been subsequently homogenized by d i f fu s io n ,  As demonstrated 
by VardIey (1977) i n hi s empi r  i caI st udy of d i f fus i on i n 
garnet s , eI i minot i on of zoni ng In th Is  mi neraI requi res 
r e l a t i v e l y  high temperatures (mean = 640°C ±  30° and 575° to 
650° for s i l l im a n i t e  grade zoning c f .  Anderson and Buckley 
1973 _i_n Tracy 1982) when vo I ume d i f f us I on over s i gn i f i cant 
d i st ances i n garnet may t  ake pI ace i n geo Iog i caI Iy reasonabIe 
times (Anderson and Buckley 1963, op . c i t . ) .  However these 
temperatures for M2 seem too high i f  compared with the values  
determined from geothermometry ( c f .  Table 7 .1 )  and 
petrogenetic gr ids,  suggesting that homogenization of zoned 
garnets is possible under temperatures lower than those 
reported above since there is no evidence indicat ing  
temperatures in excess o f 550°C for the M2 metamorphism.

7 9 0  h : ----------------  i  a --------------------- k  i
i i  i  n c r u  i  i i o o c i u i u y c o

The heterogeneous nature of the deformation of the Loch Maree 
rocks and the var i abIe capac i ty  of the d i f fe ren t  I i  tho Iog i es 
to react to the met amorphic trans format i ons., mainly as a 
function of t h e i r  composition (see Chaps. 4 and 5 ) ,  mean that  
the various domains are l i k e ly  to record d i f f e r e n t  facets of
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the metamorphic h is tory  of these rocks, H inera i . assembI ages 
from the aluminous (domain I N  mostly) and mafic rocks (o f  
domains I and I I )  were the best indicators of the metamorphic 
condit ions. S imi1a r Iy  to what is discussed in the 
geothermometry section, evidence for the r e l a t i v e  age of these 
(ill amd 112) events comes from analysis  of the microstructures  
a n d s t ru c t ur a I c o r  r eI a t i  o n ( Chaps. 3 a nd T),

The problem was to determine which of the several mineral  
reactions have taken place during the metamorphism of these 
rocks, sinee iridex mineraIs indicat  ive of metamorphic zones 
could not be mapped as a function of several factors including  
the small dimensions of the mapped area, Thus, the most 
probable reactions were selected on the basis of the s e l f -  
cons i st ency of t he i nd i cat ed met amorphi c cond i t i ons ( i . e .  
react ions in di f fe ren t  composi t iona I  sys tems indicat ing  
s i m i I ar P-T cond i t i ons f or 111 were cons i dered as egu i va I e n t ) 
whi ch are at the same t i me, compat i bIe w ith  the resu11s 
obtained from geothermometry (sect ion  7 ,2  above),

On the other hand., the only constra ints  on the range of  
pressures under which the Loch ilaree have been formed were 
obt a i ned with t he use o f petrogenet i c gr ids,  f l i t  hough m i neraI  
parageneses su i tab le  for the use of the geobarometric 
c a l ib ra t io n s  of Bohlem and L io t ta  (1986),  Powell and Evans 
(1983) and Ghent and Stout (1981) were ava i la b le ,  these were 
not appl ied,  e i t her because o f i nadeguat e geo Iog i caI 
s i tua t ions  ( c f .  Lindquist 1983) or the lack of data on mineral 
analysis,  the l a t t e r  as a function of the l im i ted  scope of  
th is  study.
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7 . 2 . 2  . 1 f l ! um inous  Rocks 

H i iie tn n o rp h ic  Condi t  io n s

Pel i t  i c rocks in domain I I !  and th in  hands of mica schist and 
p e l i t i c  my Ionites present in the northeastern part  of domain 
I i  contai n st auroI i t e ( r a r e }, a Imand i ne , fe idspars, bi ot i t e } 
muscov i te a i ong wi th quartz and opaque mIneraIs ( c f , Iah Ie 
2 . 1 ) .  Kyanite although not id e n t i f ie d  in the present study} 
has been reported in associat ion with gneisses near Carnmore 
(approx. 3.5km H-HE from the mapped area c f .  Peach et ai .
1907, p . 8 3 ) .  H o uj e v e r , r  a d i o m e t r  i c d a t i n q o f t h e s e q n e i s s e s 
(Bikerman et a I . 1975) indicate strong remohi i i z a t i o n  at 
c.1.9Ga which corresponds to the 01-111 event a f fe c t in g  
'basement' and cover as determined in the presently  studied  
rocks ( c_f. Chaps, 2 ,3 ,  4 ) .  Accord i ng i y , t h i s same m i nera I 
(kyan i te )  was also described a few km HU of Letterewe where i t  
occurs as large porphyrobIasts overgrowing a f o l i a t i o n  of  
possible pre-D1 age (c f .  Table 8.1 and Crane 1978, p . 233).

Figure 7.2  shows the pr inc ipa l  uni var iant  curves used for the 
determination of 111 metamorphic condit ions in these rocks.
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Figure. 7,2 (next page) -  Univariant  curves used to determine  
fl 1 P - 1 c o nd i t i o n s f o r  t h e a i u m i n o u s r  o c k s of the L o c h H a r  e e 
area. Posit ions 1 and 2 of the t r i p l e  points are the best f i t  
f rom pet rograph i c and exper i ment a i dat a ( Ho I da way 1971),  
respect ive ly  ( c f .  Greenwood 1976., p . 217).  The narrow bands 
m a r  k e d by di s c o n t i n u o u s l ine  s a r  e t he t r  a n si t i on zones be t ween 
m e t a m o rphie fac ie  s ( m o di f i e d f r  o m G r  e e n w o o d 1976, F i g s 1 a nd 
2 ) .  !nset -  stab i 1i ty  re I at i ons for a Imand i ne buIk
composition in the presence of an aqueous f l u i d .  Curve sp 
represents the Iow-temperature l im i t  of the s t a b i l i t y  f i e l d  of  
spessart ite  on i ts  own composition in the presence of  an 
aqueous f lu i d .  (Reproduced from 11 iyash i ro 1973, f i g .  7B-9) ,  
fibbrev i at i ons a r e R i m  = a I mand i ne; Bt = b i ot i t e ; cd = 
c o rd ie r i te ;  ctd = c h io r i to id ;  Fe-chi = f e r r o c h lo r i t e ;  K - f  = K- 
fe Idspar; s i l l  = s i I Iiman i t e ; st = st auro I i  t e ,
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Assuming that the aimandine-r ich garnet was formed by the 
breakdown of F e -c h lo r i te  and quartz ,  and that s t a u r o i i t e  is in 
equi 1 i bri um wi th muscov i t e J the f i e l d  of stab i i i t y  of these 
rocks is delimited by the fo l lowing reactions:

CO high temperature side of the reaction
F e -  c h I o r  i t e + q u a r  t z w  a i m a n d i n e + H :• 0

( 2) ! o Hi t e m p e r  a t u r  e side 0 f  t h e r  e a c t i 0 n
s t a u r o i i t e  + muscouite + quartz Hl^biOc: + b i o t i t e  + H2O

and
(-3) !0w temperature side 0 f the gran i te  s0 1 idus curue,

Th i s de f ines a narrow t r  i anquIar f i e 1d wi t h a range 0 f
pressures between c, 3 .8  and 6Kb and a range of temperatures 
between 620 and 6 W C ,  condit ions that  are in good agreement 
with the average temperature of 600°C obtained for  the peak of  
fit by app l icat ion  of the correc t ion  on the re s u l ts  of garnet-  
hornb I ende geothermometry (cjf. sample I ,  Table 7 . 1 ) ,  However, 
desp i te  apparent simpIi  c i ty  0 f the s i tuat i on, s i gn i f i cant 
mod i f i cat i  on 0 f these estimates i s requi red i f  the f 0 11owi ng 
f a c t 0 r  s a re c 0 n s i de re d .

i . The presence of kyanite  i f  in equ il ibr ium with s t a u r o i i t e ,  
and i n t he absence 0 f cord i er i t e; wouId i ndi cat e pressures 
higher than c, 6Kb, placing the equil ibr ium above the band 
def i ned by the react i on Og-cord i er i te  pi us quartz (F ig .  7 . 2 ) ,
i . e .  in the Stauroli te-Kyanite-f imphibo I i t e  sub-fac ies (as 
opposed to the R lm and ine -S tauro l i te -Cord ie r i te  sub-facies  
Greenwood 1976). This would also be in agreement with the 
experimental resu l ts  of Fiao and Johannes (1979) where the 
equil ibr ium for the react ion

Fe-chor i to id  + quartz c* F e -s ta u r o ! i t e  + aimandine + vapor 

was at ta ined at 57CTC and 10Kb.

Recording to Greenwood (1976 ,p . 223),  of the three main P-T
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f i e ids f or bui k compos i t i  on that  perm i t c r y s t a l i i z a t  i on of  
s t a u r o i i t e  in the neighborhood of 600°C} the assemblage 
s ta u r o i i t e  + quartz + kyanite  in the absence of c o r d ie r i t e  is 
stable only at pressures above 5Kb ( F i g . 7 . 3 ) .

(b )

2020

6 2 0  °C

AS

Alm + CSi + Ml

St + O

AS + Mt+O S l+ M I+ O  \  Alm+O

A ^

8 0 0 14 15 16 17 18 196 0 0 7 0 0
T(°C) ’ -logl0f02

F i g . 7 . 3  S t a u r o i i t e  s t a b i l i t y ,  a f t e r  G an g u ly  < 197 2> . These c u rv e s  

in c lu d e  some d a ta  from  th e  w ork o f  Hsu < 1 9 6 8 ) and R ic h a rd s o n  < 1968> . The  

dashed s t a b i l i t y  c u rv e s  f o r  k y a n i t e ,  a n d a iu s i t e  and s i  I l im a n it e  a r e  from  

R ic h a rd s o n , G i l b e r t  and B e ll  ( 1 9 6 9 ) .  See a ls o  F ig .  7 .2  f o r  R ^ S iO e j 

s t a b i l i t i e s .  F’r e s s u r e - te m p e r a tu r e  p r o je c t io n  a t  a b o u t midway b etw een  th e  

HHG and QFM b u f f e r s ,  f lb b r e v ia t io n s : HS = a n d a iu s i t e ,  s i l l i m a n i t e  o r  

kyan i t e , whi c h e v e r i s s  ta b  I e ; S t  = s t a u r o 1 i t e ;  film  = a 1mand i n e ; C td  = 

eh 1 o r  i to  id ,  C = corundum '"reprod uced  from  Greenwood 1976, f i g .  1 & >.

2. Garnet and s t a u r o i i t e  might have been formed from the 
breakdown of c h io r i to id  + muscovite + quartz so that the lower 
range of ( i l l )  temperatures for th is  react ion  would be just  
above 550°C at the considered pressures. Accordingly,  these 
curves as shown in Figure 7 .2  ( inset) . ,  which were calculated  
for the Mn and Fe end members of the reaction., would be 
compatible with the observed almandine -  spessartine  
var ia t ions between Ml and 112 garnets (c_f. Table 7 . 2 ) .

The condit ions correspond to the Staurol i te -Almandine
sub facies of the amphibo! i te  fac ies of the Barrovian type
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tacies ser ies as defined by Turner and Uerhooqen. (1960),  The 
ran i ty  of kyanite  and absence of diopside in rocks of su i tab ie  
bulk composition indicate condit ions on the iouter temperature 
s i de o f th i s subf ac i es (11 i nk i er 1968, p , 107),

However, i f  the presence of the discordant handing (Sect.  3 .2 )  
is interpreted as indicat  ion of the presence of a melt ohase 
i n t he quart zo fe i dspat h i c gnei sses, t he met amorphi c condi t ions  
for the peak of <11 iuou 1 a be placed between the gran i te  
solidus curve and the react ion

s t a u r o i i t e  + quartz «  almandine + si I l imanite

H! i t h m a x i m u m t e m p e r  a t u r  e s o f 6 8 0 ° C a n d p r  e s s u r  e s a b o v e 6.5Kb 
( c f . Rao and Johannes 1979 and F i g , 7 . 2 ) .  This wou 1 d i nuo I ue 
the assumption that  the melt ing phase was not formed in an 
ear 1ier  ( pre -Laxford ian) metamorphic episode. Thus, i f  the 
s tructura l  and metamorphic sequence determined by Crane (1978)  
SE of Pool ewe can be corre la ted  to the present work ( c f .  Sect.  
8,3)., the gne i ss i c band i ng and assoc i at ed mi gmat i t i c f eat ures 
wou1d be of pre-Laxf  ordi an (1 nveri  an) age i nd i cat i  ng t he 
unl ike l iness  of such high P-T condit ions for HI.

Finally. ,  compositions of 111 muscouites of some of the 
met ased i ment s pIot i n t he transi  t i  on bet ween t he f i e !ds of  
almandine and s t a u r o i i t e - s i I  I imanite  zones ( F i g . 7 . 4 ) .  Since 
several of these are analyses of crys ta I  Ioclasts in p e i i t i c  
my Ionites ,  t h e i r  composition is expected to have been changed 
( c f . Sect . 7 . 3 ) . '
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F ig u re  7 . 4  C o m p o s itio n  o f  M u s c o v ite s  from  m etope I i t e s .  The c ro s s  on th e  

a b s c is s a  a t  3 3 .4  p e r  c e n t  R l^G q r e p r e s e n ts  th e  id e a l iz e d  m u s c o v ite  

compos i t  i on < mod i f  i ed f  rom M i y a s h  i r o  1973, F ig .  7 B -2 ').

jt}2 Hot amonph i  e C ondit ions

The l im ited mi nera i paragenes i s uih i ch can he at t  r  i but ed with  
c e r ta in ty  to the 112 episode in these rocks (aImandine-rich  
garnet + b i o t i t e  + amphiboles) and the lack of mineral  
equil ibr ium data for  the lower temperature part of the P-T 
f i e l d  has r e s t r ic te d  the use of petrogenetic  gr ids in the 
est imation of the metamorphic condit ions for t h is  episode.

Although the temperature est imates from geothermometry may bo­
s' I i ght I y I ohi cons i der i ng some 0 f t he e v i dence f rom the mi nera I 
paragenesis (see below) i t  would be in agreement with the 
uni var iant  curve for the react ion  
F e -c h lo r i te  + quartz w  almandine + H?0

i f  the more manganese-rich composition of the 112 garnets is 
taken into account, Since the 112 paragenesis in mafic rocks 
indicates the temperature condit ions are compatible with the 
values obtained from the geothermometry ( i . e . upper 
greenschist- Iower amphibol ite)  there is need for estimates of  
the range of pressures during M2, so that an idea of the 
thermal regime can be obtained. For those rocks in which 112 
r e - e q u i l ib r a t io n  has taken place, the presence of abundant 
garnet is the only po ten t ia l  indicat ion of the preva i l ing  
pressures. Even though almandine garnet is stable  over a wide 
range of pressures, the observation that both the d is t r ib u t io n
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a n d  p r o p o r t i o n  o f  t h i s  m inera i  in m e ta p e i i t e s  tend to  increase 
w i t  h i ncreas i ng p ressures  (.11 i gash i ro  1973, p . 221 ) suggest s 
t h a t  the appearance and abundance o f  t h i s  mineral  is  favored 
by the h ig h e r  pressure  env i ronments  (Keesmann et  a I . 1971 j_n 
Deer et  a ! . 1982), Th is  mould be in agreement w i th  the 
excep t iona l  abundance o f  i d i o b l a s t i c  (112.) garne ts  in some o f  
the metasediments along the loch shore 1.1nterbanded s c h i s t s  -  
F I g , 2 , 1 / ,  Thus in the absence of  any d i r e c t  evidence the 
pressures f o r  112 wi l l  be assumed to  be s i m i l a r  (5-8Kb) or even 
s l i g h t l y  h ig h e r  than those f o r  111 l c f , b e e t . 7 , 4 ) ,

7 . 2 . 2 . 2  II a t i c Rouks

.*'/ /  .* j  f  .T.it .n i i  .h / ,-t .n n f  .* .n.n.tA* /  *?ir C iif/SUf ]£?/// £. C-L*//tfS i

Uh i I e  the a I urn i nous rocks show ev i dence of amph i bo I i  te  fac i es ., 
the paragenesis of the mafic I i th o fo g ie s  has been reported as 
i ndi cat i ng condi t i  ons o f ep i dote-amphi bo I i  t e fac i es for t he 
Loch ilaree rocks ( c f .  Keppie 1967., p. 163),  However., several  
textura l  features seem to ind icate  that the epidote has 
largely  c r y s t a l l i z e d  at la te  stages of Ml. I t  shows randomly 
o r i e n t e d p r  i s m a t i c s h a p e s , o v e r  g r  o w s p I a g i o c I a s e c r  y s t a I s w i t h 
we 11-deveI oped granobIast i c poIygonaI shapes i n porphyr i t i c 
amphiboiites and replaces garnet in a few of the garnet -  
bear i ng amph i bo I i t e s . fls a I so not ed by Kepp i e (1967)., these 
m i nera i s encroach upon f erromagnesi an mi n e r a Is , have s t ra  i ght 
boundar i e s , cont a i n i nc I us i ons o f part i a I I y d i sso I ved sphene., 
graph i te f hornblende and b i o t i t e ,  " i nd i cat i  ng t hat t hey grew 
dur i ng the st at i c post - 1ect on i c ma i n phase met amorphism"
(p. 143) (main phase is equivalent to 111 in the present work). 
The invar iab le  presence of epidote c rys ta ls  as crysta l  Ioc lasts  
in the my I on i t es ( c f . Chap. 5) i nd icates t he i r  pre-D1 
my I on i t i zat i on ages. However, t he quest i on o f whet her ep i dot e 
was also formed during the (111) amphi bo l i t e  fac ies event or 
represents a low temperature r e - e q u i l i b r a t io n  (epidote  
amphiboiite fac ies )  is important in that i t  can be used to 
cross-check the temperatures obtained from the geothermometry 
and the mineral paragenesis of aluminous rocks.
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The t ran s  i t i  on f  rom ep i dot  e—amphi bo I i  te  to  amphi boJ i t e  fac i es 
is  de f ined  by the breakdown o f  ep ido te  accord ing  to  the 
reac t  i on ;

ep ido te  + hornbleride-j + a! b i t e  + qua r tz  c*  o l i g o c ia s e  + 

hornblende? + H?0

iuhich was exper im e n t a i ! y determined by Hpted and L ion  (1983 in 
Deer et al , 1985.5 t o occur u nd e r  cond i 1 1 ons o f  65 0 * C at 5 Kb 

and 675°C at  7Kb. I t  is  a f u n c t i o n  o f  f l u i d  p ressure ,  oxygen 
f u g a c i t y  and tempera ture  and as i t  can be ouserued in the 
d i agram o f  s t  a b i I i  t y  o f  ep i dote  ( Deer et  a I . 1985, op .67 -68 } .  
i t  occurs over  a w ider  range o f  P-T c o n d i t i o n s  than Is 
common i y recogni  zed ( c f . 11 i ya s h i ro  1973).
In the case of the Loch flaree rocks, the observed paragenesis 
diverges from typ ica l  epidote-amphI bo I i t e  assemblages in that  
oI i  gocIase ( fln32—375 i s the common p 1agi ocIase i n equ i I i  br i  urn 
with epidote. flI though Bamberg (1952 j_n Miyashiro 1973 5 
considers that  the t r a n s i t i o n  between epidote amphibollte and 
amph i bo I i  te  f ac i es i s marked by p i ag i o c Iase ( Hn3U) i n 
equ i I i  bri  um wi t h ep ido te , t his assembI age wouId correspond to 
the s t a u r o l i t e  zone in p e l i t i c  rocks in the Appalachians and 
was regarded as part of the amphiboI i te  facies ( I l iyashiro  
1973). This view is shared by U inkier  (1968) where epidote + 
plagioclase + hornblende + almandine + b i o t i t e  + quartz is 
cons idered t o be a t yp i caI assembI age of t he a I mandi ne 
amph i bo I i t e sub fac i es i n bas i c rocks. ( In  t he Loch flaree 
rocks the co -ex is t ing  amphibole is usual ly  a Fe-pargasite but 
Fe-actino I i t e  c rys ta l  Ioc las ts  in p e l i t i c  my Ion ites  of domain 
i i i  are not uncommon -  c f .  Fig,  7 ,5 a ,b ) .
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F i g u re  7 .  5 a . Ca i c  i c  amph i b o ! es  I n me ta b a s  i te s  o f  th e  cen  t r a  I fibukuma 

P la te a u  (S h i do and M iy a s h ir o  1 9 5 9 ) and B roken  H i l l  (B in n s  1 9 5 5 b ); a  =  

a c t in o  I i t e  f i e l d ,  h = b lu e —g re e n  h o rn b le n d e  f i e l d ,  c  = f i e l d  o f  g re e n  and  

brown h o m b  I endes i n th e  h i gh amph i b o ! i t e  and g ran u  1 i t e  fa c  i e s . 

H o rn b le n d e s  from  Loch H a re e  p l o t  w i t h in  th e  e l l i p t i c a l  a r e a  b u t  Re­

a c t  i no I i  te s  p l o t  o u t  o f  t h i s  d ia g ra m  (m o d if ie d  from  f i g .  8 B -4  o f  

M iy a s h ir o  1 9 7 3 ).

°_ 0  V
PargasileB

0.8

0.6

0.2

Actinolile
&o"6.0 6.5 7.0

Si

F ig u re  7 .5 b .  R e la t io n  b e tw een  f l l MI and S i o f  h o rn b le n d e s  (b u s is  23  0 )  

from  lo w -p re s s u re  r e g io n a l  m e tam o rp h ic  t e r r a in s  (b la c k  s y m b o ls ) and from
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h i gh—p re s s u re  me tcimor-ph i c- + er-r-c? i ms (o pen  sym bols and c r o s s e s ) .  Sym bols: 

▼ c e n t r a  I fibukuma p I a te a u  , Japan  <Sh i do and M i yash  i r o ,  1959 ) ;  A  S I e rr-a  de

f lra e e n a , oti S p a in  (F a fa r is s ,  196hl; Bar-d, 1 9 7 0 ); 4 Broken  Hi I i d i s t r i c t ,

Hew S o uth  W ales (B in n s , 1 9 5 5 );  m A d iro n d a c k  m o u n ta in s . Hew V o rk  (E n q e l 

and Enqe i , 1952 ) ;  o Gramp i an  H i gh i a n d s , Sco 11 and < W i seman, 1934; I i  i i e y , 

1938; Shi do and M iy a s h ir o ,  1959; M atth ew s and C heeney, 1 9 5 8 ) ; a  S t .

G o tth a rd  r e g io n ,  S w is s  f l ip s  ( S t e i g e r ,  1 9 6 1 ); A Hohe T a u e rn , A u s t r ia

( P a u l i t s c h ,  1948; R a i t h ,  1971; R aase , 1 9 7 2 b ); V  O range a r e a ,  

M a s s a c h u s e tts  (R o b in s o n  and J a f f e ,  1 9 6 9 ); 0  B la c k  H i l l s ,  S o uth  D a k o ta

(R aychaud hu r i , 1 9 6 4 );  + Sanbagauja b e l t ,  Japan (B anno , 1 9 6 4 );  • L o c h  

M aree . (M o d if ie d  fro m  Raase 1974, f i g . 1)

Accord i ng to U i nk i er ep i dote cont i nues to be stab i e w i th 
piagioclase of  the composition fln25 to fin45 u n t i l  the 
beginning of the S i i  i imanite-Aimandine-Orthociase subfacies  
where epidote + quartz  breaks down to anorth i te  + garnet + 
hematite + H2O at condit ions of 680°C and 6Kb (Minkier  196u, 

p. 113). Another in te re s t in g  feature in the Loch Maree rocks 
is the predominance 0 f epidote ouer c I in o z o iz i t e  in the 
quart zo f eIdspathi c gne i sses and amph i bo I i tes 0 f  doma i n i and 
the reverse in the metasediments of domain M l ,  This was also  
reported by Keppie (1967) who, based on the work of Harpum 
(1954 j_n Kepp i e 1967), at t r  i but ed t he f ormat i on 0 f ep i dot e i n 
the gneisses to t h e i r  higher met amorphic condit ions ( p . 164).  
Although part of his in te rp re ta t io n  ( i . e . that the basement 
and cover have been through the peak of metamorphism before 
the main phase of my I o n i t i z a t io n  but see Chap. 8 ) ,  is in 
agreement with the met amorphic h is tory  of these rocks, the 
in te rp re ta t io n  that  the gneisses present a higher metamorphic 
grade (presence of epidote) because they were s i tuated at 
deeper crust a I levels  is not convincing, This is because the 
P-T gradients at the in te r face  cover-basement are not expected 
to be s i g n i f i c a n t l y  d i f f e r e n t .  Since the absence of epidote  
in the cover rocks does not obey a compositional control  
(quar tzofe ldspath ic  metasediments do not have epidote) a 
possible explanat ion would be d i f ferences of water content

Structural Geology - Loch Maree 2 /6 Chapter 7 - Meta morphism



between an older- gneieeoee ( l a t e  Scour Ian) basement and the 
more hydra ted  1 metased imen ta ry1 cover  rocks.

VC?' //afl730/Y>/s/c LOXif/f fi?f?3

The evidence f o r  the  P-T c o n d i t i o n s  o f  112 in these rocks  is  
l im i t e d ,  The assemblage hornb lende + o i i q o c ia s e  (An26) + 
qua r tz  + a Imandi ne ±  bi ot  i te  ±  c I i  nozoi z i t e  in the amph i bo Ie 
schi  s t  s o f  doma in I I  i nd i cat  es amph i bo I i  t  e f ac i es condi  t  i ons 
<0 i t  h t emperat ures probab I y I ower t  han 111 , as suggest ed by 
p 1ag i oc Iase  and garne t  compos i t i  ons i n an assembI age very  
s i m i l a r  to  t h a t  developed du r in g  HI.  Al though these are the 
on ly  p e t r o l o g i c a l  i n d i c a t o r s  o f  the v a r i a t i o n s  o f  the 
met amorphic c o n d i t i o n s  bet ween 111 and 112, ( i , e , based on 
mineral  assemblage),  the An content  o f  p la g io c ia s e  was 
cons idered by 1-Jenk and K e l l e r  (1969),  in an exhaus t ive  s tudy  
o f  metabas i tes  in the A lps ,  as the most s e n s i t i v e  i n d i c a t o r  o f  
the h ighes t  reached tempera tu res (bu t see Brodie 1981), The 
es t im a tes  are not in agreement w i th  the r e s u l t s  from 
g e o t  h e r  m o m e t  r  y w h i c h s h o w e d c o n s i d e r  a b 1 e I o w e r  t e m p e r  a t  u r  e s , 
Howe v e r , d u e t  o t  h e w i d e d I s p e r  s i o n o f  v a I u e s o b t  aimed f  o r  II2 

w i th  both geothermometers ( c f ,  Table 7 . 1 ) ,  the abso lu te  va lues  
ob ta ined  from the l a t t e r  are cons idered to  be in e r r o r ,  
p o s s ib l y  due to  l a t e r  heterogeneous r e - e q u i l i b r a t i o n  o f  the 
ana I used m i nera Is .  In t h i s  way 112 cond i t  i ons w i l l  be 
cons idered to  be o f  1ower amphiboI i  te  fa c ie s  as in d ic a te d  by 
the mineral  paragenes is  d iscussed above.

ftetmorphism o f  fft/fon/too {//&/J

The my I on i t  i c rocks  show ext ensi  ve chem i caI changes wi t  h 
r e t r o g r e s s i o n  to  g re e n s c h is t  f a c ie s .  However, p re c is e  
de te rm in a t io n  o f  metamorphic c o n d i t i o n s  is  d i f f i c u l t  because 
o f  the f o l l o w i n g ,  and p o s s ib l y  o th e r  f a c to r s .
I .The ex t reme ly  f i n e  g r a i n - s i z e  o f  the u l t r a m y Io n i t e s  made the 
o p t i c a l  i d e n t i f i c a t i o n  o f  the m a t r i x - f o rm in g  m ine ra ls  
d i f f i c u l t  and the f i n e  g ra in s  cou ld  have promoted la te  
metamorphic changes w i th  the widespread development o f
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s e r i  c i  t e and chI or i t  e .
2 . 11 was d i f  f  icu i  t t  o d i s t  i ngu i sh bet ween smaI I re  i i c t  and 
new i y— formed m i nera I s .
3. The rocks have a p o I g m in e r a I i c  na tu re .  Besides e a r ! g and 
la te  111 and 112 netamorph ic  phases there  is  a lso  ev idence f o r  
low grade metamorphic t r a n s fo r m a t i o n s  assoc ia ted  w i th  the D3 

and DT de fo rm a t ion  phases l ?},
H o w e v e r  , g r  e e n s c h i s t  m e t  a m u r  p h i c c o n d 11 i o n s are i n f  e r  r  e d f  o r  
t h i s  l a te  D1 my! o n i t  ic  event ( flm 1 ) based on the f o 11owing 
genera I ev i dence.

1 . The fin con ten t  o f  p Ia g io c Ia s e  c rg s ta I  I o c Ia s t s  decreases 
w11h i nc reas i  ng i n tens i  t y  o f  my! on i t i zat  i on i n both  the
metasediments and qne isses  ( c j f . Table 7 . 3 ) .  fi 1 b i t e  ( f ln5) is  
the predomi nant p 1agi oci  ase c r g s ta  I I o c la s t  in t  he 
u 11 rang I on i t e s  where i t  is  regarded as t  he pIag i oc Iase 
compos i t  i on w i th  t  he c ! osest  possi  b Ie  corid i t  i ons o f  
e q u i I i b r  i u m w i t  h t  h e m a t  r  i x .

W i th in  l i t  hoc I ast  s o f  gne i sses and /o r  met ased i ment s , t  he fin 
con ten t  o f  p i a g io c Ia s e  inc reases  main ly  as a f u n c t i o n  o f  the  
p re s e r v a t io n  o f  the  111 net  amorphic assemblages and the 
o r i g i n a I  com pos i t ion  o f  the  rock  ( c f . Table 7 . 3 ) .

2 . The Iack o f  m ineraI  t r a n s fo r m a t i o n  d e s p i te  g r a i n - s i z e  
reduc t  i on shown by protomgI oni t  es and severaI  ma f  i c my I on i tes  
o f  domain I ( i n  p a r t i c u l a r )  suggests  a c lose  r e l a t i o n s h i p
bet ween i nt  ens i t g o f  de f  o r  mat i on , presence o f  f  I u i d s , P-T 
cond i t  i ons and mi neraI  t  rans  format i ons accompani ed by 
metasomatic mass t r a n s f e r .

On these bases, the r e t r o g r e s s i v e  na tu re  o f  the D1 m y lo n i t i c  
zones is  i n t e r p r e t e d  to  be the product  o f  r e - e q u i l i b r a t i o n  (o r  
p a r t i a l  r e - e q u i l i b r a t i o n )  under c o n d i t i o n s  o f  abundant f l u i d s  
and tempera tu res lower than those o p e ra t i v e  du r in g  HI and 112. 
However, the evidence from t h i s  s tudy in d ic a te s  t h a t  the 
metamorphic c o n d i t i o n s  d u r in g  H1 , H2 and 11 ' m y I o n i t e 1 are wel l  
above the ' rem arkab ly  low metamorphic grade '  as rep o r te d  by 
Wheeler et_qj_. (1985).

The bu lk  o f  the ev idence  d iscussed in Sec t ion  7 .2  in d ic a te s
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a m p h i bo i i t e  f a c ie s  c o n d i t i o n s  f o r  111 , amph i bo i i t e  o r  upper 
g reensch is t  f o r  M2 and g re e n s c h is t  f o r  the my i oni t  i zat  i on (see
F ig .  1-7 a ) .

7 . 2 . 3  G eo th ep ea i G r a d ie n ts

Geothermal g r a d ie n t s  f o r  both  i l l  and H2 mere between 25° and 
30° C/km., thus in the  range o f  Barrou ian  type met amor ph ism.

7 . 3  CHEfllCRL fi.HD HECHRHICRL EFFECTS OF FLUIDS

Che® i  c o t  e f fe c ts  c f  th e  f h i  id s

Host o f  the p u b l i s hed  work about mechanisms o f  de fo rma t ion  
tends to  r e le g a te  the  r o l e  o f  f l u i d s  and emphasize 
i nt  r a g ra n u 1ar  de format i on mechanisms l i k e  di s 1o c a t i  on c r e e p . 
Th is  is  perhaps a consequence o f  the in fo rm a t io n  t h a t  has come 
f  rom exper i menta 1 s t  udi es o f  de format i on i ri met a 1s ( c f . UcCI ay 
1977, Po i r  i e r  1985). However, w i th  the recogn i t  i on o f  the 
importance o f  i n t e r q r a n u 1ar  deformat ion mechanisms o f  the 
cobble c reep ' t y p e '  and the i n t i m a t e l y  assoc ia ted  d i f f u s i o n  
mass processes in n a t u r a l l y  deformed rocks ,  the re  has been a 
resurgence o f  i n t e r e s t  in the las t  decade in d i f f u s i o n  c re e p , 
pa r t  i c u I a r 1y i n connect i on wi t h the geochemi caI changes whi ch 
take place in rocks  and m ine ra ls  dur ing  t h i s  type o f  
de fo rmat ion  ( c f ,  Beach 1976,1979,1980, Gray 1977, Beach and 
Tarney 1978, Hi 1i son et  a 1 . 1979, Oostal e t a 1. 1980, K e r r i c h  
et  a 1. 1980, Jamieson and Strong 1981, Engeider et  a 1. 1981, 
Floyd and Winchester 1983, Watts and W i l l i am s  1983, Anderson 
and Burham 1983, E th e r id g e  et  a 1 . 1984, McCaig 1984, Berhmann 
1984, K e r r i c h  1986).

In the Loch Maree m y io n i te s  an at tempt to  t e s t  the m o b i l i t y  o f  
some elements suggested t o  be mobi le in shear zones o f  s i m i l a r  
metamorphic grade ( c f .  Winchester  and Max 1984, Beach and 
Tarney 1978) mas made th rough  the p l o t t i n g  o f  major and t r a c e  
elements o f  48 samples o f  maf ic  and f e l s i c  gne isses showing 
severa l  stages o f  my I on i t  i zat  i on (Table 7.4awx). The p a t te rn s

Structural Geology - Loch Maree 279 Chapter 7 - Meta morphism



o b t a i n e d  were n o t  c o n s i s t e n t  w i t h  t h e  i n t e n s  i t i j  . o f  d e f o r m a t i o n  

e x h i b i t e d  by t h e  r o c k s ,  s u g g e s t i n g  t h a t  t h e  mobi ! i t o f  

e l e m e n t s  in  t h e  Loch f l a re e  my i o n i t e s  d i  f f e r s  s i q n i  f  i c a n t  1 y 

f rom t h e  r o c k s  s t u d i e d  by t h e s e  a u t h o r s ,  A c c o r d i n g l y ,  M u e l l e r  

1196? * and Rumble 1 19 8 2 ) haue p o i n t e d  ou t  t h a t  t  he­

e l  a s s i f i c a t i o n  o f  many c h e m i c a l  c o n s t i t u e n t s  o f  r o c k s  as 

mobi le  o r  i n e r t 1 has I i t t i e  b a s i s  in  t h e o r y  o r  e x p e r i m e n t  

and can l ea d  t o  e r r o r  and c o n f u s i o n  w i t h  r e s p e c t  t o  c e r t a i n  

c o n s t i t u e n t s ; ,  Demons;! r o t  \ on o f  t h i s ;  con be o b t a i n e d  by 

c o m p a r i n g  p r o p o r t i o n s  p r e s e n t  o f  e lements;  c o n s i d e r e d  im m o b i l e  

and mob i l e  by s e v e r a l  o f  t h e s e  a u t h o r s  un d e r  s i  mi far* 

c o n d i  t  i o n s  o f  me tamorph ism and d e f o r m a t  ion  ( b u t  see 8 r a d y  
1983).

11 seems t h a t , despi te  carefuI petrographi c stud ies of  
textures and fabr ics  and reconstruction of the geological and 
recrys ta l  I izat  ion h is tory  of the rocks used by these authors., 
the r e l a t i v e  m obi l i ty  of elements during a p a r t ic u la r  
metamorphic grade w i l l  depend on many other factors;. These 
i nc I ude or i g i na I m i nera I og i ca I compos i t i o n d e v e  I opment of  
secondary phases, f Iu i  d/ rock ra t  i os and f Iu  i d composi t ion , Of 
spec i a I i mportanee i n the i derit i f ica t i  on of the geochem i caI 
transformation is the recognit ion that rocks have a great  
capac i ty  to bu f fe r  f Iu  id compos i t i on ( RumbIe 1982),
Due to  the o b j e c t i v e s  ot t h i s  s tudy ,  the present  s e c t io n  w i l l  
concent r a te  on t he d i scuss i on o f  empi r  i c a I } data f  rom 
p e t r  o g r  a phi c o bs e r  v a t i o  n s o f mine ra  Io g i c a I t r  a n s f  orm a t i  on s 
s u f fe re d  by the  r o c k s , and t h e i r  poss ib Ie  i n f I uenee on 
de fo rm a t ion  processes along the my i o n i t e  zones, fl more 
d e t a i l e d  account o f  the geochemical m o d i f i c a t i o n s  o f  these 
rocks  and t h e i r  im p l i c a t i o n s  f o r  the c h a r a c t e r i z a t i o n  o f  the  
pre-metamorph ic  o r i g i n  o f  these gne isses w i l l  be re p o r te d  in  a 
separa te  s tudy .

The p ro d u c t io n  o f  la rge  q u a n t i t i e s  o f  muscovite., quartz.,  
b i o t i t e  and carbonate  in u l t r a m y I o n i t e s  rep resen ts  the  most 
conspicuous example o f  m inera l  t ran s fo rm a t  ions observed.
These t r a n s fo r m a t i o n s  invo lved  both  p la g io c la s e s  and K- 
f e ld s p a rs  and can be rep resen ted  by the f o l l o w in g  r e a c t io n s
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( B e a c h  e t  a I , 1 9 8 0 ., p , 2 5 9 ) ’

3KA1S i 308 + 2Nafl IS i jOg + 4l/2(f1g, Fe ) 2+ + K+ + 2C02 + 8H20

k2 f i I i f , f l i 2 02 q I U H ^  + K2 ( t1g ,Fe) j }y2 f i l b i ^ f l ! 2 02 gl.OH)4 + 2Na+ + 

20000-, + ?SiOo + 8 H+ ( 1 )•_* »L '

2K.H i b i 3 O0 + TNaHlSigOg + TH+ k?H I i g f i ! yGog(OH)^ + TNa+

125 i 02

Apart  from the  m in e ra io g ic a I  convergence observed in f  e I s i c  
and iria f  i c my i on i t  es ( Sect . 5 ,2 )  u.ih i ch i s pred i c t  ed by 
K o r z h i n s k i i ' s phase r u l e  (as the number o f  mobi le  components 
in a rock  increases th e re  is  a decrease o f  the number o f  
phases p r e s e n t ) ,  the  f o i l  owing are o th e r  f e a tu re s  t h a t  can be 
demonstrated o r  deduced,

1 , There must have been changes o f  pH due to  the  a d d i t i o n  o f  
hydrogen ions and base metal c a t io n s  re leased  t o  the  f l u i d s  
du r ing  r e a c t i o n  w i t h  the  ' h o s t '  rock  ( c f . r e a c t io n s  1 and 2 ) ,

2 . Movement o f  k ' } Ha ' } [1 q ̂ + Fe^ ’ was r e q u i re d  f o r  some o f  
the r e a c t io n s .

3 , The abundance o f  carbonates v a r ie s  markedly.  I t s  
presence i n s t r  ai n s hado ws a r  o u n d po r  phy r  ocI a s t s , as a 
rep Iacement o f  c r y s t  a I I o c Ia s t  s and mat r  i x o f  my I on i t  es and

a lso  along l a t e r  v e in s ,  in d ic a te s  th a t  Cai+  and CO? were

common components o f  the f l u i d  phases du r ing  severa l  s tages o f  
the de fo rmat ion  o f  these rocks .  The most abundant carbonate 
m o b i l i z a t i o n  phase d u r in g  a la te  stage o f  D1 cou ld  be a r e s u l t  
o f  involvement o f  the marbles in the my I on i t  i zat  ion process., 
w i th  CO?* der i ved from devo I at  i zat  i on reac t  i ons ( c f . R i ce and

Fer ry  1982). The amount and tempera ture  a t  which CO2 is

produced is  a f u n c t i o n  o f  the compos i t ion  o f  the marbles., w i th  
pure carbonate rocks  on ly  r e le a s in g  f l u i d s  at  f a i r l y  h igh  
metamorphic grades (Fy fe  et  a I , 1978).

4 . C o nd i t ions  were fa v o ra b le  f o r  s i l i c a  s o l u b i l i t y .  Th is  is 
i n d ic a te d  by the presence o f  (deformed and I in e a te d )  qua r tz
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bands in  ( e a r l y )  D1 my i o n i t e s  and o f  q u a r t z  i n f i l l  o f  b o u d i n  

necks  and o t h e r  d i l a t i o n a !  f e a t u r e s .  A l t h o u g h  n o t  p r e s e r v i n g  

t h e i r  o r i g i n a l  s h a p e s ,  t h e  s i l i c a  c o n s t i t u t i n g  t h e  s e g r e g a t i o n  

bands re m a in e d  i n  t h e  s y s te m .  T h i s  i s  in  marked c o n t r a s t  w i t h  

D2 a c t i  v i  t y  when no s i n k s  vje r e  f o r m e d . A c c o r d i  n g I y , t h e r e  

must have been ch ang e s  in  t h e  p h y s i c o - c h e m i c a l  c o n d i t i o n s  

b e t  hi sen 111 a n d 112. 5 u c h a c o n c I u s i o n i s c o n s i s t  e n t  w 11 h

s u g g e s t i o n s  s e t  o u t  p r e v i o u s l y  t h a t  ( i )  02 ' p r e s s u r e  s o l u t i o n 1 

has a i most e x c I  us i v e I y  a f  f e c t  ed t  he my I on i t i  zed 

q u a r t z o f e I d s p a t h i c  g n e i s s e s  ( o f  t h e  HE p a r t  o f  domain I )  and 

( i i ) t  h e c o n t  r  a s t  o f  D 2 t a b r  I c s b e t  w e e n ' h e a l  t  h y ! a n d 

m y i o n i t i z e d  g n e i s s e s  a r e  a f u n c t i o n  o f  t h e  c o n t r o l  e x e r t e d  by 
D1 my I o n i t  i c  t e x t u r  es on t o  t h e  y o u n g e r  de f  o r  mat i on p r o c e s s e s

a f  f  e c t  i ng t h e  r o c k s . I t  i s  a I so cons  i s t  e n t  wi t  h t  he

s u g g e s t i o n  (Chap.  5) t h a t  w h i l e  t h e  r a t e  o f  d e f o r m a t i o n  by 

d i s l o c a t i o n  p r o c e s s e s  i s  g r  a i n - s i z e  independen t . ,  i n  t h e  case  

o f  d i f  f u s  i on p r o c e s s e s  i t  i s i n v e r s e i  y p r o p o r t i  onaI  t o  t h e  

cube o f  t h e  g r a i n  s i z e  ( c f .  Beach 1980).

In add i t  ion,  i f  the  r o Ie  o f  s t  ress  and de f  ormat i on In m i n e ra Is
is  taken in to  c o n s id e r a t i o n  (Rast 1965, E l l i o t t  1973., Gray
1977, De Beer 1977, Gray and Durney 1979, Engelder and Marshak
1985), and s im p le  shear in p a r t i c u l a r  (B e i l  et  a i . 1986), the 
d is c us s io n  whether 02 m ic roscop ic  f e a tu re s  ( c f .  C-hap. 4) are 
p r  o d u c e d by s o Iu  t i  o n m a ss t  r  a n s f  e r  o r  i n voIve d shear s t r a i n  
(Gray 1979b) is  no longer  r e le v a n t ,  s ince  both types o f  
mechan i sms are I i k e Iy  t  o have been act  i ve s i  mu I ta n e o u s I y . The 
same cou ld  be s a id  about the fo rm a t ion  o f  S2 c r e n u la t i o n  
c leavage,  which d i s p la y s  c le a r  ev idence f o r  the c o n t r i b u t i o n  
o f  (m ic ro )  f o l d i n g  at  an e a r l y  stage (cj [ .  Gray 1979 a ,b ,
1981), w i th  f  u r t  her  I oca I i  zat  i on o f shear def ormat i on a 1ong 
the f o ld  I i  mbs and ax i a I - p Ia n a r  f o I i  at  i on ( to g e th e r  w i th  the  
cor respond ing  s o l u t i o n  mass t r a n s f e r ) .  As demonstrated by 
Ghosh (1982) and B e l l  (1981) t h i s  l a t t e r  s i t u a t i o n  is not 
uncommon under n a tu r a l  c o n d i t i o n s .

fte ch an ica /  e f fe c ts  o f  the  f lu id s

The re t r o g ra d e  r e a c t i o n s  are a l l  h y d r a t io n  r e a c t io n s  and 
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a l though  the volume o f  f l u i d  necessary fo r  these r e a c t i o n s  is  
re  1 at  i ve Iy  s m a l l , c a I c u 1 at  i ons based on the so 1ub i 1 i t y  o f  
element s i ike 5 i ij s u g g e s t  t  h a t  t  y p i c a ! r  o c k /  f  1 u i d u o 1 u m e

r a t i o s  are between and 1 (Beach and Fufe 1972, k e r r i c h  
et a 1, 1977 and E the r idge  and Cooper 1981 I n  E the r id ge  et  a 1. 
1983), The o r i g i n  o f  these f l u i d s  is la rg e ly  unknown but 
base d on i s o t  o pi  c st  ud ie  s s e u e ra  I au t  ho r  s a r  a ue fo r  a 
cont r  i but  i on o f  meteor i c wat er ( e ^g , Et her I dge et  a 1 . 1983, 
Engelder  1984, k e r r i c h  and Hyndman 1985, k e r r i c h  1986),  fln 
i ndI c a t i  on o f  t  he or  ig i  n o f  the  f I u i  ds can be g i yen by t  he 
yoIume and soIub i I  i t  y o f  t  he mat er  i a I remoyed f  rom t  he r o c k s , 
Taking i n t  o c o n s i der a t  i on the I i  m i t  a t i  on s o f  t  he yo Iu  m e o f  
f l u i d s  which can be produced by metamorphic ( d e h y d ra t io n )  
r  e a c t  i ons, t  he c ont r  i bu t  i on o f  m e t  e o r i  c wa t  e r  w as p r  opo se d 
where la rge  yolume losses by d i f f u s i o n  mass t r a n s p o r t  have 
t  aken pI ac e . However, the  i dea t  hat  conyect i ye c i r c u I  at  i on 
systems are a c t i y e  at  depth and can o c c a s io n a l l y  be fed w i th  
m e teo r ic  water  p rov id es  a more l i k e l y  exp la n a t io n  encompassing 
a l l  sources o f  evidence (see E the r idge  et  - a 1, 1983 and f i g .  
7 . 6 ) .

In a d d i t i o n  to  the weakening e f f e c t s  on mineral  phases (see 
Chap. 5) anot her mechan i caI  e f  f  ect  o f  f I u  ids on de form i ng
r  o c k s i s t  o p r  o m o t  e c a t  a c I a s t  i c d e f  o r  m a t  i o n t  h r  o u g h h y d r  a u I i c
f r a c t u r e .  Features a t t r i b u t e d  to  t h i s  mechanism were 
descr ibed  in s e c t i o n  5 .3  and the present  s e c t io n  is  a b r i e f  
d i scuss i on o f  the possi  b Ie  r o Ie  o f  t  h is mechan i sm d u r i  ng 01 

t h r u s t i n g ,  as we l l  as the  causes o f  p r e f e r e n t i a l  l o c a l i z a t i o n  
o f  de f  ormat ion a Iong p Ianar  ( and or  i g i naI Iy sub -ho r i  zon ta  I ) 
s t r u c t u r e s  such as I i t  ho l o g ic a l  con tac ts  and f o l i a t i o n s ,

Pr ice ( i n  Fyfe et  a I . 1978) di scuss ing the r o Ie  o f  h y d r a u I i c
t*racture in f l u i d  m igra t  ion cons ide rs  t h i s  type o f  f r a c t u r e  as
' t h e  most impor tant  s i n g le  mechanism o f  de fo rmat ion  o p e ra t i v e  
in the upper c r u s t '  ( p . 259).  The e f f e c t s  o f  t h i s  mechanism 
can be observed in shear zones where the geometry and 
o r i e n t a t i o n  o f  qua r tz  ( o r  g r a n i t i c  melt  -  at h ig h e r  grades)  
ve ins  in r e l a t i o n  to  both the  f i n i t e  and incremental  s t r a i n  
markers,  i n d ic a te s  t h a t  these ve ins  occupy t r u e  t e n s i l e
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s t r u c t u r e s .  No m ut te r  the  d u c t i l i t y  c o n d i t i o n s  these 
s t r u c t u r e s  wi l l  on ly  form where pore f l u i d  pressures  exceed 
the va i ue o f  mi n imum p r i  nci  pa I compress i ve s t r e s s  ( c f . Ramsay 
and Graham 1970, Ourney and Ramsay 1972, Ramsay 1980., 
E the r idge  1983).

A

Retrograde 
thrust/ Lislric 
normal fault

+ + + + +

LARGE SCALE B

Yl '/

MYLONITE OR BRECCIA IRREGULAR FAULT PLANE
SCHIST— *- —»— OILATION * TENSION FRACTURES

GRAYSCALE POROSITY SOLUTION? —»—DILATION

F i q u re  7 . b . f i . Convsc t  i vs  f ! u i d i-U—- tsm tis t a b ! i tr-fted i n th e  p ro x  i m i t  i Si- o f  a  

th r u s t  f a u l t .T h e  o v e r  Io a d in g  and th erm al r e la x a t io n  a r e  p ro h a b Iy  th e  

fo rc e s  p ro m o tin g  d e h y d ra t io n  and d r iv in g  th e  c i r c u la t io n  o f  f l u i d s ;  B 

shows p a r t  o f  fi in  d e t a i l  w ith  th e  p o s s ib le  m ech an ica l b e h a v io r  o f  th e  

ro c k s  (M o d if ie d  from  E th e r id g e  e t  a I . 1983, f ig s  7 , 8 )

In the case o f  the Loch flaree rocks,  a l though the D1 qua r tz  
seg rega t ion  bands d id  not preserve t h e i r  o r i g i n a l  shape due to  
e f f e c t s  o f  con t inuous  deformat ion. ,  these bands were p robab ly  
segregated along zones o f  r e l a t i v e  low pressure produced 
du r in g  my I on i t i z a t i o n .  The s t r u c t u r a l  concordance between 
f o l i a t i o n  and qua r tz  band cou ld  represen t  an o r i g i n a l  (non-  
t e c t o n i c )  r e l a t i o n s h i p .  Th is  suggest ion  would f i n d  suppor t  
from the f o l l o w i n g  o b s e rv a t io n s .

1 . These rocks were f o l i a t e d  be fo re  the onset o f  the D1
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th rust i  ng event i mpi y i no that  the fo I i  a t i  on surfaces cou{d 
have been p re fe re n t ia l  zones for hydraulic  f rac tur ing  during 
deformation. Uaiues of te n s i le  strength of rocks in a 
d i reet  i on norma 1 t o a ( penet ra t  i ve 5 fabr i c are I ow ( c_f. Jaeqer 
and book 1976, pp.1U6-1Uo, Paterson 1978) and are thought to 
be even smaI Ier  dur ing reg i onaI metamorphism (Ether i dge i 984,
P . 2 S i) .

2 . The bulk of s t ructura l  and metamorphic evidence (pa t te rns  
o f T° C uar i at i on i ncompat i b I e w 11 h an ext ens i ona i reg t me 
Chap. o) po i nts to a thrust Ing  eoIsode wi th 1ow-anq1es between 
the pi anar fabr i  cs and the pri ncI pa I compress I on di rect  i on.
Th i s iuou I d f ur the r p romo t e the react i va t i on o f ex i st i ng planar  
s t r  u c tu r  e s ( be d d in g, f oI i a t i  o n) th r  o u gh hyd r  a u I i  c f r  ac tu r ing  
along which quartz would be segregated (see also kerr ich  and 
flI I ison 1978, p . 1657).

On a large scale,  the main thrust zone along the carbonate-  
bearing rocks might have behaved as a more impermeable region  
for the migration of the f lu id s  l ibera ted from the dehydration  
of the foot wall rocks. This s i tu a t io n  was discussed by Fyfe 
and kerr ich  (1985) who calculated that an average of approx.
4% H2O may be lost from the underplate.  These authors propose 

that  the f lu id s  then l ibera ted would permeate through the 
thrust  surface causing retrogression of the hangingwall 
( p . 356).  However there is no mention of e i th e r  permeabil i ty  
probIems or the possibi I i ty  of lo ca l iz a t io n  of these f Iu id s  
along p re fe re n t ia l  zones, a s i tu a t io n  reported from several  
fold and thrust  be l ts  and inferred for the Loch flaree thrust  
by the concentration of features indicat ing b r i t t l e  
deformation along the marble un i t .  Gretener (1981),  on the 
other hand, has shown that not only the low angie- of th rust ing  
is predicted from the mechanical behavior of a rock in the 
presence of d is c o n t in u i t ie s  and high pore f lu id ,  but also that  
abnormally high pore pressures develop in those parts of the 
sequence where r e s t r ic t io n s  to f lu id  flow p r e v a i l ,  being thus 
a basic requirement for the bui ld ing up of the f lu id  pressure.  
This can provide an elegant explanation for the lo c a l iz a t io n  
of main thrusts ,  quartz segregation bands and features
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i nd i cat i ng t pans i ent br i 111e deformati on a Iong d i scont i nu i 11es 
l ike  i i th o lo g ic a l  boundaries. I t  mould also suggest that the 
pr in c ip Ies  of mechanica 1 behavior as applied to the 'h ig h 1 

s truc tura l  levels of young fold be l ts  l ike  the Canadian 
Rockies and the Hips can be extended to ’ deeper1 parts of 
Proterozoic shear b e l ts .

1 A  DISCUSS! OH

Shear zones are tecton ic  environments where deformation and 
met amorph i sm can be cons i dered as occurr i ng s i mu 11aneousIy 
( e . g . Beach 1980). This idea, however, is very much sca le -  
dependent as i l l u s t r a t e d  by the ear ly  Proterozoic shear zones 
of the Lewisian Complex. Hi though these zones can be 
considered as 'narrow' local ized zones of high deformation 
( 'Laxfo rd ian  shear zones' of e .g.  Coward 1984, Coward and Park 
1987), the s i tu a t io n  is much more complex when looked at into  
d e ta i l  (see also Grocott 1979b). In the case of the Loch 
Maree rocks, several metamorphic and deformationaI events can 
be d i st i ngui shed w i thi  n t h i s ' shear b e l t ' .  Hit  hough t hey are 
p r o b ably pa r t of the s am e o ve r a I 1 c o n t i n  u o u s e vo1ut io n (see 
Chap. 8 ) ,  the d is t in c t io n  between separate phases (with  
var iab le  condit ions of P-T-X e tc )  is important on the local 
scale,  in terms of understanding the geometry of the 
structures and p a r t i c u la r l y  the interp lay between basement and 
cover of th is  part of the Lewisian Complex during the ear ly  
Proterozo i c .

The existence of co-axia l  folds developed under constant 

metamorphic condit ions have been used in the modern l i t e r a t u r e  

as evidence for progressive deformation (e^g. Nicholas 1987, 

Park et a I . 1987). In the present case, although the 

s tructura l  analysis points to continuous deformation (at  least  

during D1-D2 t imes) the associated metamorphic condit ions  

indicate va r ia t ion s  of P-T-X which require discussion.  

Considering Ml and M2 as of approximately s im i la r  metamorphic 

facies the most important feature is the P-T drop associated
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F ig u r e  7 . 7 .  M ari a t  ion  o f  te m p e ra tu re  c o n d it io n s  o f  th e  Loch M aree ro c k s  

< a )  as  com pared to  th e  m odels p roposed  by E n g lan d  and Thompson <b>. 

(b )S k e tc h e s  o f  th e  g e o m e tr ie s  o f  c r u s t a i  th ic k e n in g  and th in n in g  

p ro c e s s e s . The p r e - t h ic k e n in g  c o n d it io r rs  in  each  case  a r e  th e  same and  

a r e  shown on th e  l e f t  ( f i - C ; .  These show th e  im m e d ia te ly  p o s t - t h ic k e n in g  

s t a t e s  (n e x t  two c o lu m n s ); th e  v e l o c i t i e s ,  te m p e ra tu re s  and c r u s t a i  

th ic k n e s s e s  a t  su b se q u en t t im e s  a r e  shown in  th e  r iq h th a n d  th re e  co lum ns. 

<ft) Th ic k e n in g  is  ac c o m p Iis h e d  in s ta n ta n e o u s Iy  by a s in g Ie  t h r u s t  t h a t  

em places 35km o f  c o n t in e n t a l  c r u s t  o v e r a n o th e r  35km o f  c r u s t  and i t s  

s u b ja c e n t  l i th o s p h e r e  w ith o u t  p e r tu r b in g  t h e i r  te m p e ra tu re s . T h is  b u rd en  

is  th e n  rem oved by e r o s io n  o v e r  th e  n e x t  12GMa, a t  a c o n s ta n t  r a t e  uQ

( B )  fls <f l >, e x c e p t th ic k e n in g  is  a c c o m p Iis h e d  in s ta n ta n e o u s ly  by  

homogeneous s t r a i n .  <C> T h ic k e n in g  is  by homogeneous s t r a i n  o v e r  a 30  Ma 

tim e  in t e r v a l  and is  fo llo w e d  by c r u s t a i  th in n in q  w h ich  o c c u rs  by  

homogeneous e x te n s ic n a l  s t r a i n  a t  a c o n s ta n t  r a t e .  (R eprod u ced  from  

E n glan d  and Thompson 1986, f i g . 1) .

with the late D1 my Io n i t i z a t i o n .  This could be interpreted as 

produced during the upward movement of the basement along the 

main thrust  horizon, reaching higher s t ructura l  levels in the 

crust (see Chap. 8 )., where re trogressive metamorphic reactions  

would take place along zones of f lu i d  perco la t ion .  The 

resul tant  crustai  th ickening would cause a perturbat ion of the
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thermaf structure of the crust

The modelling of th is  kind of s i tu a t io n  discussed by Oxburgh 

and Turcotte (1974),  Uxburgh and Engiand (1980) and England 

and Thompson (1984, 1986) inuolues the assumption of a rapid  

phase of tec ton ic  thicken inn (as compared to the speed of 

thermal r e - e q u i l i b r a t io n  and u p l i f t )  which is consistent with  

the a v a i lab le  est i mates o f de f ormatI on ra t  es duri ng t  hrust i ng 

( c f . Gretener 1981 , p .33) ,  i t  i s a Iso compat ib Ie with the 

s i tu a t io n  in the Loch flaree d i s t r i c t  where it  has as ye t ,  not 

been possible to date 01 and 02 separately  (11. f i f ta  I ion, pens, 

common, 1987)

The pr inc ipa l  features of the P-T-t ime path followed by the 

rocks in t h is  sort of environment are ( 1) a thermal r e la x a t io n  

during which the temperature r ises  fol lowed.by ( 2 ) a period of  

cooling as the rocks approach the surface, fis recognized by 

England and Thompson (1984, p . 902) these models reproduce a 

f e w tn a j o r  c o n t r  o I s o f the e v o I u t i o n o f t h e r  o c k s . The y 

provide a general p ic ture  to which the patterns of  v a r ia t io n  

of metamorph ic cond i t i ons ( as determ i ned from petroIog icaI  

studies)  can be compared (see also Thompson and Ridley 1987). 

The temperature v a r ia t io n  pat tern of the Loch flaree rocks 

seems to be compatible with the model of thrust ing as proposed 

by England and Thompson (1986) and which is p a r t i a l l y  

reproduced here in Figure 7 .7 .

Ctwp&r/so/? w ith  F -T  e s t im ite s  f o r  o th e r  L e & is ia n  rocks..

The average of 111 metamorphic condit ions for the Loch flaree 
rocks is p lo t ted  on the diagram of  S i l l s  and Roll ison (1987)  
summarizing the condit ions for the Lewisian Complex of the  
fissynt. block (F iq .  7 . 8 ) .  They are in general agreement with
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t he  te m p e ra tu r e s  o b ta in e d  f o r  the  ' l a t e  shear z o n e s 1 i c .
I . Oba). The s l ig h t l y  higher temperatures o f  111 obtained in 
th is  study can be explained in terms o f  the be t te r  development 
o f  t he product s o f  ear i y Prot erozo i c de f ormat i on and 
metamorphism in the ‘ bouthern B e i t 1 than in the Hssynt Block,  
while the M2 temperatures are s l i g h t l y  lower but s t i l l  w i th in  
the expected er ror  (+ 5U'"T) for the garnet b i o t i t e  
geothermometer.

T°C100 0

800

600

400

200

3.02.6 2.82.21.8 2.01.61.2 1.4

Time Ga
F ig u r e  7 . 8  T e m p e ra tu re - t im e  p a th  t o r  th e  f is s y n t b lo c k ;  +  and  x  a v e ra g e  

o f  M 1 and M2 r e s p e c t iv e ly  f o r  th e  Loch M aree ro c k s  (m o d if ie d  from  S i l l s  

and R o l l in s o n  1Q 87).

fls compared to the g a r n e t - b io t i t e  temperatures of 535° and 
545° C (+ 50° C) obtained by Fet tes and 11 end rum (1987) for the 
' i n i t i a l  thrust  movements' in the Outer Hebrides (but see 
Chap. 8 ) the present temperature values for Ml and M2 are 
higher and lower, respec t ive ly .

However, i t  is extremely d i f f i c u l t  to compare the present 
resu l ts  with others reported in the l i t e r a t u r e .  This is not 
only due to the lack of information about the r e l a t i v e  
chronology of the metamorphic and deformationaI episodes, but 
also due to the diachronous and ' cau s e -e f fe e t ' nature of these  
events (see Chap. 8 ) .
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APPENDIX 7 .1

The exchange react ions represent ing the p a r t i t io n in g  of Fe and Mg 
between garnet-b i  ot i te  and garnet-hornb1ende a r e :

1/3 Hg3fi 12S i 30-j2 + 1/3 KFe^fl!S i 301 n(0H) 2 =

pyrope annite
1/3 Feofi 1 ?S i ;jOp + 1/3 FMg-jfi IS i 30 -j |j (0H)

a I fiiand i ne ph I ogop i t  e

1/4 NaCa2Fe^H! 3S i g022 (0H) 2 + 1/3 t1g3fl i 2S i 3O12 = 

f erro-pargas i t e pyrope
1 / 4  NaCa2Mg f̂i I ^5 i ( OH) o + 1 / 3  Fe-jfl j -;>S i - U ̂

pargas i t e a 1nandi ne

The equations used are:

G a r n e t -b  i o t  i t e

T (°K) = 2740 + 0.0234 P(bars) + 50°C Thompson (1976)
In KD + 1.56

T (°K) = 6150 + 0.0246 P(bars) + 50°C Holdaway and Lee (1977
R In KD + 3.93

where KD = X9ape .



G a r n e t -h o r n b ( ende

T (°K ) =

2880 + 3280 X9aCa' 

^ln KD + 2.426 ) 

( 'S acp\  /vhb

tCD =
uQil

V', J fig / \ ^ % !

Graham and Powell (1984)

Represent at i ue ana I ys is of t  he garnet s b  i ot i t  es and amph I bo I es are 
given in Table 4 .2 .
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CHAPTER 8 -  TECTONIC MODEL
8 . 1  IHTRODUCT1 OH
8 . 2  flODEL

8 . 3  REG10HRL CGRRELRT1 OH -  0 1 SCUSS!OH

8 . 1  IHTRODUCTI OH

The aim of th is  chapter is to erect a tecton ic  model capable of  
exp 1 a i n i ng t he st r  act ur a i geomet r  u and k i nemat i c pat t ern exh i b i ted 
by the L o c Yi 11 a r  e e r  o c k s . Only the c o m p r  e s s i o n a I s t r  u c t u res f o r  m e d 
during and a f t e r  the D1 deformat iona! phase are dea lt  with: those 
structures l ike  the banding of gneisses in domain I that  were 
formed before D1 are excluded from the model. The model r e l i e s  
e s s e n t ia l ly  on the evidence obtained in the p a r t ic u la r  part  of  the 
Loch flaree d i s t r i c t  invest igated,  and i t  forms a basis for po in t ing  
out s i m i I ar i t  i es and d i f f er ences w i t h t he ex i st i ng i deas about t  he 
evoIut ion of equi vaIent  rock assembI ages in ad j acent di st  r  i ct  s . I t  
is presented to account for the r e l a t i v e  chronology of development 
of the s tructures ( D1 to 04) in the Loch flaree d i s t r i c t ,  but i t  has 
imp!i cat i on f or reg i ona I correI  at ion o f st ru c tu re s .

8 . 2  flODEL

01-04 deformation of the Loch flaree rocks is in terpreted as having 
taken place in a gent ly -d ipp ing d u c t i le  shear zone. The s tructures  
deveI oped are very s im i la r  to those descri bed f rom ' t hi n-sk i nned' 
t ect on i c reg i mes (F ig .  u.2 ; Chaps 5 , 6 , 7 ) ,  where the marbIes of  
domain IU correspond to the weak basal layer that is essent ia l  i f  
the mechanical problems of t h r u s t - f a u I t i n g  are to be overcome 
( f luHer  and Hsu 1980, Chappie 1978). The presence of such a layer ,  
makes a model of thrust ing  driven by horizontal  compressive surface  
forces in the ear ly  stages of evolution of the region more 
appropriate than one in which the thrust ing  was g r a v i t y -c o n t r o l l e d ,  
considering the av a i la b le  evidence ( c f .  E l l io t t  1976, Chappie 1978, 
Cooper 1981). Support for the existence of a compressiona I flow 
regime is provided by ( i )  evidence for the widespread formation of

Structural Geology - Loch Maree 290 Chapter 8 - iectom'c Model



f o i d s a s s o c i a t e d w 11 h t h e s h e a r  i n g e p i s o d e ( i I ) a m e t a m o r p h i c 
hi i 31 ory cons i st ent w i t h crust a 1 t h i cken 1 ng and ( i i i ) t he asymmet py 
o f t he Lett  6 re we syn f orm ,

The ppoposed mode! a Mows the Pa la is  (domain !U) and G i eann Tulacha 
bands (F ig .  u .1 )  to be part  of the same l i t  ho logical assemblage 
t h a t uj a s p  e p e a t e d b u D1 t h p  u s  t i n g, s o m e t h I n a t h at f i t s w i t h t h e 
suggestion of Peach et a ! . (1907, p . 235) that d i ffepences in the 
appeapance o f mapb I es o f t hese t wo bands cou! d be the pesu 11 o f 
defopmat ion.

The map bIe s t ha t op i g i n a 1 Iy 1 a y on t h e ba se m e nt g nei sses ( as shown 
by the 6 ieann Tulacha band), are interpreted as hauing been mooed 
t ect on i caI Iy t o uppep s t ruct  upaI IeueIs ( FoI a i s band) dupi ng t he 
t pans I at i on o f t he basement. The i n i t i a I at t i t ude o f t he ramp i s 
di f f  icu I t  to detepmine due to subsequent tectonism, but a 
sha 11 ouj I y SE-d i pp i ng s I ope i s suggested by the pat te rn  of  
I ineat  ions (L1-L2) and the SE-plunging a t t i tu d e  of most folds ( c f . 
b e e t . 6 . 2 . 1)

fi NU-directed movement of the hangingwaI I is implied by most 
k  i nemat i c i nd i cat o p s  obsepved i n the ear I y  my I on i tes ( c f . S e c t .
5 . 3 ) .  The magnitude of dispIacement is d i f f i c u l t  to est imate. 
However i f  the aoepage X :Z r a t io s  of the s t r a in  ( * 1 0 :1 )  measured in

the phenocrysts is considered as homogeneously d is t r ib u te d  (but see 
Sect. 6 .3 )  over a thickness of 15—20km for the thrust  s l i c e  (c f  
Chap. 7);  then dispiacements of the order of 150—200km are 
obtained. These estimates are,  however, too high when compared to 
the ex is t ing  f igures for displacement of thrusts or even the 
predict ions of the proposed tectonic, model (see below), so that  
they must be in e rror  as a function of the crude assumptions on 
which they are based. The estimate based on the combination of ( i )ana
temperature v a r ia t io n  between fi 1 f1 m u I on i t e , ( i i )  average geothermal 
gradient and ( i i i )  plunge of L1-L2 structures indicate  a more 
r e a l i s t i c  (?) f igure  of 25 km of displacement for  t h is  th ru s t .

The same features observed in shear zones at microscopic scale  
( i . e . pods of less deformed rocks and i n t r a f o l i a l  folds formed in a
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Progress i ve and cont i nuous fa s h i on ; cf  TcHa I enko 1 970, Coward 1976a 
and Chaps, J , 7 , 6 ) are l i k e ly  to be reproduced on the crust a 1 scale,  
These ear ly  (F1-F2) folds are considered to be the re s u l t  of local  
i ri s t a b i 1 i t i e s a n d /  o r  d i f f e r  e n t i a I m o u e m e n t i n t h e s h e a r  z o n e ( c l  
Chap. 6 ,* in which sea era 1 local ized shears would be expected to 
deve1op propagat i ng 1n t he d i rec t ion  o f movement. The re s u 11 ant 
h i gh stra  i n my 1 on i t i c band i nq ( or thrust  zone)., on ent er i ng the 
compress i ona I f i e l d  f or t he new inorementa 1 el 1ipsoid i n t hi s zone 
o f non-coax i a 1 de f or mat i on., wou 1 d be buck 1 ed resu 11 i ng i n t he 
formation of folds,  ouch a sequence of events seems to be adequate 
t o exp la in the re 1 at i onshi p bet ween t he ma i n thrust hor i zon and t he 
(F2) Let terewe synform with the thrust  and the synform represent ing  
only s ingle s t r  u c t u r  e s in a m u c h wi de r  c o m pr e s s i o n a I she a r  z o n e 
(F ig .  6'.2a),

According to th is  i n te r p r e ta t i  on f o 1ds that i n i t i a l l y  dispIayed a 
HU mergence and had hinges at high angles to the movement d i r e c t io n  
deve1 oped an axi a I pi anar f o 1i a t i  on ( S2 ) as a resu 11 o f short en i ng 
(F ig ,  8 ,2b ) .  This f o l i a t i o n  could have been produced by the s t r a in  
d is t r ib u t io n  around a f ronta l  ramp., as materia l  passed from a lower 
to an upper f l a t  ( c l .  Sanderson 1982), From i ts  pos it ion  at th is  
stage., i t  can be predicted that the (S2) f o l i a t i o n  would show 
mylonit ic  features due to the local ized high deformation and a 
s i n i s t r a  I sense of displacement ( c l .  Chap, 4) that  corresponds to a 
s h e a r  c o u p i e w h e r  e the h a n q i n a w a 1 1 m o v e d t o w a r  d s t h e H 14. 11 i t h the
progression of the shear s t r a in ,  the Let terewe synform and 
associated (S2 5 f o l i a t i o n  would be rotated  clockwise u n t i l  i ts  
h i nge at t a ined para I lei  ism wi t h t he st re t  chi ng di re c t I  on. The 
operation of such a process would account., at least in p a r t ,  for  
the large h ing e -p ara l le l  extensions recorded ( c l .  Chap. 6 , see also  
Ridley 1986, f i g .9) wi th the continuat ion of the deformat ion. I t  
also accounts for the geometry and a t t i t u d e  of the ( F2 ) Letterewe  
synform remaining b a s ica l ly  the same since the end of D2 

deformationaI phase and being subsequently a f fec ted  by the F3 and 
F4 folds ( c l ,  Chaps. 3 , 6 ) .

On a larger scale the Loch flaree zone is envisaged as a shear zone 
f l a t  of a s t r i k e - s l  ip fa u l t  system whose corresponding small scale  
l a te ra l  ramps are the Laxfordian s teeply-d ipping shear zones of the
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Lew i s i an Comp I ex ( cf  . Coward and Park 1987),

I  h e p r  e s e n c e a n d a 11 i t u d e o f F 3 a n d F 3 f olds , w i t h H -  H14 t  r  e n d i n g 
hinges, and considered part of the same overa ll  regime of  
de f or mat i o n a r e  essent i a I e i ement s o f th is  mode I s i nee t hey are 
in terpreted as indicat ing a HE-E, Sii-i-i o r ie n ta t io n  for the maximum 
compression d i re c t io n  (see below and Chap. 6 ) ,  The hinges of these 
t wo f o i d phases exh i b i t a c I ockw i se re I at i onsh i p w i t h t he L1 -2  

l inea l  ion and fold hinges ( c f . Sect.  6 .2 .1 ,  diagrams 5 and 17).
This re la t io n s h ip  is in terpreted here as produced by shortening and 
possibly s l i p  p a r a l le l  to the shear d i rec t ion  but in a plane at 
high angles to the f i a t - l y i n g  shear zone, The progressive u p l i f t  
of these rucks under a constan11y oriented stress system produced 
the SI4 and HE directed thrusts and s l ides  associated with the F3 
folds ( c f .  Sect,  6 . 2 . 2 . 4 )  and the s t i l l  younger and high s t ruc tu ra l  
I eve I FT open buck Ies ( c f . Fig.  8 . 2c),

The crust at t h is  stage would be deforming in a less homogeneous 
way so that the influence of e .g.  ear ly  planar features would 
c o n t r  oI the ong oi ng de f or m a t i o n when b u c k Ie  a nd c he vr o n folds wouId 
be formed (c£._Chap. 6 ) ,  The model of evolution of these 
p a r t i c u I a r  s t r  u c t u r  e s i s b a s e d o n simple t. r  a n s p r  e s s i o n ( c f .
SyI vest er and Smith 1976, f i  g , 2 1) t hat has i nspi red Coward and K i m 
(1981) and Menei l ly  and Storey (1986) to explain the formation of  
la te  kink bands and chevron folds with plunges subparal le l  to the 
ear 1 y s t re tc h i  ng I i neat i on . Due to the
r e l a t i v e l y  low s t ra in  indicated by these la te  folds they would be 
un l ik e ly  to have been rotated towards t h e i r  present pos i t ion  ( c f .  
Sect . 6 . 2 . 2 . 3 ) .  However, t he i r  reg i onaI Iy cons i stent express i on 
and o r ie n ta t io n  suggests that these folds do not represent  
condit ions of I oca I def or mat i on.

There are s ig n i f ic a n t  d i f ferences between the present model and 
in te rp re ta t ions  of the deformation of the Lewisian Complex 
( inc luding the Loch f'laree d i s t r i c t )  during the Lax ford ian Cycle 
proposed by Coward (1984),  Coward and Park (1987) and Park et a I . 
(1987).  The model has a ' top to HU' and 'up - the-s lope '  sense of  
displacement of the hangingwall ,  which brought the basement
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gnc i S3 G3 from beiuW the COMtr , QFiu i :T;p i Ics Q u 0 f~11 P Q u t i Q n 0 j f! Q t  U P 6
f o r  t h i s  l, f i a t } movement zone o t  Loch f l a r e e . The i n t e r p r e t a t  ion  o f  

t h i s  shear* f l a t  as a ‘ l o c a l ’ man i f e s t a l  i on o f  a much ! anger* 

s i n i s t r a  i r* i g h t - s t e p p  I ng str * i k e - s  I i p sgstem  ( c f , F i q . 8 . 3a ) p r o v  i des 

a much s im p le r *  and more e l e g a n t  e x p l a n a t i o n  for* t h e  em p lacem en t  o f  

t h e  basement  g n e i s s e s  t h a n  t h e  one p r o p o s e d  bg P a r k  e t  a I . 1.1987, 
f  i g , 9 ) . I t  i s a I so cons  i s t  e n t  w i t  h t  he s i n !  s t  r*a I s ens e  o f  

d i sp I acement  f  or* Lax f  or-u i an l p r e -  i or-r* i don i a n )  shear* zones  as 

determined bg b u t to n  and hat son (1962, p,104)., Beach (1974) ,  Beach 
et  a I . (1974) and Coward et a I . (19u0) in the Cen t ra l  B e l t  o f  the 
Leuj i s i a n U o m p I e x w h i I e a n o u e r  a l l  d e x t r  a I s e n s e o f  d i s p lace m e n t  i s 
r e q u i re d  i n the i n t e r  p r  e t a t i o ri s o f  C o w a r  d 1.19 u 4 , C o w a r  d and P a r  k 
(1987) and Park et  a I . (1987).  Based on s i n i s t r a l  and d e x t r a l  
senses o f  d isplacement  determined for* the shear zones in the 
Lew is  ian Complex at  T o r r id o n  l-Jheeler et  a 1 . (1987) do p o in t  out 
the p o s s i b i l i t y  t h a t  shear senses opposed to  the ' o v e r a l l  sense o f  
d isplacement o f  the b e l t '  mau be o f  on ly  loca l  s i gn i f i c a n c e  
(p.  159).  Thus d e s p i te  the fa c t  t h a t  the s i z e  o f  the  (F2) Le t te rewe 
syn form and i t s  re I at  i onshi p t o t  he f I  a t - 1g i ng shear zone ( c f . F ig .
8 .3 )  suggests c o n s id e ra b le  la rge  dimensions for* t h i s  shear system., 
these s t r u c t u r e s  are s t i l l  very  smal l on the c o n t i n e n t a l  s c a le .  
These r  e I a t  i o n s a r  e s h o w n b y C o w a r  d a n d P a r  k (1987., p . 13 6 ) a n d 
reproduced here as F igu re  8 .3b ,  where the Lew i s i a n  is  c o r r e l a t e d  to
the Hagssuqtoq id ian b e l t  o f  Greenland, fi Hl-i-SE convergence is  
proposed fo r  t h i s  be i t ,  g i v i ng r i  se t  o a dex t ra  I d i spIacement a Iong 
the b o u nd arg o f  t wo ma j o r  c r  u s t a I bIo c k s du r  i n g L a x f o rd  i a n 01 - D2 
and Hag 2 de fo rm a t ion  c y c le s .

fi possible way of accommodating the evidence from the Loch flaree 
rocks in th is  much broader system would be i f  the presently  
proposed fau l t  system belongs to an a n t i t h e t i c  wrench system ( f i1 
of Tchalenko 1970) in r e la t io n  to the major s t ruc ture  i . e . the
mobiIe bel t  i t s e l f  (F ig .  8 . 3 ) .  fis i t  can be observed in Figure 8 .3
the pos i t i on of t he pri nc i pa I compress i on di rect  i on does not 
s i g n i f i c a n t l y  d i f f e r  on the scale considered.

fi major constraint  of th is  model is the scale of the observed 
structures.  Accordingly., the order of f a u l t in g  proposed (FT) was 
considered as compatible with the dimensions of the major F2
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5 ij n I o r  hi ( F i g ,  8 . 2  b ) a s  uj e l l  a s  t  h e t  h i c k  n e s s e s ' o f  e r  u s  t  a s 
c a lc u la te d  from the  met amorph Ic c o n d i t i o n s  (Chapter 7) c o n s id e r in g  
t  he d i mens i one o f  t  he Nagssugtoqi  d i  an mob i I e  b e l t ,

8 . 3  REG IONfiL CORRELRTIOH -  DISCUSSION

I f  q mode I of progress i u e d e fo r  ma t i  on an d ho mogene ous k i n emat i c 
history  l ike  the one discussed above is considered a r e a l i s t i c  
in te rp re ta t io n  of the deformation of the presently  invest igated  
rocks, the signi f icance of s tructures  1ndicat ing such an evoIut ion 
( e . g , st re t  ch i ng I i  neat ion) can be more use f u i f or the s t ruct  ura I 
corre I at i on t han t he re 1 at i ve age o f f o I ds . Hccord I ng I y , due t o 
t he d i f f i cu It  i es uj i t h t he use o f 1 geomet r  i c ' cor re I at i on bet seen 
the d i f ferent  domai ns, especi a I Iy wi th the metasedi ments, the  
a t t i tu d e  shown by thervddi^ I in e a t io n  in th is  domain mas u t i l i z e d  in 
the c o r re la t io n  ( c f .  Sect,  3 , 3 ) .  Because of t h is ,  such an approach 
has been used in the invest iga t ion  of con t inen ta i -s ca le  s tructures  
( c f , Shack leton and Ries 1984),  l ike  the mobile be l ts  of the 
fl f  r  i c a n c o n t i n e n t s , f  o r uj h i c h n o de ta i le d  s t r  u c t u r  a I 'dot a a r  e 
ava i I ab I e ( cf. . Coward 1976b, 1984 , Coujard and Da I y 1984 , Da I g
1986).

F r o m the d i s c u s s i o n o f the p r o b I e m s i n v o I v e d uj i t h the I o c a I 
corre la t ion  of structures (Sect,  3 .3 )  and the eva luat ion  of the 
ro le  of the mechanisms co n tro l l in g  the development of folds (bg far  
the most common structures in the Loch flaree a rea ) ,  i t  is c lear  
that s t ructura l  co r re la t io n  of these features even across small 
areas of good exposure is a d i f f i c u l t  task. In the case of the 
Loch flaree rocks, where the bulk of the evidence indicates that  
simple shear has contro l led  most of the deformationaI h is to ry  ( c f . 
Chaps 5 , 6 ) ,  var i abIes t hat are cr i  t i  caI for st ructura I  corre I  at i on 
are the sea Ie and s tage of development of the folds.  Uhile  i t  was 
possible to co r re la te  small scale structures with some confidence,  
because of t h e i r  pos i t ion  in r e la t io n  to a large feature  such as 
the Letterewe synform, the s i tu a t io n  becomes considerably more 
complex where th is  control is not a v a i la b le .  This is due to the 
p o s s ib i l i t y  that  large folds in places not far  apart such as Loch
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f laree and ba i r  I uch l see F ig ,  b , \ , wh i fe e o n t ro i  i ed by the sane 
deformat ionai  mechanism, can rep resen t  d iv e rs e  s tages  of  
deueiopment . C o r r e l a t i o n  by f o l d  phases in t h i s  s i t u a t i o n  can 
produce i nconc i usi ve r e s u ! t  s and m i ght  be on i mpor tant f a c t o r  i n 
the long s tand ing  debate about c o r r e l a t i o n  in f o l d  be i t s  (see 
Treagus 1987 f o r  a r e - i n t e r p r e t  at  ion o f  the c o r r e l a t i o n  in the  
8r  i t i  sh CaIedon i d e s ) . Bear i ng t  h i s  i n m i nd and from the 
d i f  f  i cu11 i es faced i n t  he presen t  s t u d y ■ an o v e r - s i  mpIi f  ied f  i ow- 
d i aqram propos ing a genera i approach t  o t  he s t  r u c t  ura i c o r re  i at  ion 
in zones o f  complex de fo rm a t ion  is  presented be i ow

C o r r e ia t  io n s  in  th e  Lee i s  in n  S eat h e rn  B e i t

The above di scussi on has i mpIi cat i ons regard i ng t he corre I  at ion o f 
st ructures in the Loch flaree d i s t r i c t  with other s t ructures  in the 
1 Southern B e i t '  of the Lewi s i an Comp i e x ,

1. Assuming that the Letterewe synform was formed in a shear zone 
of crusta 1 dimensions, sensib le  c r i t e r i a  need to be met before ariy 
attempt is made to co r re la te  i t  with other re g io n a l ly  expressed
folds such as the Carnmore anti  form to the N and the T o ! l i e
anti form on the southwest«iend of Loch flaree (F ig .  8 . 1 ) .  RI though 
no s t r  u c t u r  a I analy s i s of the I a 11 e r  s t ru c t u r e s wa s c a r r  i ed o u t , a
compari son of t he charact er i st i es o f geomet r y ., st y i e , or i ent at i on
etc.  between the structures described in th is  study and the ones 
reported in the l i t e r a t u r e  (Park 1970), suggest that  the To M ie  and 
Carnmore anti  forms might not be equivalent to the (F2) Loch Maree 
synform. fi rapid way of tes t in g  t h is  suggestion would be to 
examine the pat tern  of L1-L2 s t re tch ing  I ineat  ion across these 
folds.

2. The p o s s ib i l i t y  that the age and expression of phases of  
thrust ing can vary from place to place has implicat ions for the 
in te rp re ta t io n  of the age and geometry of the thrusts  that  segment 
the sulphide ore body in the Gairloch d i s t r i c t .  There., shear zones 
described by Jones et a 1 . (1987., p. 134) might correspond to 01 
structures at Loch Maree., while several features reported as
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re i at ed to the i r 1mai n t h r u e t ! ( pp. 134—135 ) appear to he s i miIar  
t o s t r  uc tur  e s a ss oci a t ed wi t h D 3 or e ve n y ou n g e r  de f orma t i  ona S 
phases described in chap. 3.

Thus a more r e l i a b l e  c o r re la t io n  of s t ructures  in the aboue cases 
seems l i k e ly  using s tructures  that show the same movement pa t te rn .
In th is  regard, the prominent s tre tch ing  I ineat  ion (as marked by 
the seoeraI types of mull ions, stretched phenocrysts e t c . )  form a 
basis for c o r re la t io n  of s tructures in the metasediments of the 
L o c h fi a r  e e an d G a i r  I o c h d i s t r  I c t s ( cf  . S e e t = 6 . 3 ) .

Perhaps the only possible ' c l a s s i c a l '  c o r r e la t io n  I I . e . based on 
geometry., s ty le ,  o r ie n ta t io n  etc.) of the Loch flaree s tructures  
would be with features described by Crane (1978) ,  who mapped the 
physical  contInuat i on of the Let terewe synform, NU of the area of  
the present study. There., i t  is possible tha t :
(a)  structures ascribed by Crane (op . c i t . )  to a 05 event comprising 
fo 1 ds wi th penetrat ve HU—SE fo I i  at i on and assoc i ated amph i bo 1i te
f ac i es met amorph i sm ( wi t h I oca I deveIopment o f m i gmati t es) are 
equ i vaIent to t he compos i t i onaI band i na i n t he gnei sses of doma i n i 
at Loch f laree. This fabr ic for whi ch there Is no radiometr ic 
dating in e i th e r  of the areas, is thought to be of Inver ian age 
( Crane 1978, p ,228) .  This possibi I 11y is not unI ikeIy  
cons i der i ng that the age of the Badca I I i an eye I e*s I i qht I y o I der t W i  
c. 2.7 Ga (c f .  tables 1.1 and 8 , \ ) v\h e  ex is t in g  radiometric  data 
for the gneisses Loch flaree indicates a la te  Archaean age for the 
guar t zo f e I dspat h i c mat er i a I ( c . 2 .6 Ga, U-Pb in z i r  cons). H st r  ong 
overprint ing at c. 1.9 Ga (Rb-Sr whole rock) which has a f fec ted  the 
a I ready ex i st i ng band i ng and t he ( few d i scordant) bas i c mi nor 
intrusions is here denominated D1 and ascribed to the Laxfordian  
cycle (c f .  Chaps. 3 , 4 , 5 , 6 ) .
(b) Crane's D6 and D7 events could perhaps be corre la ted  with D1 
and D2 at Loch flaree and his 08 to 04 and 0000° of the present 
work. Th i s^ma in ly  on the basis of associated met amorphic grade and 
or i ent at ion of f o I i  at ions and folds.  S im i la r l y  to the work o f 
Jones et a I . (1987) there is no information about the v a r ia t io n  
pattern of l ineat ions  in the work of Crane ( op. c i t . ) .  In add it ion ,  
there is no mention of the existence of the recumbent F3 folds,  but 
the presence of these s tructures around H r d la i r  (NU end of the
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1 o c h) tit a s c u n f i r  m e d by R . G . P a r  k ( p e r  s , c o m m u n , ‘19 8 5 ) .

P/'ohfe&s o f  C a rrs  h i t  io n

S i mi !ar k i nemati c h is t  or i es can be ,
mis!ead i ng due t o t h e  possi h i 1i ty  t hat de formati onaI phases wi de !y 
apart in time share the same kinematic c h a ra c te r is t ic s .  in th is  
case radiometric  dating and/or physical con t inu i ty  between the 
areas under considerat ion are necessary for a successful  
c o r r e !at ion. Good exampies are the s i m i !a r i t i e s  between the 
structures presently  invest igated and the s tructures  developed in 
the Heine Thrust zone, cropping out a few miles to the east of the 
area mapped} or the case of the Uuter rlebrides thrust  zone, u n t i l  
recent ly  thought to be a Caledonian s t ruc ture .  In the l a t t e r  case 
s t r i  k i ng s i m iIar  i t  i es between severa I of t he st ruct ures and 
textures as described by Fet tes  and Mendrum (1987 ,pp.39-415 with  
t he ones at Loch flaree ( i nc I ud i ng the post -my! on i t i zat i on 
id io b la s t ic  garnets -  c f .  Sect.  5 .3  and Chap. 7) would be 
suggestive of a possible c o r r e la t io n  between these thrust  zones. 
Accordingly,  Smith and Fettes (1979) and Fet tes and Mendrum (1987)  
have recent ly  proposed a 'Laxlord ian  component1 for the Outer 
Hebrides th rus t .  However, these authors indicate a la te  Laxfordian  
a g e f o r  t he i r  1earJ y th r  ust i  ng ' ( D 5 - D 6 in t he i r  s t r  u c tura  I 
sequencej with maximum ages of c. 1.6  ba, in c lear  contrast  with 
the r e l a t i v e  (01) and absolute (c.  1.9 Ga, T.Dempster, pers commun.
1987) ages for the main th rus t ing  episode at Loch flaree. The 
corre la t io n  between these s tructures  and the late thrusts  reported  
in th is  st udy is a I so unI i  k e 1y . This is not only due to t he i r  
d i f fe r e n t  c h a ra c te r is t ic s  but also as a function of the SU-NE 
movement d i re c t io n  shown by the la te  thrusts  at Loch flaree.

Cone h id in g  R&snrks
Structural  c o r re la t io n  based on fold geometry., o r ie n ta t io n  and 
s ty le  are considered to be hazardous where no mapping of the  
physical co n t inu i ty  between the s tructures  is possible.
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The c o r re la t io n  between s t ructures  w ith in  the Let t ere we Synform 
( the present study and the work of Crane 1978) seems to be possible  
on the ' c 1 ass i ca 1 ' cr i ter* i a of corre 1 at i on, i , e . on the bas I s of  
s t y l e , ori ent at i on et c ,

Thus the most l i k e iu  c o r r e la t io n  between s t ruc ture  ( e ■g . )  in the 
Loch flaree and Gairioch d i s t r i c t s ,  is probably based on the pat tern  
of the L1-L2 s t re tch ing  l ine a t  ion and consequently on the kinematic  
features of the deformat i on.
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FIG. 8.1 Simplified geological map of the Lewisian Complex in the 
Loch Maree and Gairloch districts ; C.A.= Carnmore antiform; L.S.= 
Letterewe synform; T.A.=c Tollie antiform; G.T.=: Gleann Tulacha 
band; Fo= Folais band; see structural and lithological maps for 
detail of the Letterewe area (modified after Crane 1978, f ig .l) .



CHAPTER o -CAPTIONS OF FIGURES

Fig. 8 . 2a D e la i l  of the th r  ust s t ru c ta re  shown in F i g . 8 . 3 a . This 
represents the Letterewe synform which is shown as a typ ica l  
struct  ure of a f i a t - 1y i ng shear zone, a I ready af  fect ing the 
tecton i c i n te r Ieav  i ng of basement and couer

Fig. 8 . 2b De ta i l  of F i g .8 .2  a showing the geometry of the 
Letterewe synform; note the pos i t ion  of the S2 f o l i a t i o n  and the
i nc i p i ent st age o f ( cIockwi s e ) ro ta t  i on of t he hi nge t owards t he
NU-SE extensi on di rect  i on.

Fig. 8.2c Transpression model to reproduce the D3-D1 continuous 
deformation at Loch flaree, which could be accommodated by a 
component of th rus t ing  towards Sl-i (F3 fo lds)  together with  
s i n i s t r a ! . o b i i q u e - s l i p  giv ing r i s e  to the la te  F4 buckle fo lds.

Fig. 8.3a Large scale t ranspressionaI  model proposed to account for  
the kinematic ind icators ,  and r a r i t y  of thrust  s tructures as 
compared to s teep Iy -d  i pp i ng shear zones.

Fig. u . 3b Re I at ionshi p bet ween the Lew i s i an Comp lex of NU-ScotI and
and the equivalent Nagssugtoqidian Proterozoic  shear be l t  of
Geeniand "*oward and Park o p .c i t  4ob\
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CHAPTER 9 -  C G H C L U 5 ! OHS

The fol lowing are the p r inc ipa l  conclusions of the present study.

From t he st udu of t  he rock un i t s and t he i r  di st r  i but I on ( Chap. 2 ) i

1 .11 et ased i ment s , amph i bo I e sch i st s , marb i es o f an ear I y 

Proterozoic volcano-sedimentary sequence and la te  Archaean 

quartzofe Idspathic  c^nei^ses ( iJ - P b  z i rcon  c. Z .  b <=\a] wi th 

amph i bo i i tes are the ma i n tect  ono-sedi mentary uni ts  of the 

Lewisian Complex at Loch flaree.

2 . Zones of my Ion i te  (dated Rb-Sr whoie-rock at c. 1.9 Ga) occur at  

ma j or I i t ho Iog i caI boundari es w i t h i n t he gnei ss and

met ased i ment ary assembI ages i n t ect on i c cont a c t .

3 . D i st r  ibut i on o f rock un i t s  is strong Iy cont ro11ed by a Iarge SE- 

p I u n g i n g s y n f o r  m ( L e 11 e r  e w e s y n f o r  m).

From the study of the s t ru c tu ra l  f e a tu r e s , t h e i r  sequential  

de ve1opment and corre i at i on ( Chap. 3 ).

4 . The rocks are poIydeformed with structures developed as a 

funct i on of the i r  ( i ) rheo I oq i ca I propert i es i i } or i ent at i on 

and geometry and ( i i i )  s t r a in  v a r ia t io n s .  The s t ructura l  

doma i ns co i nc i de wi t h t he maj or I i  t ho Iog i caI un i ts  whose 

d i s t r ib u t io n  is c o n t ro l le d  by the Letterewe synform.

5 . Four phases of deformation producing Nll-SE trending  

approximate Iy coaxial  fo lds and associated features were 

id e n t i f ie d .  In a d d i t io n ,  there are other l a te r  sets of  

structures with N-S to NE-SU trends.
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6. Dur i ng !ate CM 1 i mes the one i sees and amphibo! i tes i basement)

hiere t ect on i ca i I y emp i aced ouep the met ased i ment apy- uo I canogen I c 

rock assemblage ( covep) wi th  wIdesppead deueIopment o f  

my I on i t e s . Th i s de f or mat i on was part i eu i ar-1 y st pong a ! ong the  

marble u n i t ,  corresponding to the pr inc ipa l  movement zone of  the 

'Loch flaree thrust  zone, '

7. T h e L e 11 e rewe sun f orm i s a co mposite s t r  u ct ure whose g e ome t rg i s 

a product of D2 and 04 deformationaI phases,

8. Corre I at i on of s t ructures  based on style.,  o r ien ta t io n ;  physical  

continuat ion and combination of several sets of these features  

mas possible on the local scale mainly due to the control  

provided by the geometry of the large Letterewe synform, This 

structure  (and i ts  associated features)  was used as a local 

'datum' in the c o r r e la t io n ,  with a i l  the structures older  than 

th is  fold in the cover rocks ascribed to D1.deformat ion.

From the fa b r ic  studies (Chap.4 ),

9. The expression and development of the micro fabr ics are a 

function of the composition of the a f fected rocks and s t r a in

( type and i ntens i t y ) vari  at ion so t hat t he cl ass i caI approach o f 

fabr ic  ana lys is  produced ambiguous r e s u l ts .  No tabu la t ion  of  

the r e la t io n s h ip  between time, metamorphism and deformational  

phases was possible from the tex tu ra l  analysis., and assessment 

of the r e l a t i v e  age of mineral growths had to be carr ied  out 

independently for each case.

10.N icro fabr ic  work was found to require  support from electron  

microprbbe ana lys is  and de ta i le d  examination of the deformation  

mechanisms at the microscopic scale i f  consistent resu I ts  uiere to 

be achieved.
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Froiii the studu of the mu S on j tes ( Chap. 5 ),

11 . fiost of the Hiy Ion i t  i o rocke. were formed by predom i nant iy 01 

simple shear d e formati  on dur i n g whIc h t he bas emen t mas t hrust  

over the cover.

12. flna lys is  of k i nemat i c i nd i cators po i nts to a Hii-d i rected  

emplacement of t h is  basement.

13. S e v e r  a 1 s t r  a i n s o f  t e n i n g m e c h a n i s m s a r  e t h o u g h t t o b e r  e s p o n s i b 1 e 

for the 1 oca 1i zat i on of the deformat ion in zones of hi gh s t ra  i n . 

Of greater  importance mere heterogeneit ies  l ike  I i th o lo g ic a l  

contacts and 1 s o f t ' minera Is.

M . Rn emp i r  i c a 11y det ermi ned sequence o f m1nera1s exhib i 1 1 rig

increasing resistance to gra in si ze reduct ion is c a 1ci t e - b io t  i t e -  

muscov i t  e - f e 1dspar-garnet-amph i bo 1e-ep i do te .

15 .H i gh f lu i d  pressures a Iong I i  tho 1og i c a 1 contacts promoted 

1 oca I i  zed and t ransi ent br i  1 1 1e de format i on duri ng 01

my I on i t i zat i on wi th the product i on of my!on i t i  zed 

pseudot achy I i  t es and brecci a s .

16.Based on the mode of deformation at microscopic scale no simple 

and st ra i ght f orward cr i t e r  i a cou1d be est ab1i shed f rom whi ch to 

determine the b r i t t l e - d u c t i l e  character  of the deformation.

17.FIu i d pressure and ot her var i ab1es bes i de P-T cond i t i ons are 

important for the s ty le  of deformation expressed and no single- 

extrapo la t ion  of metamorphic condit ions mere found possible.
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F p o fii the i nt e r  p r  e t q t i o n o f  t  h e s t r  u c t  u r  6 s (, C h g p . 6 j .

18. f ina I ys i s o f  t he var  i at  I on i n pa11 erns shoujn by 01 and D2 

s t r u c t u r e s  along the  n o r th e a s te rn  and southwestern l imbs o f  the 

L e 11 e r  e uj e s y n f  o r  m c o n f  i r  m s i t  s c o m p o s i t e  s t  r  u c t  u r  e ( c f . 

c onc lus ion  7 ) .

19.Geometr ical  a n a l y s i s  o f  the  (FI  t o  FT) f o ld s  and assoc ia ted

feat  u r  e s s u g g e s t  s t  h a t  buck!  i n g uj a s a n i m p o r  t  a n t  m e c h a n i s m d u r  i n g 

the e a r l y  stages  o f  development o f  these s t r u c t u r e s ;  la ye rs  w i th  

v i s c o s i t y  c o n t r a s t s  were shor tened at  low angles to  the  la y e r i n g .

2 0 .U i scos i t  y cont r a s t  bet  ween qua r tzo  f  e Idspat  hi c gnei sses and 

assoc ia ted  a m p h ib o l i t e s  has v a r ie d  in a complex way from D1 to  04 

de fo rmat iona I  phases. Th is  was p o s s ib l y  a f u n c t io n  o f  v a r i a t i o n s  

o f  s t r a i n  r a te  and mechanism o f  deformat i o n , exi  s t  ing

an i sot  rop i es and t  he i r  o r  i ent  at  i on i n re  I at ion t  o t  he s t  ress  

system., and a ls o  tempera tu re  v a r i a t i o n s ;  the re  is  no ev idence to  

suggest t h a t  m in e r a lo g i c a l  changes exe rc ised  such a c o n t r o l .

2 1 .FI and F2 f o ld s  showing v a r i a b l e  geometr ies can be accommodated 

i n a mode I i nvo Iv  i ng ( i n i t i a l } buck I i  ng and super i mposed s i mpIe 

s h e a r , dur i ng whi ch f o l d  hi nges r o t  at  ed towards the ext  ens i on 

d i r e c t i o n .  Th is  model can a lso  e x p la in  the la rge ex tens ions  

p a r a l l e l  to  the h inges observed in some o f  these f o ld s .

2 2 . f in a ly s is  o f  s t r a i n  in  deformed phenocrys ts  con f i rm  the  t r u e  

na ture  o f  the hinge p a r a l l e l  ex tens ions  w i th  s t r a i n  va lues  o f  o. 

18:1 (X :Z ) .  Th is  i n d i c a te s  a NU-SE d i r e c t i o n  o f  ex tens ion  f o r  

the  D1-D2 event., c o n s i s t e n t  w i t h  the  o r i e n t a t i o n  ob ta ined  from 

the analysis  o f  k in e m a t i c  i n d i c a t o r s  observed in the  my I o n i t e s .
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2 3. T e c t o n i t e s uj i t h p r  o 1 a t e f a b r 1 c a r e p p e d o m i n a n t a n d e x h i b i t h i g h e r 

s t p a 1 n s t h an o b I a t e s t r  a in m a r  k e r* s uj h i c h a p e m o p e c o m m o n a s 

my I on i te  zones are approached,

From the study of the metamopphIc condit ions (l-hap. 7 ) .

2 4 .Metamorphic condit ions as determined from geotnermometry and use 

o f pet pogeneti c gr i ds i nd i cate amph i bo I i  t e fac i es cond i t i  ons f  o p  

HI and M2 and greenschist fac ies  condit ions for the la te  D1

my\on 11 i za t I  on eve n t .

2 5 .Geothermal gradients  of 25 -30 °C/Km ( in  the range of Barrov ian-

type met amor ph i sm) mere determined for  111 and 112.

2 6 .Geochem i caI changes accompany Ing my 1 on i 11zat i on i nc!ude 

mobil izat ion  of Ca, K, Ha, fig. Si during condit ions of abundant 

f lu id  movement ( part i cu I ar I y H 0 and CO2 ) produc i ng m i nera I og i ca I 

convergence i n u11 ramy i on i t e s .

2 7 .Decrease in temperature between F11 and F12 is consistent with a 

thickening of the crust by t h r u s t in g .

2 8 .The temperatures obtained for HI (and 112) are generally  

consistent with the published values for metamorphism associated  

with Lax fordian deformation in the flssynt region of the Lewisian 

Comp I e x .

From the tec ton ic  model (Chap.o) .

2 9 .The ava i lab le  evidence suggests the p o s s ib i l i t y  of accommodating 

the deformation of the Loch flaree rocks in an overa ll  

transpressive model. D1 and D2 deformation would take place in a 

f l a t - l y i n g  crusta I scale shear zone which formed in a step-over
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of a much Ianger sea i e s i n i s t ra i r  i ght-st eppi ng st r i k e - s i  ip

3 y st eiti pr oduced by a HE—E SU- l-i or i ent a11 on o f short  en i ng , 03

and 04 deformation features mould be produced during generalized  

crust a I u p l i f t  under approx i mateIy const ant or ientat  i on o f the 

maximum compression d i r e c t io n ,

3 0 ,Re I i  abIe corre I a t ion  of the st ruct  ura I f eatures based on st y I e , 

or i en ta t i  on et c , i s on 1y possi bIe w\ th i  n t he area occup i ed by the 

Let t ereme syn f orm. line re t  h i s cont ro I i s not aua i I ab I e 

correI  at i ons based on f  eatures i nd i cat Ing t he predom i nant 

kinematic pat tern  are thought to be more r e l i a b l e .
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