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ABSTRACT

Two c a s e - s tu d ie s  w e re  s e le c te d  f o r  t h e i r  c o n t r a s t in g  

c h a r a c t e r is t ic s .  R e g io n a l g r a n u li te - g r a d e  e le m e n t 

d e p le t io n  w a s s tu d ie d  in  an  a m p h ib o lite  t o  g r a n u l i t e  

f a c ie s  t r a n s i t i o n ,  i d e n t i f i e d  a t  G ru in a rd  B a y , b y  

a d o p t in g  a c o m p a ra tiv e  a p p ro a c h . L i t e r a t u r e  d a ta  w e re  

u s e d  f o r  th e  m e ta m o rp h ic  e n d  m e m b e rs , h a v in g  f i r s t  

e s ta b l is h e d  m a g m a g e n e tic  c o m p a r a b i l i t y .  D e s p ite  

p e r v a s iv e  r e t r o g r e s s io n ,  G ru in a r d  B a y g n e is s e s  a re  

th o u g h t  t o  h a v e  s u f fe r e d  h o r n b le n d e - g r a n u l ite  f a c ie s  

B a d c a l l ia n  m e ta m o rp h is m . T he  i n t r a c r u s t a l  p a r t i a l  

m e lt in g  m o d e l f o r  g r a n u l i t e  g e n e s is  i s  in a p p r o p r ia te  f o r  

th e  s p e c i f ic  c o n d it io n s  le a d in g  t o  s u c h  a 

h o r n b le n d e - b e a r in g  re s id u u m . K a n d  Rb a b u n d a n c e s  a t  

G r u in a r d  B a y in t e r s e c t  th o s e  o f  th e  end  m em b ers, r e la te d  

t o  th e  c o n t in u e d  s t a b i l i t y  o f  h o rn b le n d e  a n d  b i o t i t e .  

R a d io e le m e n t a b u n d a n c e s  re m a in  s i g n i f i c a n t l y  h ig h e r  th a n  

th o s e  o f  g r a n u l i t e s ,  s u b s t a n t ia l l y  due  t o  th e  p re s e n c e  

o f  a l l a n i t e .  M in o r  m in e ra ls  e x e r t  a c r u c ia l  c o n t r o l  o n  U 

(a n d  T h ? ) a b u n d a n c e s  b o th  in  G ru in a r d  B ay g n e is s e s  a n d  

i n  g r a n u l i t e s .  T o g e th e r  w i t h  th e  h ig h  m in e r a l- m e lt  

p a r t i t i o n  c o e f f ic ie n t s  f o r  ra d io e le m e n ts  o f  e v e n  

r o c k - fo r m in g  m in e ra ls  w hen i n  e q u i l ib r iu m  w it h  a c id  

m e lts ,  t h i s  s u g g e s ts  t h a t  p a r t i a l  m e lt in g  w o u ld  n o t  

r e s u l t  i n  th e  o b s e rv e d  e x te n s iv e  r a d io e le m e n t 

d e p le t io n .  T h e re fo r e  a f l u i d  i s  p r e f e r r e d ,  I ^ O - r ic h  

r a t h e r  th a n  c a r b o n ic  b e c a u s e  o f  th e  a d v a n c e d  s ta g e  o f  

d e p le t io n  re a c h e d  in  ro c k s  w h ic h  r e t a in  s ig n i f i c a n t  

h y d ro u s  m in e r a ls .

I n  c o n t r a s t ,  th e  G le n  D e s s a r ry  s y e n ite  p r o v id e s  a 

p o t e n t ia l  e x a m p le  o f  lo c a l  e le m e n t m o b i l i t y  d u r in g  

a m p h ib o l i t e - f a c ie s  m e ta m o rp h is m /d e fo rm a tio n . H o w e v e r, 

f r a c t i o n a l  c r y s t a l l i s a t i o n  c o u p le d  w it h  lo c a l  c r u s t a l  

c o n ta m in a t io n  c le a r ly  re m a in s  th e  f i r s t - o r d e r  c o n t r o l  on  

e le m e n t d i s t r i b u t io n ,  r e g a r d le s s  o f  th e  d e g re e  o f  

d e fo r m a t io n .  A m ore  r ig o r o u s  s tu d y  o f  d e fo r m a tio n  in  th e  

le u c o c r a t ic  s y e n ite  c o n f irm e d  i t s  is o c h e m ic a l a n d  

is o v o lu m e t r ic  n a tu re  on  th e  s c a le  o f  a w h o le - r o c k



s a m p le . N e v e r th e le s s ,  s e v e r a l s t y le s  o f  m ic r o s c o p ic  

m o b i l i t y  o f  s e le c te d  in c o m p a t ib le  e le m e n ts  w e re  

d e te c te d .  M o s t c o u ld  b e  r e la t e d  t o  p e g m a tite  p r o d u c t io n  

in  th e  l a s t  s ta g e s  o f  a p r o t r a c t e d  m a g m a tic  h i s t o r y .  

H o w e v e r, i n t r a c r y s t a l l i n e  m o b i l i t y  o f  U , T h  and  p o s s ib ly  

l i g h t  REEs o c c u re d  a s  a d i r e c t  r e s u l t  o f  d e fo r m a t io n ,  

w h ic h  a d e q u a te ly  d e f in e s  th e  s c a le  w i t h in  w h ic h  a n y  

d e fo r m a t io n - r e la te d  m o b i l i t y  m ig h t be  s o u g h t in  t h is  

p a r t i c u la r  e n v iro n m e n t.
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CHAPTER ONE

GENERAL INTRODUCTION
T h is  t h e s i s  i s  c o n c e rn e d  w i t h  t h e  m o b i l i t y  o f  

" l i t h o p h i l e "  e le m e n ts  d u r in g  " h ig h - g r a d e "  m e ta m o rp h is m . 

S in c e  b o t h  th e s e  te rm s  a r e  f a i r l y  b r o a d  i n  t h e i r  

a p p l i c a t i o n ,  t h e  f i r s t  fe w  p a r a g r a p h s  o f  t h i s  

i n t r o d u c t i o n  a r e  d e v o te d  t o  d e f i n i n g  t h e  e le m e n t  g ro u p  

a n d  m e ta m o r p h ic  c o n d i t i o n s  w i t h  w h ic h  th e  w o rk  i s  

p r i m a r i l y  i n v o l v e d .  F o l lo w in g  t h i s  i s  a b r i e f  s e l e c t i v e  

i l l u s t r a t i o n  o f  t h e  m any t y p e s  o f  e le m e n t  m o b i l i t y  w h ic h  

a r e  common u n d e r  d iv e r s e  c r u s t a l  c o n d i t i o n s ,  so  t h a t  th e  

p r e s e n t  s t u d y  c a n  be v ie w e d  i n  a b r o a d  o v e r a l l  c o n t e x t .  

F i n a l l y ,  a  s h o r t  i n t r o d u c t i o n  i s  g iv e n  t o  th e  r o c k  

s u i t e s  t h a t  h a v e  b e e n  c h o s e n  f o r  s p e c i f i c  s tu d y  h e r e ,  

i n c l u d i n g  t h e  r e a s o n in g  r e s p o n s ib le  f o r  t h e i r  c h o ic e .

I n  1 9 3 2 , G o ld s c h m id t  c l a s s i f i e d  e le m e n ts  i n t o  s e v e r a l  

fu n d a m e n ta l  g r o u p s ,  b a s e d  o n  t h e i r  d i s t r i b u t i o n  i n  th e  

s e p a r a te  p h a s e s  c o n s t i t u t i n g  m e t e o r i t e s .  One o f  th e s e  

was t h e  " l i t h o p h i l e "  e le m e n t  g r o u p ,  w h ic h  in c lu d e s  th o s e  

e le m e n ts  w h ic h  c o n c e n t r a t e  i n  t h e  s i l i c a t e  p h a s e s ;  th e  

o t h e r s  b e in g  s i d e r o p h i l e ,  c h a l c o p h i l e  a n d  a t m o p h i le .  

A l t h o u g h  t h i s  e m p i r i c a l  c l a s s i f i c a t i o n  h a s  s t r i c t  

r e le v a n c e  o n l y  t o  th e  c o n d i t i o n s  p e r t a i n i n g  d u r in g  

m e t e o r i t e  f o r m a t io n ,  i t  h a s  b e e n  w i d e ly  u s e d  i n  

g e o c h e m ic a l  s t u d ie s  o f  m any d i s c i p l i n e s  s in c e  i t s  

i n c e p t i o n .  H o w e v e r, f o r  m o s t g e o c h e m ic a l  p u rp o s e s  

l i t h o p h i l e  i s  a r a t h e r  a l l - e m b r a c in g  t e r m ,  and  some 

s u b - d iv is io i? .  i s  r e q u i r e d ,  p r e f e r a b l y  b a s e d  on e le m e n ta l  

b e h a v io u r  u n d e r  m o re  p e r t i n e n t  c o n d i t i o n s .

T he  m a in  s u b j e c t  o f  t h i s  t h e s i s  i s  t h a t  s u b - g r o u p  o f  

l i t h o p h i l e  e le m e n ts  know n  a s  th e  " i n c o m p a t ib le "  e le m e n ts  

(s y n o n y m o u s  w i t h  th e  m o re  r e c e n t l y - i n t r o d u c e d  te rm s  

" h y g r o m a g m a to p h i le "  a n d  " h y g r o m a g m a p h i le " ) .  T h is  

t e r m in o lo g y  i s  b a s e d  o n  t h e  e le m e n t s ' r e l a t i v e  

p a r t i t i o n i n g  b e h a v io u r  b e tw e e n  m in e r a ls  a n d  c o e x i s t i n g  

m e l t  d u r i n g  p r im a r y  ig n e o u s  p r o c e s s e s ,  s u c h  as p a r t i a l  

m e l t i n g  o f  m a n t le  a s s e m b la g e s  a n d  s u b s e q u e n t  

c r y s t a l l i s a t i o n  o f  th e  d e r i v e d  l i q u i d .  A s w i l l  becom e



a p p a r e n t  i n  th e  t e x t ,  s u c h  a c l a s s i f i c a t i o n  i s  n o t  

a lw a y s  a p p l i c a b l e ,  a n d  b r e a k s  dow n e v e n  u n d e r  some 

ig n e o u s  c o n d i t i o n s  w h e re  s o - c a l l e d  in c o m p a t ib le  e le m e n ts  

a r e  d e m o n s t r a b ly  n o t  s o .  N e v e r t h e le s s ,  i t  fo rm s  an 

im p o r t a n t  b a s is  f r o m  w h ic h  t o  p r o c e e d  s in c e  i t  

a d e q u a t e ly  d e f in e s  th e  g r o u p  t o  w h ic h  U b e lo n g s  d u r in g  

m o s t p r im a r y  m a g m a tic  p r o c e s s e s .  T h e r e f o r e ,  b y  s t u d y in g  

t h e  g r o u p  a s  a w h o le ,  a n y  a n o m a lo u s  b e h a v io u r  show n b y  U 

( o r  o t h e r  m em bers o f  t h e  g r o u p )  d u r in g  s p e c i f i c a l l y  

c r u s t a l  p r o c e s s e s ,  w i l l  b e  m o re  im m e d ia te ly  a p p a r e n t .  

T h e  in c o m p a t ib le  e le m e n ts  o f  c o n c e rn  t o  t h i s  w o rk  

i n c lu d e  t h e  f o l l o w i n g :  B a , Rb, U, T h , K , S r ,  N b , T a , L a ,  

C e , P r ,  N d , Sm, E u , Gd, T b , D y , E r ,  Y b , L u ,  Z r ,  H f ,  P , 

T i ,  Y .  T h e s e  may be  c o n v e n ie n t l y  d i v id e d  i n t o  tw o  

f u r t h e r  g r o u p s ,  e v e n  th o u g h  t h e y  s l i g h t l y  o v e r la p ,  w h ic h  

w i l l  b e  r e f e r r e d  t o  e x t e n s i v e l y  t h r o u g h o u t  th e  t h e s i s :

i )  L a r g e - I o n  L i t h o p h i l e  E le m e n ts  ( L IL E s )  -  b y  w h ic h  i s  

m e a n t th o s e  e le m e n ts  w h ic h  a r e  in c o m p a t ib le  b y  v i r t u e  o f  

t h e i r  c o m p a r a t iv e ly  l a r g e  i o n i c  s i z e  w i t h  r e s p e c t  t o  th e  

common c r y s t a l l o g r a p h i c  s i t e s  i n t o  w h ic h  t h e y  m ig h t  

s u b s t i t u t e  ( e . g . ,  Rb, T h , U a n d  K ) .

i i )  H ig h  F i e l d  S t r e n g t h  E le m e n ts  (H FS E s) -  b y  w h ic h  i s  

m e a n t th o s e  e le m e n ts  w h ic h  a r e  in c o m p a t ib le  b e c a u s e  o f  a 

r e l a t i v e l y  h ig h  s t a b le  v a le n c e  s t a t e  c o m b in e d  w i t h  a 

s m a l l  i o n i c  r a d iu s  ( e . g . ,  Z r ,  H f ,  Nb and  T a ) .

T h is  t h e r e f o r e  d e f in e s  th o s e  e le m e n ts  o f  p r i n c i p a l  

( th o u g h  b y  no  means e x c lu s i v e )  i n t e r e s t  t o  th e  f o l l o w i n g  

w o r k .  H o w e v e r, th e  c r u s t a l  c o n d i t i o n s  o f  p a r t i c u l a r  

r e le v a n c e  . ( " h ig h - g r a d e  m e ta m o rp h is m " )  r e m a in  t o  be  

c o n s t r a in e d ,  a n d  f o r  t h i s  p u r p o s e  a l l  t h a t  i s  c o n s id e r e d  

n e c e s s a r y  h e r e  i s  a s im p le  P /T  g r i d .  The p a r t i c u l a r  

e x a m p le  u s e d  ( F ig .  1 . 1 )  i s  a f t e r  C o l le r s o n  a n d  F r y e r  

( 1 9 7 8 ) ,  a n d  t h e  c o n d i t i o n s  o f  p a r t i c u l a r  c o n c e rn  f a l l  

a p p r o x im a t e ly  w i t h i n  t h e  h a tc h e d  a r e a .  C l e a r l y ,  a 

c o n s id e r a b le  ra n g e  i s  i n v o l v e d  s u c h  t h a t  i t  w o u ld  b e  

im p o s s ib le  t o  a t t a i n  c o m p re h e n s iv e  c o v e r a g e .  M o re o v e r ,  

t h e  m e ta m o rp h ic  e n v ir o n m e n t  r e p r e s e n t s  a c o n t in u u m  o f  

s y s t e m a t ic  v a r i a t i o n  a n d  t r e a t m e n t  o f  one  p a r t  i n  

i s o l a t i o n  r i s k s  some d e g re e  o f  o v e r s i m p l i f i c a t i o n .  T h is



F ig u r e  1 . 1 :  P r e s s u r e - te m p e r a tu r e  g r i d  i l l u s t r a t i n g  

m e ta m o rp h ic  c o n d i t i o n s  o f  i n t e r e s t  ( a f t e r  C o l le r s o n  and

F r y e r ,  1 9 7 8 ) .

(1 =  a l u m i n o s i l i c a t e  t r i p l e  p o i n t ,  a f t e r  H o ld a w a y  
( 1 9 7 1 ) .  2= s o l id u s  f o r  t h e  s y s te m  Q z -A b -O r-E ^ O , a f t e r
H u a n g  a n d  W y l l i e  ( 1 9 7 5 ) .  3= s o l id u s  f o r  t o n a l i t e  w i t h
w a te r  j u s t  s u f f i c i e n t  t o  fo rm  m u s c o v i te ,  b i o t i t e  a n d  
h o r n b le n d e ,  a f t e r  W y l l i e  ( 1 9 7 7 ) .  4=  s o l id u s  f o r
a n h y d ro u s  s y s te m  Q z -A b -O r ,  a f t e r  H uang  and  W y l l i e  
( 1 9 7 5 ) .  5= a m p h i b o l i t e / g r a n u l i t e  b o u n d a r y ,  a f t e r  T u r n e r
( 1 9 6 8 ) .  6= e x p e r im e n t a l l y  d e te r m in e d  a m p h i b o l i t e /
g r a n u l i t e  b o u n d a r y ,  a f t e r  S p e a r  ( 1 9 7 6 ) .  7= lo w  t o
in t e r m e d ia t e  p r e s s u r e  g r a n u l i t e  t r a n s i t i o n .
8 =  in t e r m e d ia t e  t o  h ig h  p r e s s u r e  g r a n u l i t e  t r a n s i t i o n .  
9=  h ig h  p r e s s u r e  g r a n u l i t e  t o  e c l o g i t e  t r a n s i t i o n .  7 ,  8 

and  9 a f t e r  G re e n  a n d  R in g w o o d  ( 1 9 6 7 ) ) .

c a n  b e  p a r t l y  m i t i g a t e d  b y  th e  s e l e c t i o n  o f  m o re  th a n  

o n e  s tu d y  a r e a ,  w i t h  c o n t r a s t i n g  c h a r a c t e r i s t i c s .  

B e fo r e  i n t r o d u c in g  t h o s e  a re a s  s e le c t e d  h e r e ,  a  b r i e f  

i l l u s t r a t i o n  o f  t h e  t y p e s  o f  e le m e n t  m o b i l i t y  i n  o t h e r  

c r u s t a l  e n v ir o n m e n ts  m ig h t  h e lp  t o  p u t  th e  p r e s e n t  s tu d y  

i n t o  c o n t e x t .

I n  t h e  lo w  g ra d e  e n v ir o n m e n t ,  tw o  c o n t r a s t i n g  

s i t u a t i o n s  h a v e  r e c e iv e d  c o n s id e r a b le  a t t e n t i o n  i n  th e  

l i t e r a t u r e .  B a s a l t - s e a w a t e r  a l t e r a t i o n  h a s  b e e n  show n 

t o  b e  a n  im p o r t a n t  p r o c e s s  i n  th e  g e o c h e m ic a l e v o l u t i o n  

o f  t h e  c r u s t ,  i n c l u d i n g  i t s  r e c y c l i n g  i n t o  th e  m a n t le  a t  

s u b d u c t io n  z o n e s , a n d  l a r g e  s c a le  m o b i l i t y  o f  L IL E s  i s  

com m on. F o r  e x a m p le , W i l l i a m s  a n d  F lo y d  (1 9 8 1 )  h a v e  

s t u d ie d  th e  d i s t r i b u t i o n  o f  U a n d  o t h e r  i n c o m p a t ib le



e le m e n ts  i n  s p i l i t i c  p i l l o w  la v a s ,  and  c o n c lu d e d  t h a t  

t h e  m a jo r  p a r t  o f  t h e  U c o m p le m e n t o f  th e  r o c k s  ( c .  

lp p m )  w as in t r o d u c e d  e a r l y  d u r in g  t h e  a l t e r a t i o n  

p r o c e s s  d u e  t o  i n t e r a c t i o n  w i t h  s e a - w a te r ,  a r e s u l t  

s i m i l a r  t o  t h o s e  o f  M a c D o u g a ll  e t  a l .  (1 9 7 9 )  a n d  

M i t c h e l l  a n d  A u m e n to  ( 1 9 7 7 ) .  M o re  s p e c i f i c a l l y ,  th e  

fo r m e r  a u t h o r s  u s e d  th e  f i s s i o n  t r a c k  t e c h n iq u e  t o  

d e te r m in e  t h e  m i c r o d i s t r i b u t i o n  o f  U, a n d  i d e n t i f i e d  

f o u r  d i s t i n c t  a r e a s :  v e s i c l e  i n f i l l i n g s ;  p h e n o c r y s ts  and  

m e d iu m - g r a in e d  g ro u n d m a s s ; f i n e - g r a i n e d  g ro u n d m a s s  and 

v e s i c l e  r im s  a n d  v e i n l e t s .  T h e s e  w e re  i n t e r p r e t e d  i n  

te r m s  o f  p o s t - e n r ic h m e n t  r e d i s t r i b u t i o n  d u r in g  lo w - g r a d e  

m e ta m o rp h is m , p r o b a b ly  as a r e s u l t  o f  c a r b o n a te  c o m p le x  

f o r m a t io n .  T h e  p r e s e n t  U d i s t r i b u t i o n  was a t t r i b u t e d  t o  

t h e  i n f l u e n c e  o f  new m in e r a l  p h a s e s  fo rm e d  d u r in g  t h i s  

e v e n t ,  p a r t i c u l a r l y  t h e  s t a b l e  T i - ,  P -  a n d  Z r - b e a r in g  

p h a s e s .  H u m p h r is  e t  a l .  (1 9 7 8 )  h a v e  a ls o  d o c u m e n te d  th e  

s e l e c t i v e  m o b i l i t y  o f  m any i n c o m p a t ib le  e le m e n ts  

( i n c l u d i n g  t h e  LREE) d u r in g  lo w - g r a d e  a l t e r a t i o n  o f  

b a s a l t s  f r o m  v a r io u s  l o c a l i t i e s  i n c l u d i n g  M u l l ,  I c e la n d  

a n d  th e  M i d - A t l a n t i c  R id g e ,  a n d  s u g g e s te d  t h a t  th e  

d o m in a n t  c o n t r o l l i n g  f a c t o r  w as t h e  ig n e o u s  

c r y s t a l l i s a t i o n  h i s t o r y  o f  t h e  i n d i v i d u a l  la v a s .  A 

r e d u c t io n  i n  t h e  S r® ^ /S r® ^  r a t i o s  o f  t h e  M u l l  la v a s  h a s  

a l s o  b e e n  r e p o r t e d  (H a w k e s w o rth  a n d  M o r r is o n ,  1 9 7 8 ) ,  i n  

c o n t r a s t  t o  t h e  m o re  " n o r m a l"  in c r e a s e  d u r in g  s u c h  

p r o c e s s e s  ( H a r t  e t  a l . ,  1 9 7 4 ; O 'N io n s  e t  a l . ,  1 9 7 8 ) .

S i m i l a r l y ,  e le m e n t  m o b i l i t y  d u r i n g  fo c u s e d  c o n v e c t iv e  

o v e r t u r n  o f  m e t e o r ic  w a te r  a s  a r e s u l t  o f  g r a n i t e  

i n t r u s i o n  i s  , t h e  c a u s e  o f  m uch h y d r o t h e r m a l ,  

g r a n i t e - r e l a t e d  m i n e r a l i s a t i o n ,  a n d  a s  s u c h  h a s  

a t t r a c t e d  s u b s t a n t i a l  i n t e r e s t .  N o ta b le  f o r  a 

c o m p re h e n s iv e  a p p ro a c h  t o  t h i s  t o p i c  a re  th e  s t u d ie s  o f  

Z e i l i n s k i  e t  a l .  ( 1 9 8 1 ) ,  who c o m b in e d  th e  u s e  o f  

w h o le - r o c k  g e o c h e m is t r y  w i t h  a c id  le a c h in g  e x p e r im e n ts ,  

t h e  f i s s i o n  t r a c k  m e th o d , a n d  U -T h -P b  is o t o p e  

s y s t e m a t ic s  t o  d o c u m e n t th e  d i s t r i b u t i o n  a n d  m o b i l i t y  o f  

U i n  g r a n i t i c  p lu t o n s ,  a n d  t h e i r  a s s o c ia t e d  

m i n e r a l i s a t i o n .  B o w ie  e t  a l .  ( 1 9 7 3 ) ,  S im p s o n  e t  a l .



( 1 9 7 9 ;  1 9 8 2 )  a n d  P la n t  e t  a l .  ( 1 9 8 0 ;  1 9 8 3 ) h a v e  

d e v e lo p e d  a m o d e l f o r  g r a n i t e - h o s t e d  U -S n  m i n e r a l i s a t i o n  

w h ic h  in v o l v e s  h i g h l y - e v o l v e d  f e l s i c  p lu t o n s  a s s o c ia t e d  

w i t h  s u b s t a n t i a l  f l u i d - r o c k  i n t e r a c t i o n  f ro m  h ig h  t o  lo w  

t e m p e r a tu r e s ,  a n d  t h e  m o b i l i s a t i o n  o f  U f ro m  s t a b l e  

a c c e s s o r y  m in e r a ls  i n t o  t h e  c o e x i s t i n g  f l u i d .  Z e i l i n s k i  

( 1 9 7 9 ,  1 9 8 2 )  h a s  a l s o  show n  t h a t  U may b e  r e a d i l y  

m o b i l i s e d  f r o m  s i l i c e o u s  e x t r u s i v e  r o c k s  d u r in g  d e u t e r i c  

a l t e r a t i o n .

I n t e r e s t i n g l y ,  m e d iu m -g ra d e  p r o c e s s e s  seem n o t  t o  b e  

c e n t r a l  e i t h e r  t o  o r e - f o r m in g  p r o c e s s e s ,  o r  t o  c r u s t a l  

e v o l u t i o n  i n  g e n e r a l  ■, a n d  so  le s s  l i t e r a t u r e  e x i s t s  on  

e le m e n t  m o b i l i t y  u n d e r  s u c h  a r e g im e .  One s tu d y  w i t h  

w h ic h  t h e  a u t h o r  i s  f a m i l i a r  i s  o f  z o n a l  m e ta s o m a tis m  

(R e a d , 1 9 3 4 ; C u r t i s  a n d  B ro w n , 1 9 6 9 , 1 9 7 1 ; K o o n s , 1 9 8 1 ; 

S a n fo r d ,  1 9 8 2 ; F o w le r  e t  a l . ,  1 9 8 1 , 1 9 8 3 ) ,  c a u s e d  b y  

in c o m p le te  r e - e q u i l i b r a t i o n  o f  ju x ta p o s e d  a c id  and  b a s ic  

p r o t o l i t h s .  D i f f u s i o n - c o n t r o l l e d  r e a c t i o n  b e tw e e n  

a n t i g o r i t e  p o d s  a n d  g r a n o d i o r i t i c  c o u n t r y  r o c k  h a s  

p r o d u c e d  a s e r ie s  o f  v i r t u a l l y  m o n o m in e r a l ic  z o n e s  o f  

p r o g r e s s iv e  c h e m ic a l  a d ju s t m e n t ,  f r o m  c h l o r i t e  i n  

c o n t a c t  w i t h  th e  a c id  h o s t ,  t h r o u g h  h o r n b le n d e ,  

t r e m o l i t e  a n d  t a l c  t o  t h e  r e l i c t  a n t i g o r i t e  c o r e .  

T h e r e f o r e ,  t h e  m in e r a lo g ic a l  f ra m e w o rk  h a s  b e e n  t o t a l l y  

r e c o n s t i t u t e d  d u r in g  t h e  m e ta s o m a t ic  e v e n t ,  s u c h  t h a t  

e le m e n t  m o b i l i t y  was v i r t u a l l y  u n a v o id a b le .  E ve n  th o s e  

t r a c e  e le m e n ts  w h ic h  h a v e  g a in e d  th e  r e p u t a t i o n  o f  b e in g  

r e l a t i v e l y  im m o b ile  d u r in g  m e ta m o rp h is m , s u c h  as th e  

R E Es, h a v e  b e e n  m o b i l i s e d  (a n d  f r a c t i o n a t e d )  o n  t h e  

s c a le  o f  s e v e r a l  m e tr e s .

O nce t h e  h ig h - g r a d e  ( g r a n u l i t e  f a c ie s )  e n v ir o n m e n t  i s  

c o n s id e r e d ,  a n o th e r  p r o c e s s  im p o r t a n t  i n  c r u s t a l  

e v o l u t i o n  i s  a p p a r e n t  -  t h a t  o f  L IL E  lo s s  f ro m  t h e  lo w e r  

c r u s t .  H e a t - f lo w  s t u d ie s  ( e . g . ,  B i r c h  e t  a l . , 1 9 6 8 ; 

L a c h e n b r u c h ,  1 9 6 8 ; B u n t e b a r t h ,  1 9 7 6 ; J a u p a r t  e t  a l . ,  

1 9 8 1 , 1 9 8 2 ; P o l la c k ,  1 9 8 2 )  c o n f i r m  t h a t  lo w  h e a t  

p r o d u c t i o n  r o c k s  s i m i l a r  t o  th o s e  i n  e x p o s e d  c r u s t a l  

c r o s s - s e c t i o n s  ( F o u n t a in  a n d  S a l i s b u r y ,  1 9 8 1 )  a r e  o f  

r e g i o n a l  e x t e n t  i n  th e  lo w e r  c o n t i n e n t a l  c r u s t  (s e e  a l s o



L a m b e r t  a n d  H e ie r ,  1 9 6 7 ) .  T h e r e f o r e  th e  p e r v a s iv e  

r e m o v a l o f  K , R b, U a n d  T h # and ( p o s s i b l y )  Cs a n d  Pb 

f r o m  " l o w e r - c r u s t a l "  l i t h o l o g i e s  s u c h  as  th e  S c o u r ia n  

t o n a l i t e s  ( e . g . ,  T a r n e y  e t  a l .  , 1 9 7 9 ; W e a v e r and  T a r n e y ,  

1 9 8 0 , 1 9 8 1 ) ,  h a s  b e e n  th e  s u b je c t  o f  m uch d e b a te ,  o f  

w h ic h  m o re  d e t a i l  w i l l  b e  g iv e n  l a t e r .  T h u s ,  t h r o u g h o u t  

t h e  ra n g e  o f  m e ta m o rp h ic  c o n d i t i o n s ,  e le m e n ts  c a n  b e  

m o b i le  w i t h i n  t h e i r  l i t h o l o g i c a l  f ra m e w o rk ,  a n d  o f t e n  

t h e  e s s e n c e  o f  a n y  a rg u m e n t a b o u t  m o b i l i t y  i s  o n e  o f  

s c a le .  H o w e v e r, w i t h i n  t h e  c o n s t r a i n t s  o f  a s i n g l e  

p ie c e  o f  w o rk  a l l  t h a t  c a n  be  h o p e d  f o r  i s  i n f o r m a t io n  

o n  s p e c i f i c  e n v ir o n m e n ts  w h ic h  m ig h t  p e r h a p s  le a d  t o  

m o re  g e n e r a l  c o n c lu s io n s .  Two h a v e  b e e n  s t u d ie d  h e r e ,  

f r o m  th e  m e ta m o rp h ic  c o m p le x e s  o f  NW S c o t la n d .  S c o t la n d  

i s  an  i d e a l  p la c e  f ro m  w h ic h  t o  s e l e c t  m a t e r i a l ,  s in c e  

i t  c o n t a in s  r e p r e s e n t a t i v e s  o f  a l l  m e ta m o rp h ic  g ra d e s  

f r o m  g r e e n s c h is t  t o  g r a n u l i t e  f a c i e s ,  i n  g e o lo g ic a l  

s e t t i n g s  w h e re  m e ta m o rp h is m  c a n  b e  r e l a t e d  t o  

c o n te m p o r a r y  t e c t o n i c  a n d  m a g m a tic  e v e n ts .  T he  f o l l o w i n g  

b r i e f  sum m ary  o f  th e  g e o lo g ic a l  s t r u c t u r e  and  

d i s t r i b u t i o n  o f  m e ta m o rp h ic  r o c k s  i n  S c o t la n d  ( F ig .  1 . 2 )  

i s  m o d i f ie d  a f t e r  W a ts o n  e t  a l .  ( 1 9 8 2 ) .

T h e  H e b r id e a n  C r a to n ,  e x p o s e d  i n  t h e  f a r  n o r t h w e s t ,  

r e p r e s e n t s  a n  o l d ,  d e e p ly - e r o d e d  t e r r a i n .  I t  c o m p r is e s  

t h e  L e w is ia n  b a s e m e n t c o m p le x  o f  d o m in a n t ly  

g r a n o d i o r i t i c  t o  t o n a l i t i c  g n e is s e s ,  w i t h  o l d e r  

b a s i c - u l t r a b a s i c  u n i t s  a n d  s p a rs e  m e ta s e d im e n ts ,  w h ic h  

w e re  m e ta m o rp h o s e d  a t  c .  2 .7  Ga i n  c o n d i t i o n s  o f  th e  

u p p e r  a m p h ib o l i t e  o r  g r a n u l i t e  f a c i e s .  S u b s e q u e n t 

m e ta m o rp h ic  a n d  t e c t o n i c  r e w o r k in g  a t  lo w e r  g ra d e s  

c o n t in u e d  p e r i o d i c a l l y  u n t i l  a b o u t  1 .8  G a, s p a n n in g  t h e  

i n t r u s i o n  o f  t h e  m a f ic  S c o u r ie  D yke s u i t e  ( T a r n e y ,  1 9 6 3 ) 

a t  c .  2 .4  G a. O v e r l y in g  t h i s  b a s e m e n t c o m p le x  i s  t h e  

u n d is t u r b e d ,  l a r g e l y  f l u v i a t i l e  T o r r id o n i a n  F o r m a t io n  

( l a t e  P r o t e r o z o i c ) ,  t o g e t h e r  w i t h  y o u n g e r  f o r m a t io n s .  

T he  H e b r id e a n  C r a to n  i s  b o u n d e d  i n  t h e  e a s t  b y  t h e  

e a s t w a r d - d ip p in g  M o in e  T h r u s t  Z o n e , w h ic h  m a rk s  t h e  

. f r o n t  o f  t h e  C a le d o n ia n  o r o g e n ic  b e l t .  R e w o rk e d  

L e w is ia n  p r o b a b ly  c o n t in u e s  a t  d e p th  as f a r  s o u th  as th e
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F ig u r e  1 . 2 :  Map s h o w in g  t h e  d i s t r i b u t i o n  o f  m e ta m o rp h ic  

g r a d e s  i n  n o r t h e r n  S c o t la n d  ( a f t e r  W a ts o n  e t  a l . ,  1 9 8 2 ) .

*

S o u th e r n  U p la n d s  F a u l t  (B a m fo rd  e t  a l . ,  1 9 7 8 ) ,  

u n d e r ly i n g  t h e  m e ta m o rp h o s e d  s e d im e n ts  a n d  a s s o c ia t e d  

i n t r u s i v e  m a sse s  o f  t h e  C a le d o n ia n  c y c le .  D u r in g  t h i s  

c y c le  t h e  l a t e  P r o t e r o z o i c  t o  lo w e r  P a la e o z o ic  c o v e r  

u n i t s  o f  M o in e  a n d  D a l r a d ia n  g ro u p s  w e re  f o ld e d ,  

m e ta m o rp h o s e d  a n d  in v a d e d  b y  a v a r i e t y  o f  ig n e o u s  r o c k s  

i n c l u d i n g  t h e  w e l l - d e v e lo p e d  C a le d o n ia n  g r a n i t e  s u i t e s  

w h o se  o r i g i n  i s  c u r r e n t l y  u n d e r  d i s c u s s io n  (s e e  b e lo w ) .  

T he  m e ta m o rp h ic  g ra d e  re a c h e d  i n  t h e  m e ta s e d im e n ts  

v a r i e s  r e g i o n a l l y  f r o m  lo w e r  g r e e n s c h is t  f a c ie s  i n  t h e  

w e s t  a n d  s o u t h ,  t o  u p p e r  a m p h ib o l i t e  f a c ie s  i n  p a r t s  o f  

t h e  i n t e r i o r .  M ig m a t i t e s  a r e  a s s o c ia t e d  w i t h  t h e  

h i g h e s t  m e ta m o rp h ic  g r a d e s .  T he  a r e a l  d i s t r i b u t i o n  o f  

t h e  m e ta m o rp h ic  z o n e s  i s  r e l a t i v e l y  w e l l  e s t a b l i s h e d  

( F e t t e s ,  1 9 7 9 ) .  L a t e -  a n d  p o s t - o r o g e n ic  u p l i f t  a t  t h e  

e n d  o f  t h e  C a le d o n ia n  c y c le  r e s u l t e d  i n  r a p id  e r o s io n



a n d  d e p o s i t i o n  o f  a s e c o n d  f l u v i a t i l e  a n d  l a c u s t r i n e  

s e q u e n c e  i n  f a u l t - b o u n d e d  t r o u g h s  a n d  b a s in s  -  t h e  O ld  

Red S a n d s to n e  ( D e v o n ia n ) .

W a ts o n  e t  a l .  (1 9 8 2 )  d is c u s s e d  th e  r e g i o n a l  

g e o c h e m is t r y  o f  U i n  r e l a t i o n  t o  t h i s  w e l l - k n o w n  

g e o lo g y ,  w h ic h  t h e r e f o r e  fo rm s  a g o o d  i n t r o d u c t i o n  t o  

t h e  c h o ic e  o f  s u b je c t  m a t e r i a l  f o r  t h i s  p r o j e c t .  

R e g io n a l  a s p e c ts  w e re  b a s e d  o n  t h e  a n a ly s i s  o f  s t re a m  

s e d im e n t  s a m p le s  ( IG S , 1 9 7 9 , 1 9 8 2 , 1 98 4  a n d  BGS, i n  

p r e s s ) .  T h e re  i s  g o o d  e v id e n c e  t h a t  t h e  g e o c h e m ic a l  

p a t t e r n s  p ro d u c e d  i n  t h i s  w a y c l o s e l y  f o l l o w  th o s e  o f  

t h e  u n d e r ly i n g  g e o lo g y  ( e . g . ,  P la n t  e t  a l . ,  1 9 8 4 ) .  Some 

o f  t h e  m a jo r  c o n c lu s io n s  re a c h e d  i n c lu d e  t h e  f o l l o w i n g :

T h e re  i s  no  d o u b t  t h a t  t h e  m a jo r  U m o b i l i s a t i o n  e v e n t  

i n  t h e  m e ta m o rp h ic  e n v ir o n m e n ts  o f  S c o t la n d  w a s  r e l a t e d  

t o  t h e  h ig h  p r e s s u r e ,  g r a n u l i t e - f a c i e s  m e ta m o rp h is m  i n  

t h e  H e b r id e a n  C r a t o n .  M uch l i t e r a t u r e  e x i s t s  o n  t h e  

s u b j e c t ,  f r o m  S c o t la n d  a n d  e ls e w h e r e ,  b u t  r e l a t i v e l y  

l i t t l e  is *  kn o w n  a b o u t  th e  p r e c i s e  m e c h a n is m s  b y  w h ic h  U 

i s  l o s t  f r o m  t h e  g n e is s e s .  T h e  L e w is ia n  C o m p le x  h a s  

b e e n  t h e  s u b je c t  o f  m any d e t a i l e d  g e o c h e m ic a l s t u d ie s ,  

n o t a b l y  t h o s e  o f  W e a ve r a n d  T a r n e y  (1 9 8 0 ,  1 9 8 1 )  w h ic h  

h a v e  d e f in e d  th e  g e o c h e m is t r y  o f  t h e  a m p h i b o l i t e - f a c ie s  

a n d  g r a n u l i t e - f a c i e s  e n d -m e m b e r r e p r e s e n t a t i v e s  o f  t h e  

e x p o s e d  l i t h o l o g i e s .  H o w e v e r, i n  te rm s  o f  t h e  

L I L E - r e m o v a l  p r o c e s s e s  o p e r a t i n g  d u r in g  h ig h - g r a d e  

m e ta m o rp h is m , t h e  a m p h i b o l i t e - f a c ie s  r o c k s  a r e  

e s s e n t i a l l y  u n a f f e c t e d ,  w h i l e  th o s e  o f  t h e  g r a n u l i t e  

f a c i e s  have,, p r o g r e s s e d  t o  c o m p le t io n .  A n o p p o r t u n i t y  

t h e r e f o r e  e x i s t s  f o r  f u r t h e r  s t u d y  o f  t h e  d e p le t i o n  

p r o c e s s e s ,  i f  a r e g io n  i n  w h ic h  th e y  h a v e  b e e n  a r r e s t e d  

b e f o r e  c o m p le t io n  c a n  b e  i d e n t i f i e d  and  s a m p le d .  I t  i s  

now b e l i e v e d  t h a t  G r u in a r d  B a y  r e p r e s e n t s  s u c h  a r e g io n  

a n d  s o  fo rm s  o n e  o f  th e  a r e a s  s e le c t e d  f o r  i n v e s t i g a t i o n  

h e r e .

T h e  C a le d o n ia n  m e ta m o rp h is m  d i d  n o t  r e a c h  g r a n u l i t e  

g ra d e  i n  a n y  o f  t h e  r o c k s  now e x p o s e d , a n d  th e  h i g h e s t  

g r a d e s  a t t a in e d  a r e  i n  t h e  u p p e r  a m p h ib o l i t e  f a c ie s  a t  

t h e  i n t e r i o r  o f  t h e  o r o g e n .  W a ts o n  e t  a l .  (1 9 8 2 )



d e m o n s t r a te d  t h a t  no  s y s t e m a t ic  r e g i o n a l  t r e n d s  i n  U 

d i s t r i b u t i o n  c a n  b e  d i r e c t l y  a t t r i b u t e d  t o  m e ta m o rp h ic  

g r a d e ;  m o s t b e in g  l i t h o l o g i c a l l y  c o n t r o l l e d  a n d  c u t t i n g  

a c r o s s  t h e  m e ta m o rp h ic  i s o g r a d s .  T h is  i s  s u p p o r te d  b y  

t h e  r e s u l t s  o f  A t h e r t o n  a n d  B r o t h e r t o n  ( 1 9 7 9 ) ,  b a s e d  on 

w h o le - r o c k  a n a ly s e s  o f  r a d io e le m e n t s  i n  D a l r a d ia n  r o c k s  

o f  v a r y in g  m e ta m o rp h ic  g r a d e .  N e v e r t h e le s s ,  t h i s  d o e s  

n o t  p r e c lu d e  s m a l le r  s c a le  U r e d i s t r i b u t i o n  w i t h i n  

s p e c i f i c  g e o c h e m ic a l  e n v ir o n m e n ts ,  a n d  l o c a l  r e a c t io n s  

o f  t h i s  t y p e  w o u ld  fo rm  a n  i n t e r e s t i n g  c o m p a r is o n  w i t h  

t h e  r e g i o n a l  r e m o v a l o f  e le m e n ts  a t  t h e  h ig h e s t  g r a d e s .  

T h e  G le n  D e s s a r r y  s y e n i t e  h a s  b e e n  c h o s e n  as a s u i t a b l e  

s u b je c t  -  a p l u t o n  i n t r u d e d  i n t o  th e  h ig h - g r a d e  c o r e  o f  

t h e  C a le d o n ia n  C o m p le x , a n d  a f f e c t e d  b y  

a m p h i b o l i t e - f a c i e s  d e f o r m a t io n  d u r in g  o r  s h o r t l y  a f t e r  

i n t r u s i o n .

I t  i s  h o p e d  t h a t  i n v e s t i g a t i o n  o f  th e s e  tw o  

c o m p le m e n ta ry  s u b je c t s  m ig h t  a l l o w  some m o re  g e n e r a l  

c o n c lu s io n s  w i t h  r e s p e c t  t o  e le m e n t  m o b i l t y  d u r in g  

h ig h - g r a d e  m e ta m o p rh is m  t o  b e  r e a c h e d .



CHAPTER TWO

INTRODUCTION TO GRUINARD BAY

T h e  f i r s t  c a s e - s t u d y  c h o s e n  i s  t h e r e f o r e  o n e  o f

r e g i o n a l  m o b i l i s a t i o n  o f  L IL E s ,  d u r in g  h ig h - g r a d e

m e ta m o rp h is m  o f  t h e  A rc h a e a n  L e w is ia n  C o m p le x  o f  NW

S c o t la n d .  As h a s  b e e n  o u t l i n e d  a b o v e ,  i n  o r d e r  t o  add

a n y t h in g  o f  v a lu e  t o  p u b l is h e d  d e t a i l e d  a c c o u n ts  o f  L IL E

d e p l e t i o n  a t  g r a n u l i t e  g ra d e  ( M o o rb a th  e t  a l . ,  1 9 6 9 ;

S h e r a to n ,  1 9 7 0 ; S h e ra to n  e t  a l . ,  1 9 7 3 ; T a rn e y  and

W in d le y ,  1 9 7 7 ; R o l l i n s o n  a n d  W in d le y ,  1 9 8 0 a , b ;  P r id e

a n d  M u e c k e , 1 9 8 0 , 1 9 8 1 , 1 9 8 2 ; W e a v e r a n d  T a r n e y ,  1 9 8 0 ,

1 9 8 1 )  a t r a n s i t i o n a l  f a c ie s  b e tw e e n  a m p h ib o l i t e  a n d

g r a n u l i t e  f a c i e s  was s o u g h t  o n  t h e  M a in la n d  L e w is ia n .

I n v e s t i g a t i o n  o f  s u c h  a r e g io n ,  i n  w h ic h  L IL E  d e p le t i o n

h a s  b e e n  a r r e s t e d  a t  an  in t e r m e d ia t e  s ta g e ,  m ig h t

p r o v id e  v a lu a b le  a d d i t i o n a l  i n f o r m a t io n  f o r

c o n s i d e r a t i o n  w i t h  r e s p e c t  t o  t h e  m any e x i s t i n g  g e n e t i c

m o d e ls  a n d  p ro p o s e d  d e p le t i o n  m e c h a n is m s . No s u c h

t r a n s i t i o n  h a s  y e t  b e e n  d o c u m e n te d  o n  t h e  S c o t t i s h

M a in la n d ,  a l t h o u g h  D r u r y  (1 9 8 0 )  i n t e r p r e t e d  f i e l d

r e l a t i o n s h i p s  o n  B a r r a  i n  a s i m i l a r  c o n t e x t  a n d  h a s

b r i e f l y  d o c u m e n te d  a h o r n b le n d e - g r a n u l i t e  f a c ie s  on  C o l l
#

a n d  T i r e e  (1 9 7 3 ,  1 9 7 4 ) .  G r u in a r d  B a y  was i n i t i a l l y  

s e le c t e d  o n  th e  b a s is  o f  a l i t e r a t u r e  s u r v e y  (s e e  b e lo w )  

a n d  a d v ic e  f r o m  a c k n o w le d g e d  e x p e r t s  o n  t h e  L e w is ia n  

C o m p le x  ( J . V . W . ) a n d  i s  now b e l i e v e d  t o  r e p r e s e n t  th e  

r e q u i r e d  p r o g r a d e ,  a m p h i b o l i t e - g r a n u l i t e  t r a n s i t i o n  

z o n e .

A c r u c i a l  p r o b le m  a t  G r u in a r d  B a y , r e s u l t i n g  d i r e c t l y  

f r o m  t h e  f a c t  t h a t  e le m e n ts  h a v e  b e e n  m o b i l i s e d  on  a 

r e g i o n a l  s c a le ,  i s  t h a t  i t  i s  im p o s s ib le  t o  d e te r m in e  

t h e  o r i g i n a l  e le m e n t  a b u n d a n c e s  a n d  d i s t r i b u t i o n  i n  t h e  

s t u d y  a r e a ,  s in c e  t h e y  a r e  n o t  p r e s e r v e d .  H o w e v e r, i n  

o r d e r  t o  c o n s t r a in  th e s e  t o  some e x t e n t ,  r e f e r e n c e  c a n  

be  made t o  p u b l i s h e d  l i t e r a t u r e  on  u n a f f e c t e d  r o c k s  f ro m  

e ls e w h e r e  i n  t h e  L e w is ia n  ( e . g . ,  R h ic o n ic h ) . S i m i l a r l y ,  

h i g h - q u a l i t y  d a ta  on  t h e  g r a n u l i t e - f a c i e s  e n d -m e m b e r a r e  

a l s o  a v a i l a b l e ,  so  t h a t  a c o m p a r a t iv e  a p p ro a c h  may b e  

a d o p te d .
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2 .1  H i s t o r y  o f  R e s e a rc h

I n  c o n t r a s t  t o  G le n  D e s s a r r y ,  t h e  p r e s e n t  t o p i c  i s  

fo u n d e d  on  an e x t e n s iv e  l i t e r a t u r e  d a t i n g  f r o m  t h e  e a r l y  

s t u d ie s  o f  th e  L e w is ia n  C o m p le x , b y  t h e  G e o lo g ic a l  

S u rv e y -  (P e a c h  e t  a l . ,  1 9 0 7 ) a n d  S u t t o n  a n d  W a ts o n  

( 1 9 5 1 ) .  I t  i s  s t i l l  t h e  fo c u s  o f  m uch a c t i v e  r e s e a r c h ,  

as  i s  t h e  g e o c h e m is t r y  o f  t h e  lo w e r  c r u s t  i n  g e n e r a l ,  

b u t  s u c h  i s  t h e  e x t e n t  o f  t h e  l i t e r a t u r e  t h a t  a 

c o m p re h e n s iv e  r e v ie w  w o u ld  b e  t o o  v o lu m in o u s  f o r  

i n c l u s i o n  h e r e .  T he  f o l l o w i n g  p a r a g r a p h s  t h e r e f o r e  

r e p r e s e n t  o n ly  a s e l e c t i v e  sum m ary o f  th o s e  f e a t u r e s  o f  

t h e  L e w is ia n  C o m p le x  im p o r t a n t  t o  t h e  p r e s e n t  s t u d y ,  a n d  

h i g h l i g h t  th e  m o re  p e r t i n e n t  p u b l i c a t i o n s  i n  t h e  

l i t e r a t u r e .  F o l lo w in g  t h i s ,  a b r i e f  r e v ie w  o f  r e c e n t  

p u b l i c a t i o n s  c o n c e rn e d  w i t h  t h e  a m p h i b o l i t e - g r a n u l i t e  

b o u n d a r y  i n  o t h e r  p a r t s  o f  t h e  w o r ld  i s  i n c lu d e d .

T h e  L e w is ia n  C o m p le x .

T h e  L e w is ia n  b a s e m e n t g n e is s e s  o f  NW S c o t la n d  

r e p r e s e n t  one  o f  t h e  m o s t i n t e n s i v e l y - i n v e s t i g a t e d  

c o n t i n e n t a l  lo w e r  c r u s t  t e r r a i n s  i n  t h e  w o r ld  a n d  fo r m  a 

c l a s s i c  a r e a  i n  w h ic h  g r a n u l i t e - f a c i e s  L IL E  d e p l e t i o n  

h a s  b e e n  s t u d ie d .  A fu n d a m e n ta l  t e n e t  o f  t h i s  

c o n t i n u i n g  i n v e s t i g a t i o n  i s  th e  b e l i e f  t h a t  s u c h  r o c k s ,  

a l t h o u g h  now e x p o s e d  a t  th e  s u r f a c e ,  a re  r e p r e s e n t a t i v e  

o f  th o s e  w h ic h  fo rm  th e  lo w e r  r e g io n s  o f  th e  c o n t i n e n t a l  

c r u s t .  P e rh a p s  t h e  m o s t p e r s u a s iv e  in d e p e n d e n t  e v id e n c e  

i n  s u p p o r t  o f  t h i s  a s s e r t i o n  i s  t h e  g e o th e r m o m e t r ic  a n d  

g e o b a r o m e t r ic  d a ta  d e r i v e d  f ro m  s t a b l e  S c o u r ia n  m in e r a l  

a s s e m b la g e s  p r e s e r v e d  i n  t h e  r o c k s .  F o r  e x a m p le ,  O 'H a ra  

a n d  Y a rw o o d  (1 9 7 8 )  a n d  R o l l i n s o n  (1 9 7 8 ,  1 9 7 9 , 1 9 8 2 )  h a v e  

d e r i v e d  te m p e r a tu r e s  i n  e x c e s s  o f  1 0 0 0 °C  a n d  p r e s s u r e s  

o f  c .  15 Kb f ro m  g r a n i t i c  l i t h o l o g i e s .  H o w e v e r, i t  i s  

now t h o u g h t  t h a t  th e s e  r e l a t e  t o  a p r e - S c o u r ia n  

m a g m a g e n e tic  e p is o d e  a n d  t h a t  m o re  r e a l i s t i c  e s t im a t e s  

o f  t e m p e r a tu r e  a n d  p r e s s u r e  a t  t h e  p e a k  o f  m e ta m o rp h is m  

a r e  8 -9 0 0 ° C  a n d  c .  11 Kb ( e . g .  R o l l i n s o n ,  1 9 7 9 , 1 9 8 0 ,

1 9 8 1 ; B a r n i c o a t ,  1 9 8 3 ) .  S u ch  te m p e r a tu r e s  a n d  p r e s s u r e s  

a r e  a p p r o p r ia t e  o n ly  t o  t h e  v e r y  lo w  l e v e l s  o f  t h e  

c o n t i n e n t a l  c r u s t .



T h e  L e w is ia n  C o m p le x  i s  d o m in a te d  b y  

q u a r t z o f e ld s p a t h i c  g n e is s e s  w h ic h  c o n t a in  m any r e l i c s  o f  

s u p r a c r u s t a l  m e ta s e d im e n ta r y  m a t e r i a l  (O ke ke  e t  a l . #

1 9 8 2 ) ,  a n d  e a r l y  b a s ic  t o  u l t r a b a s i c  i n t r u s i o n s  ( e . g . ,  

S a v a g e  - and  S i l l s ,  1 9 8 0 ; S i l l s  e t  a l . ,  1 9 8 1 ) .  M o re o v e r ,  

i t  a l s o  c o n t a in s  i s o l a t e d  " la c u n a e "  ( W in d le y ,  1 9 8 2 ; 

Low m an, 1 9 8 4 ) o f  i n t r u s i v e  r e p r e s e n t a t i v e s  o f  th e  

t o n a l i t e - t r o n d h j e m i t e - g r a n i t e  s u i t e  ( R o l l i n s o n  1 9 7 8 , 

R o l l i n s o n  a n d  W in d le y ,  1980? R o l l in s o n  a n d  F o w le r ,  i n  

p r e p . ) w h ic h  a r e  g e o c h e m ic a l ly  i d e n t i c a l  w i t h  t h e i r  h o s t  

g n e is s e s  ( e . g . ,  c o m p a re  t h e  d a ta  o f  R o l l in s o n  a n d  

W in d le y ,  1980 w i t h  t h o s e  o f  S h e ra to n  e t  a l . , 1 9 7 3 ) .  T h is  

s t r o n g l y  s u g g e s ts  t h a t  t h e  g n e is s e s  th e m s e lv e s  h a d  an 

i n t r u s i v e  o r i g i n ,  a l t h o u g h  a m e ta s e d im e n ta ry  p a r e n ta g e  

i s  s t i l l  f a v o u r e d  b y  some ( e . g . ,  Low m an, 1 9 8 4 ) .  I s o t o p i c  

e v id e n c e  ( H a m il t o n  e t  a l . ,  1 9 7 9 ) i n d i c a t e s  t h a t  th e  

ig n e o u s  p r e c u r s o r s  o f  b o th  t h e  g r a n u l i t e  a n d  

a m p h i b o l i t e - f a c ie s  g n e is s e s  w e re  g e n e r a te d  f ro m  th e  

m a n t le  a b o u t  2 .9 2  + / -  0 .0 5  Ga a g o . T h e s e  ig n e o u s  

b o d ie s  becam e g n e is s o s e  d u r in g  th e  s u b s e q u e n t  

p e n e t r a t i v e  d e f o r m a t io n  a n d  a s s o c ia t e d  h ig h - p r e s s u r e  

a m p h ib o l i t e -  t o  g r a n u l i t e - f a c i e s  m e ta m o rp h is m  ( 2 . 8  Ga t o

2 .6  G a ).  L a t e r  I n v e r i a n  d e f o r m a t io n  to o k  p la c e  u n d e r  

a m p h i b o l i t e - f a c ie s  c o n d i t i o n s  i n  s te e p  NW-SE t r e n d in g  

s h e a r  z o n e s . T h e s e  e a r l y  e v e n ts  w e re  f o l l o w e d  b y  th e  

e m p la c e m e n t o f  a w id e s p r e a d  sw arm  o f  t h o l e i i t i c  b a s ic  

a n d  u l t r a b a s i c  m in o r  i n t r u s i o n s  ( t h e  S c o u r ie  d y k e s ;  

e . g . ,  W e a ve r a n d  T a r n e y ,  1 9 8 1 ) .  The d y k e s  and  t h e i r  h o s t  

g n e is s e s  th e n  s u f f e r e d  p o ly p h a s e  r e t r o g r a d e  d e f o r m a t io n  

u n d e r  a m p h ib o l i t e  f a c ie s  c o n d i t i o n s  d u r in g  th e  

L a x f o r d ia n  c y c le  ( 1 . 8  Ga t o  1 .6  G a ).

To d a te ,  d e t a i l e d  g e o c h e m ic a l s t u d ie s  h a v e  

c o n c e n t r a t e d  o n  th e  a m p h i b o l i t e - f a c ie s  and  

g r a n u l i t e - f a c i e s  e n d -m e m b e rs  o f  t h e  h ig h - g r a d e  

m e ta m o rp h ic  c o n t in u u m ,  g e n e r a l l y  s a m p le d  f ro m  th e  

n o r t h e r n  p a r t  o f  th e  m a in la n d  o u t c r o p  ( e . g . ,  R o l l i n s o n  

a n d  W in d le y ,  1 9 8 0 a , b ;  W e a v e r a n d  T a r n e y ,  1 9 8 0 , 1 9 8 1 ; 

P r id e  a n d  M u e c k e , 1 9 8 0 , 1 9 8 1 , 1 9 8 2 ) .  T h is  h a s  r e s u l t e d  

i n  a c l e a r  c o n c e p t io n  o f  m a g m a g e n e s is  a n d  o f  th e  o v e r a l l



g e o c h e m ic a l  e f f e c t s  o f  t h e  B a d c a l l i a n  p h a s e  o f  S c o u r ia n  

m e ta m o rp h is m  -  p r i n c i p a l l y  t h e  p e r v a s iv e  re m o v a l o f  

L IL E s  (K , R b , T h , U a n d  p o s s i b l y  a l s o  Cs and  P b ) ,  w i t h  

a t t e n d a n t  i n t e r - e l e m e n t  r a t i o  v a r i a t i o n s  a n d  i s o t o p i c  

e f f e c t s .  H o w e v e r, th e  m e c h a n is m s  b y  w h ic h  s u c h  

i n t e r f a c i e s  e le m e n t  f r a c t i o n a t i o n  a r o s e  r e m a in  p a r t l y  

u n r e s o lv e d ,  e s p e c i a l l y  w i t h  r e s p e c t  t o  t h e  

r a d io e le m e n t s ,  s in c e  i n  th e  e n d -m e m b e r c o m p o s i t io n s  th e y  

w e re  e i t h e r  l a r g e l y  i n o p e r a t i v e  o r  h a d  p r o g r e s s e d  t o  

c o m p le t io n .  C o n s e q u e n t ly ,  m uch d is c u s s io n  s t i l l  

s u r r o u n d s  t h e  i d e n t i t y  o f  th e  m a jo r  p r o c e s s ( e s )  

r e s p o n s ib le  f o r  L IL E  r e m o v a l .  R e c e n t  o p in io n  h a s  

fo c u s s e d  on  t h e  f o l l o w i n g  m o d e ls : -

i )  A c c o r d in g  t o  W e a ve r a n d  T a rn e y  ( 1 9 8 1 ) ,  L IL E  

a b s t r a c t i o n  i s  d i r e c t l y  r e l a t e d  t o  t h e  i n f i l t r a t i o n  o f  a 

p o s s i b l y  m a n t le - d e r i v e d ,  C02 - r i c h  f l u i d  i n t o  t h e  ig n e o u s  

c o m p le x  u n d e r g o in g  c o n te m p o ra n e o u s  m e ta m o rp h is m  a n d  

d e f o r m a t io n ;  a  t h e s i s  t o  w h ic h  c o n s id e r a b le  s u p p o r t  h a s  

b e e n  l e n t  b y  t h e  d is c o v e r y  o f  w id e s p re a d  C C ^ - r ic h  f l u i d  

i n c l u s i o n s  i n  d i v e r s e  g r a n u l i t e  t e r r a i n s ,  a l t h o u g h  th e s e  

do  n o t  y e t  i n c lu d e  th e  L e w is ia n  ( T o u r e t ,  1 9 7 4 ; H o e fs  and  

T o u r e t ,  1 9 7 5 , C o o le n ,  1 9 8 2 ; T o u r e t  a n d  D i e t v o r s t ,

1 9 8 3 ) .  N e v e r t h e le s s ,  g r o s s  e x t e n s io n s  o f  t h e  f l u i d  

in v o lv e m e n t  m o d e l s u c h  as t h a t  p ro p o s e d  b y  C o l le r s o n  a n d  

F r y e r  (1 9 7 8 )  seem  u n n e c e s s a r y  t o  e x p la in  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 c o u r ia n  c o m p le x  (W e a v e r 

a n d  T a r n e y ,  1 9 8 1 ) .  T h e s e  a u t h o r s  a s s e m b le d  a mass o f  

d a ta  t o  s u g g e s t  t h a t  i t  i s  t h e o r e t i c a l l y  p o s s ib le  f o r  

C 02-<3 o n iin a te d  f l u i d s  t o  re m o v e  n o t  o n ly  L IL E s  b u t  a l s o  a 

ra n g e  o f  o t h e r ,  e le m e n ts  i n c l u d i n g  t h e  HREEs f ro m  lo w e r  

c r u s t a l  e n v i r o n m e n ts ,  th u s  g i v i n g  r i s e  t o  t h e  common 

HREE " d e p l e t i o n "  s e e n  i n  t h e  n o w -e x p o s e d  r e m n a n ts .  As 

w i l l  be  d is c u s s e d  l a t e r  a n d  h a s  b e e n  p o in t e d  o u t  i n  th e  

l i t e r a t u r e  (W e a v e r a n d  T a r n e y ,  1 9 8 1 ) ,  e q u i l i b r a t i o n  o f  a 

m e l t  w i t h  h o r n b le n d e  o r  g a r n e t  i s  a m o re  l i k e l y  c a u s e  o f  

t h i s  p a r t i c u l a r  w h o le - r o c k  f e a t u r e .

i i )  The m a in  o p p o s in g  h y p o t h e s is  i s  t h a t  a rg u e d  b y  P r id e  

a n d  M uecke  ( 1 9 8 0 ) ,  t h a t  g r a n u l i t e s  r e p r e s e n t  th e  r e s id u a  

a f t e r  e x t e n s iv e  p a r t i a l  m e l t i n g  -  a g r a n i t i c  magma b e in g



r e s p o n s ib le  f o r  t h e  re m o v a l o f  m uch o f  t h e  o r i g i n a l  L IL E  

b u d g e t  f r o m  t h e  p r e c u r s o r ,  u p p e r - c r u s t a l  l i t h o l o g i e s .  

T h e rm o d y n a m ic  e v id e n c e  s u p p o r t in g  t h i s  m o d e l h a s  b e e n  

p r o v id e d  b y  P o w e l l  ( 1 9 8 2 ;  1 9 8 3 a , b )  w ho a s c r ib e s  th e  

p r e p o n d e r a n c e  o f  CC>2- r i c h  f l u i d  i n c lu s io n s  i n  g r a n u l i t i c  

r e s id u e s  t o  t h e  p r e f e r e n t i a l  i n c o r p o r a t i o n  o f  H2O i n t o  

th e  t r a n s i e n t  s i l i c a t e  m e l t .

i i i )  A t h i r d ,  p r e s e n t l y  l e s s - p o p u l a r  p o s s i b i l i t y ,  i s  

t h a t  t h e  d i f f e r e n c e s  i n  b u l k  L IL E  a b u n d a n c e s  b e tw e e n  

a m p h i b o l i t e -  a n d  g r a n u l i t e - f a c i e s  e x t re m e s  a r e  p r im a r y  

f e a t u r e s  u n r e la t e d  t o  s u b s e q u e n t  m e ta m o rp h ic  p r o c e s s e s  

(W a ts o n  a n d  P l a n t ,  1 9 7 9 ) .

T he  b u lk  o f  t h e  r e c e n t  g e o c h e m ic a l  a n d  i s o t o p i c  d a ta  

a rg u e  c o g e n t l y  a g a in s t  t h e  l a t t e r ,  b u t  f a i l  t o  

u n a m b ig u o u s ly  r e s o lv e  th e  o t h e r  tw o  a l t e r n a t i v e s .

A m p h i b o l i t e - G r a n u l i t e  T r a n s i t i o n s  E ls e w h e r e .

S e v e r a l  r e c e n t  p u b l i c a t i o n s  h a v e  c o n s id e r e d  v a r io u s  

a s p e c ts  o f  t h e  b o u n d a ry  b e tw e e n  a m p h i b o l i t e - f a c ie s  a n d  

g r a n u l i t e - f a c i e s  t e r r a i n s  ( P h i l l i p s ,  1980? B a rb e y  a n d  

C u n e y , 1 9 8 2 ; C o n d ie  e t  a l .  , 1 9 8 2 ; J a n a rd h a n  e t  a l . ,  

1982? H o l t  a n d  W ig h tm a n , 1 9 8 3 ; M a c c a r ro n e  e t  a l . ,  1983? 

S m a lle y  e t  a l . ,  1983? A l l e n  e t  a l . ,  1 9 8 5 ) ,  b u t  m o s t do  

n o t  d w e l l  o n  t h e  t r a c e - e le m e n t  g e o c h e m is t r y  o f  th e  

t r a n s i t i o n .  F u r t h e r ,  some d e a l  w i t h  b u lk  c o m p o s i t io n s  

n o t  s t r i c t l y  r e le v a n t  t o  th e  o r t h o g n e is s  s y s te m  

c o n s id e r e d  h e r e ,  b u t  may b e  r e t u r n e d  t o  l a t e r  w h e re  

a p p l i c a b l e  t o  th e  c o n t r o l l i n g  r e a c t i o n  m e c h a n is m s . 

H o w e v e r, i n v e s t i g a t i o n s  o f  t h e  A rc h a e a n  t r a n s i t i o n  z o n e  

i n  S o u th e r n  I n d i a  ( F r ie n d ,  1981? J a n a rd h a n  e t  a l . ,  1982? 

H o l t  a n d  W ig h tm a n , 1983? A l l e n  e t  a l . ,  1 9 8 5 ) ,  w h ic h  i s  

com posed  o f  t o n a l i t i c  g n e is s e s  a p p a r e n t ly  s i m i l a r  t o  

th o s e  o f  t h e  L e w is ia n  C o m p le x , s u g g e s t  t h a t  t h e  

a m p h i b o l i t e - g r a n u l i t e  b o u n d a r y  i s  m a rk e d  b y  c o m p le x  

f i e l d  r e l a t i o n s h i p s  i n v o l v i n g  d e h y d r a t io n - in d u c e d  

c h a r n o c k i t e  " t r e e s " .  L o c a l  a r e a s  o f  m ig m a t is a t io n  may b e  

i n t e r s p e r s e d  w i t h  a re a s  o f  b a n d e d  a m p h i b o l i t e - f a c ie s  

r o c k s  a n d  t e x t u r a l l y - i d e n t i c a l  g r a n u l i t e - f a c i e s  

l i t h o l o g i e s .  T h is  i s  s t r o n g  a d d i t i o n a l  e v id e n c e  t o



s u g g e s t  t h a t  p a r t i a l  m e l t i n g  i s  n o t  e v e ry w h e re  th e  c a u s e  

o f  g r a n u l i t e - f a c i e s  c o n d i t i o n s ,  a l t h o u g h  i t  may b e  an  

a t t e n d e n t  p r o c e s s ,  a n d  th e s e  a u t h o r s  p r e f e r  t h e  

C 0 2 * - f lu x in g  m o d e l o u t l i n e d  a b o v e .

2 . 2  G e o lo g ic a l  s e t t i n g  a n d  s a m p le  c o l l e c t i o n

F ig u r e  2 . 1 :  L o c a l i t y  map o f  G r u in a r d  B a y .

G r u in a r d  B a y  l i e s  on  t h e  NW c o a s t  o f  S c o t la n d ,  a t  t h e  

s o u th  o f  t h e  " c e n t r a l  b lo c k "  o f  t h e  m a in la n d  L e w is ia n  

o u t c r o p  ( F ig .  2 . 1 ) ,  i n  t h e  m a jo r  p a r t  o f  w h ic h  th e  

B a d c a l l i a n  m e ta m o rp h ic  e p is o d e  g a v e  r i s e  t o  

g r a n u l i t e - f a c i e s  a s s e m b la g e s  o f  c h a r n o c k i t i c  a f f i n i t i e s  

( e . g . ,  S u t t o n  a n d  W a ts o n , 1 9 5 1 , and  n u m e ro u s  

p u b l i c a t i o n s  t h e r e a f t e r ) .  P e ach  e t  a l .  (1 9 0 7 )  a n d  D a v ie s  

(1 9 7 7 )  r e c o r d  t h e  p r e s e n c e  o f  m in im a l  f i n i t e  L a x f o r d ia n  

s t r a i n  i n  t h e  G r u in a r d  B a y a r e a ,  a n d  t h e  p r e s e r v a t io n  o f  

e s s e n t i a l l y  S c o u r ia n  s t r u c t u r a l  f e a t u r e s .  S u t t o n  a n d  

W a ts o n  (1 9 5 1 )  i d e n t i f i e d  t h e  a r e a  as im p o r t a n t  i n  

d e c ip h e r in g  t h e  m e ta m o rp h ic  h i s t o r y  o f  th e  L e w is ia n



s in c e  h e r e  " lo w e r  g ra d e  g r e y  g n e is s "  w as p ro d u c e d  b y  th e  

e a r l y  m e ta m o rp h is m  r a t h e r  t h a n  th e  c h a r n o c k i t i c  r o c k s  

common n o r t h  o f  L o c h  B ro o m . T h e re  i s  c o n f l i c t i n g  

p u b l i s h e d  e v id e n c e  as t o  t h e  o r i g i n a l  m e ta m o rp h ic  

g r a d e .  ' D a v ie s  (1 9 7 7 )  c o n te n d s  t h a t  t h i s  w as i n  t h e  

a m p h ib o l i t e  f a c i e s ,  a n d  t h a t  no  e v id e n c e  o f  a 

g r a n u l i t e - f a c i e s  e v e n t  i s  p r e s e r v e d .  H o w e v e r, F i e l d  

(1 9 7 8 )  r e c o r d e d  t h e  l o c a l  o c c u r r e n c e  o f  tw o - p y r o x e n e ,  

g r a n u l i t e - f a c i e s  a s s o c ia t io n s  i n  th e  a c id  g n e is s e s ,  f o r  

e x a m p le  n o r t h  o f  t h e  G r u in a r d  R iv e r ,  a n d  c i t e d  s e v e r a l  

o t h e r  a u t h o r s '  o b s e r v a t io n s  o f  r e l i c t  g r a n u l i t e s  i n  t h e  

a r e a  ( P a r k ,  1 9 7 0 ; M o o rb a th  a n d  P a r k ,  1 9 7 2 ; C r e s s w e l l  and  

P a r k ,  1 9 7 3 ; a n d  H o l la n d  a n d  L a m b e r t ,  1 9 7 3 ) .  A ls o  

p r e s e r v e d  l o c a l l y  a r e  l i t h o l o g i e s  c h a r a c t e r is e d  b y  

h o r n b le n d e  a n d / o r  b i o t i t e  s t a b le  i n  a s s o c ia t io n  w i t h  tw o  

p y r o x e n e s ,  t h e r e f o r e  r e p r e s e n t in g  a h o r n b le n d e - g r a n u l i t e  

s u b f a c ie s  (D e W a a rd , 1 9 6 6 ) .  N e v e r t h e le s s ,  R o l l i n s o n  a n d  

W in d le y  (1 9 8 0 )  r e g a r d e d  s a m p le s  f ro m  G r u in a r d  B a y  as 

a m p h i b o l i t e - f a c i e s  g e o c h e m ic a l c o u n t e r p a r t s  o f  S c o u r ia n  

g r a n u l i t e s .  S t a t i c  r e t r o g r e s s i o n  d u r in g  th e  l a t e r  

m e ta m o rp h ic  e p is o d e s  i s  p r o b a b ly  w id e s p r e a d ;  m o s t o f  th e  

r e g io n  i s  now  c h a r a c t e r is e d  b y  h o r n b le n d e -  and  

b i o t i t e - b e a r i n g ,  a m p h i b o l i t e - f a c ie s  q u a r t z o f e ld s p a t h i c  

g n e is s e s ,  a n d  h o r n b le n d e  r e c o r d s  L a x f o r d ia n  K / A r  a g e s ,  

(M o o rb a th  a n d  P a r k ,  1 9 7 2 ) .  M in e r a l  a s s e m b la g e s  a r e  a ls o  

l o c a l l y  c h a r a c t e r i s t i c  o f  t h e  g r e e n s c h is t  f a c i e s .  S uch 

i s  t h e  e x t e n t  o f  r e t r o g r e s s i o n  t h a t  d e t a i l e d  o r i g i n a l  

f i e l d  r e l a t i o n s h i p s  o f  t h e  c o m p le x i t y  d e s c r ib e d  b y  H o l t  

a n d  W ig h tm a n  (1 9 8 3 )  f r o m  t h e  t r a n s i t i o n  i n  s o u th e r n  

I n d i a ,  c o u ld  n o t  b e  e x p e c te d  t o  s u r v i v e .  F o r  th e  

p r e s e n t ,  tw o  s t r u c t u r a l  t y p e s  o f  e x p o s u re  m ig h t  p e rh a p s  

b e  u s e f u l l y  d i s t i n g u i s h e d : -

i )  t h o s e  i n  w h ic h  t h e  S c o u r ia n  a n d  a l l  l a t e r  

d e f o r m a t io n s  show  m in im a l  e f f e c t s ,  a n d  t h e  o r i g i n a l  

i n t r u s i v e  r e l a t i o n s h i p s  b e tw e e n  t h e  in v a d in g  

t o n a l i t i c - t r o n d h j e m i t i c  magmas and  th e  p r e - e x i s t i n g  

b a s i c - u l t r a b a s i c  r o c k s ,  o l d e r  g n e is s e s  ( D a v ie s ,  1 9 7 7 ) 

a n d  s u p r a c r u s t a l  r o c k s  a r e  p r e s e r v e d  ( R o l l i n s o n  and 

F o w le r ,  i n  p r e p . ) .
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i i )  t h o s e  i n  w h ic h  th e  S c o u r ia n  d e f o r m a t io n  h a s  p ro d u c e d  

t y p i c a l  g r e y  g n e is s e s  f ro m  th e s e  i n t r u s i v e  p r e c u r s o r s ,  

a n d  w h o se  s t r u c t u r a l  g r a i n  i s  c r o s s - c u t  b y  t h e  l a t e r  

S c o u r ie  d y k e  s u i t e .

T h e  fo r m e r  a r e  m uch le s s  a b u n d a n t  th a n  th e  l a t t e r ,  a n d  

e v e r y  g r a d a t i o n  b e tw e e n  th e  tw o  e x i s t s .

S in c e  R o l l i n s o n  (1 9 7 8 )  h a s  c a r r i e d  o u t  a d e t a i l e d  

s t u d y  o f  t h e  r e c o g n is a b le  i n t r u s i v e  u n i t s ,  i t  was 

d e c id e d  t o  c o n c e n t r a t e  h e r e  on t h e  g n e is s e s  d e r iv e d  f r o m  

t h e s e  t y p e s ,  t h e r e b y  a l l o w i n g  a m o re  s t r i c t l y  c o r r e c t  

c o m p a r is o n  w i t h  p u b l is h e d  d a ta  f ro m  L e w is ia n  g n e is s e s  o f  

o t h e r  m e ta m o rp h ic  g r a d e s .  T h e r e f o r e ,  s a m p le s  w e re  

c o l l e c t e d  f r o m  G r u in a r d  B a y  l o c a l i t i e s  a s  m a rk e d  i n  

F i g . 2 . 1 .

A l th o u g h  s u i t a b l e  d a ta  on t h e  a m p h i b o l i t e - f a c ie s  a n d  

g r a n u l i t e - f a c i e s  e x t re m e s  a l r e a d y  e x i s t ,  U a n d  Th d a ta  

a r e  f a r  f r o m  p l e n t i f u l .  A p r e l i m i n a r y  s u r v e y  b y  

g a m m a -ra y  s c i n t i H o r n e t r y  i n d i c a t e d  a c lo s e  c o m p a r a b i l i t y  

o f  t o t a l  r a d io e le m e n t  a b u n d a n c e s  a t  G r u in a r d  B a y  w i t h  

t h e  g r a n u l i t e s  w h ic h  o c c u p y  th e  r e s t  o f  th e  M a in la n d  

C e n t r a l  B e l t  ( S u t t o n  a n d  W a ts o n , 1 9 5 1 ) .  A c c o r d in g ly ,  a 

r a t h e r  m o re  d e t a i l e d  r a d io e le m e n t  c o m p a r is o n  i s  r e q u i r e d  

w i t h  g r a n u l i t e s  th a n  w i t h  t h e  a m p h i b o l i t e - f a c ie s  

e x t r e m e ,  i n  o r d e r  t o  h i g h l i g h t  t h e  p o s s i b l y  o n ly  s u b t l e  

v a r i a t i o n s .  T h e r e f o r e ,  t y p i c a l  g r a n u l i t e - f a c i e s

g n e is s e s  f r o m  t h e  n o r t h e r n  p a r t  o f  t h e  c e n t r a l  b lo c k  

w e re  s a m p le d  i n  o r d e r  t o  e x p a n d  th e  U a n d  Th d a ta  s e t  

f o r  t h e  g r a n u l i t i c  e n d -m e m b e r.

2 . 3  A p p ro a c h

T he  p u r p o s e  o f  t h e  s t u d y  i s  t o  i n v e s t i g a t e

g r a n u l i t e - g r a d e  L IL E  d e p le t i o n  m e c h a n is m s  b y  a 

c o n s i d e r a t i o n  o f  g e o c h e m ic a l d a ta  d e r iv e d  f ro m  t h e  

L e w is ia n  g n e is s e s  o f  G r u in a r d  B a y , h a v in g  d e m o n s t r a te d  

t h a t  th e  m in e r a lo g i c a l  f e a t u r e s  a n d  L IL E  a b u n d a n c e s  o f  

t h e  a r e a  a r e  c o n s i s t e n t  w i t h  th o s e  e x p e c te d  i n  an  

a m p h i b o l i t e - g r a n u l i t e  t r a n s i t i o n  z o n e .  The l a t t e r  i s  

a c h ie v e d  b y  a c o m p a r is o n  w i t h  w e l l - c h a r a c t e r i s e d  

g r a n u l i t e s  a n d  a m p h i b o l i t e - f a c ie s  r o c k s ,  b u t  o n ly  h a v in g



f i r s t  c a r e f u l l y  e s t a b l i s h e d  i t s  v a l i d i t y  b y  th e  u s e  o f  

e le m e n ts  t h o u g h t  t o  b e  " im m o b i le "  d u r in g  th e  h ig h - g r a d e  

e v e n t .  T h is  i s  p a r t i c u l a r l y  im p o r t a n t  i n  v ie w  o f  t h e  

c h a n g in g  b u l k  c h e m is t r y  o f  t h e  L e w is ia n  C o m p le x  w i t h  

m e ta m o rp h ic  g r a d e .  F o r  e x a m p le ,  D a v ie s  (1 9 7 7 )  a n d  

R o l l i n s o n  a n d  F o w le r  ( i n  p r e p . )  h a v e  show n t h a t  

t r o n d h j e m i t e  d o m in a te s  t h e  G r u in a r d  B a y l i t h o l o g i e s ,  as  

o p p o s e d  t o  t o n a l i t e  a t  S c o u r ie .  C l e a r l y ,  a b u lk  

c o m p a r is o n  s h o u ld  o n l y  b e  u s e d  a s  a p r e l i m i n a r y  t o  

d e t a i l e d  c o m p a r is o n  o f  t o n a l i t e  w i t h  t o n a l i t e ,  

t r o n d h j e m i t e  w i t h  t r o n d h je m i t e  e t c .  H a v in g  d o n e  t h i s ,  

t h e  d a t a  c a n  b e  i n t e r p r e t e d  w i t h  m o re  c o n f id e n c e  i n  

te rm s  o f  t h e  m e c h a n is m s  a n d  p r o c e s s e s  b y  w h ic h  th e  

o b s e r v e d  p e r v a s iv e  e le m e n t  re m o v a l o c c u r r e d .

2 . 4  P r e s e n t a t io n  o f  R e s u l t s

T h e  r e s u l t s  h a v e  b e e n  d e a l t  w i t h  b e lo w  i n  t h r e e  m a in

c h a p t e r s .  T h e  f i r s t  d e a ls  w i t h  th e  m a g m a g e n e tic

p r o c e s s e s  a s  d e d u c e d  f r o m  e le m e n ts  f o r  w h ic h  t h e r e  i s

g o o d  e v id e n c e  o f  i m m o b i l i t y  on  a s c a le  g r e a t e r  th a n  t h a t

o f  a w h o le - r o c k  s a m p le , d u r i n g  t h e  m e ta m o rp h ic  e v e n ts

( p r i n c i p a l l y  REEs: H a m i l t o n  e t  a l . ,  1 9 7 9 ; W e a ve r and

T a r n e y ,  1 9 8 0 ; 1 9 8 1 ) .  T h e  p u r p o s e  o f  t h i s  i s  t o
*

d e m o n s t r a te  t h a t  t h e r e  a r e  no  s i g n i f i c a n t  d i f f e r e n c e s  i n  

" im m o b i le "  e le m e n ts  b e tw e e n  l i k e  r o c k s  f ro m  G r u in a r d  B a y 

a n d  f r o m  t h e  e n d -m e m b e r l i t h o l o g i e s ,  so  t h a t  t h e  

s u b s e q u e n t  c o m p a r a t iv e  m e th o d  f o r  L IL E s  may b e

c o n s id e r e d  v a l i d .  T he  n e x t  c h a p te r  d e a ls  w i t h  t h e  

o r i g i n a l  ( S c o u r ia n )  m in e r a lo g y  a n d  i t s  r e l a t i o n s h i p s  

w i t h  t h a t  p ro d u c e d  b y  r e t r o g r e s s i o n ,  a n d  th e n  p r o c e e d s  

t o  d e m o n s t r a te  t h e  g e o c h e m ic a l ly  t r a n s i t i o n a l  n a t u r e  o f  

G r u in a r d  B a y  b y  c o m p a r is o n  o f  L IL E  a b u n d a n c e s  w i t h  

p u b l i s h e d  e n d -m e m b e r d a t a .  T he  t h i r d  t h e n  c o n c e n t r a t e s  

o n  t h e  i m p l i c a t i o n s  o f  t h e  new d a ta  f o r  L IL E - r e m o v a l  

p r o c e s s e s .



CHAPTER THREE

MAGMAGENESIS: COMPARISONS W ITH METAMORPHIC END MEMBERS

D u r in g  t h e  p r o t r a c t e d  h i s t o r y  o f  r e s e a r c h  i n t o  t h e  

L e w is ia n  C o m p le x , m any h y p o th e s e s  c o n c e r n in g  i t s  

u l t i m a t e  o r i g i n  h a v e  b e e n  a d v a n c e d , some o f  w h ic h  h a v e  

b e e n  n o te d  a b o v e . O f t h e s e ,  th e  f o l l o w i n g  h a v e  p e rh a p s  

b e e n  m o s t i n f l u e n t i a l :

i )  As a s u p r a c r u s t a l  s e q u e n c e  c o n s i s t i n g  m a in ly  o f  

s e d im e n ta r y  m a t e r i a l  ( D e a r n le y ,  1 9 6 2 ; Low m an, 1 9 8 4 ) .

i i )  As an  e s s e n t i a l l y  v o l c a n i c  s e q u e n c e  w i t h

c a l c - a l k a l i n e  a f f i n i t i e s  ( S h e r a to n ,  1 9 7 0 ; S h e ra to n  e t  

a l . ,  1 9 7 3 ) .

i i i )  As a c a l c - a l k a l i n e  i n t r u s i v e  s u i t e  g e n e r a te d  i n  a 

c r u s t a l  s e t t i n g  s i m i l a r  t o  a p r e s e n t - d a y  C o r d i l l e r a n  

b e l t  ( H o l la n d  a n d  L a m b e r t ,  1 9 7 5 ; T a rn e y  a n d  W in d le y ,  

1 9 7 7 ; W e a v e r a n d  T a r n e y ,  1 9 8 0 , 1 9 8 1 ) .

i v )  As a lo w e r  c r u s t a l  r e s id u e  a f t e r  t h e  g e n e r a t io n  a n d

r e m o v a l o f  an  e x t e n s iv e  g r a n i t i c  p a r t i a l  m e l t  f r o m

" n o r m a l"  u p p e r  c r u s t a l  l i t h o l o g i e s  ( e . g . ,  P r id e  a n d  

M u e c k e , 1 9 8 0 , 1 9 8 1 , 1 9 8 2 ) .

A l th o u g h  t h e  d e b a te  i s  s t i l l  i n  p r o g r e s s ,  m o s t r e c e n t  

l i t e r a t u r e  i s  c e n t r e d  a r o u n d  th e  l a t t e r  tw o

a l t e r n a t i v e s ,  a n d  so  t h e i r  r e le v a n c e  t o  t h e  G r u in a r d  B a y  

g n e is s e s  w i l l  b e  d is c u s s e d  b e lo w .  S p e c i f i c  r e f e r e n c e  i s  

made t o  t h o s e  e le m e n ts  f o r  w h ic h  t h e r e  i s  n o  e v id e n c e  o f  

m o b i l i t y  d u r in g  th e  h ig h - g r a d e  m e ta m o rp h ic  e v e n t .  A t  a l l  

s ta g e s ,  p a r t i c u l a r l y  d u r in g  th e  p r e s e n t a t io n  o f  th e  d a ta  

b e lo w ,  c o m p a r is o n  w i t h  a m p h ib o l i t e -  a n d  g r a n u l i t e - f a c i e s  

c o u n t e r p a r t s  i s  e m p h a s is e d ,  i n  o r d e r  t o  d e m o n s t r a te  t h e  

m a g m a g e n e tic  s i m i l a r i t y  o f  t h e  L e w is ia n  o r t h o g n e is s e s  

th r o u g h  t h e  ra n g e  o f  m e ta m o rp h ic  g r a d e s .

3 .1  G e o c h e m ic a l d a ta  f o r  " im m o b i le "  e le m e n ts

The d a ta  a r e  p r e s e n te d  b e lo w  i n  f i v e  g r o u p s :  m a jo r

e le m e n t  o x id e s ,  t r a n s i t i o n  m e ta ls ,  " im m o b i le "  L IL E s ,  

HFSEs ( e x c lu d in g  t h e  REEs) a n d  t h e  REEs. A l i s t i n g  o f  

t h e  d a ta  s e t  i s  a v a i l a b l e  i n  t h e  a p p e n d ix .



M a jo r  E le m e n ts .

T he  m a jo r  e le m e n t  d a ta  f r o m  G r u in a r d  B ay and  th e  

a u t h o r 's  s u i t e  o f  g r a n u l i t e s  a r e  p l o t t e d  as a s e r ie s  o f  

H a r k e r  d ia g ra m s  i n  F i g .  3 . 1 .  M o s t m a jo r  e le m e n ts  show  

a c o n t in u o u s ,  sm o o th  v a r i a t i o n  w i t h  S i02 r a phe nom enon 

o f t e n  c i t e d  i n  f a v o u r  o f  a f r a c t i o n a l  c r y s t a l l i s a t i o n  

m e c h a n is m  t o  r e l a t e  th e  r a n g e  o f  c h e m is t r ie s  o b s e rv e d ,  

b u t  n o t  i n c o n s i s t e n t  w i t h  an  o r i g i n  b y  v a r y in g  d e g re e s  

o f  p a r t i a l  m e l t i n g .  I t  i s  c l e a r  f r o m  th e s e  d ia g ra m s  t h a t  

t h e r e  a r e  n o  s y s t e m a t ic  d i f f e r e n c e s  b e tw e e n  th e  d a ta  

f r o m  G r u in a r d  B a y a n d  th o s e  f r o m  t h e  g r a n u l i t e - f a c i e s ,  

c h a r n o c k i t i c  r o c k s .  F o r  t h e  p u r p o s e  o f  c o m p a r is o n  w i t h  

p u b l i s h e d  d a ta ,  t h e  m a jo r  e le m e n t  d a ta  a re  s u m m a ris e d  b y  

n o r m a t iv e  f e ld s p a r  and  AFM d ia g ra m s  on  F ig .  3 . 2 ,  

t o g e t h e r  w i t h  r e le v a n t  c o m p a r a t iv e  p l o t s  f o r  

a m p h i b o l i t e -  a n d  g r a n u l i t e - f a c i e s  m a t e r i a l  t a k e n  f ro m  

th e  l i t e r a t u r e .  T he  g n e is s e s  o f  th e  G r u in a r d  B a y  a re a  

f o l l o w  a c a l c - a l k a l i n e  t r e n d  s i m i l a r  t o  th o s e  f ro m  o t h e r  

p a r t s  o f  t h e  L e w is ia n  C o m p le x , and  v a r y  f ro m  

g r a n o d i o r i t i c  t o  t r o n d h j e m i t i c  i n  th e  c l a s s i f i c a t i o n  o f  

O 'C o n n o r  ( 1 9 6 5 ) .  T h e s e  a r e  f e a t u r e s  common t o  A rc h a e a n  

g n e is s  t e r r a i n s  f ro m  m any p a r t s  o f  th e  w o r ld  ( e . g . ,  J a h n  

e t  a l . ,  1 9 8 1 ; B i c k l e  e t  a l .  , 1 9 8 3 ; a n d  J a h n  e t  a l . ,

1 9 8 4 ) .

I t  i s  p a r t i c u l a r l y  im p o r t a n t  t o  e m p h a s is e  t h a t  t h e r e  

i s  n o  i n d i c a t i o n  i n  a n y  o f  t h e  p l o t s  (K 2O w i l l  be  

d is c u s s e d  f u r t h e r  b e lo w )  t h a t  t h e  G r u in a r d  B a y  s u i t e  

d i f f e r s  f ro m  t h e  g r a n u l i t e s  a n a ly s e d  i n  t h i s  s t u d y ,  o r  

L e w is ia n  g n e is s e s  o f  v a r io u s  m e ta m o rp h ic  g ra d e s  a l r e a d y  

d is c u s s e d  i n  t h e  l i t e r a t u r e .  T h u s ,  on  th e  b a s is  o f  t h e  

m a jo r - e le m e n t  d a ta  t h e r e  i s  no  n e e d  t o  p o s t u l a t e  s p e c ia l  

g e n e t i c  c o n d i t i o n s  f o r  t h e  G r u in a r d  Bay s e c t io n  o f  th e  

L e w is ia n  C o m p le x .
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An

Figure 3.2: Comparative normative feldspar and AFM 
diagrams for Lewisian gneisses.

(a= amphibolite facies; b= granulite facies: from Tarney 
et al., 1979 (top) and Sheraton et al., 1973 (bottom)).



Transition Metals.
Data for Cr , Ni and V are plotted against Si02 in

Fig. 3.3, together with data for the granulites, and
published data from the amphibolite- and 
granulite-facies suites which will be used below for
detailed LILE comparison. There is no indication of any 
significant difference. The transition metals all have 
variable abundance at given Si0 2, but generally decrease 
as silica increases. Weaver and Tarney (1980) have noted 
that their abundances fall too slowly to characterise a 
fractional crystallisation process dominated by mafic 
phases. However, Beach and Tarney (1978) postulate 
extensive (but probably closed-system on a large scale) 
adjustment of transition metal distribution during 
late-metamorphic retrogression, as a result of
alteration of the mafic mineral assemblage from 
pyroxene-dominated to amphibole-dominated. This may have 
introduced some scatter to originally more 
tightly-constrained trends.

"Immobile" Large-Ion Lithophile Elements.
LILEs for which there is no evidence of open-system 

mobility during the high-grade event include Ba and Sr. 
The diagram (Fig. 3.3) also shows these plotted against 
Si0 2* and demonstrates the lack of any consistent trend 
with increasing acidity. This is also true for the 
granulites and amphibolite-facies gneisses, from which 
it is difficult to distinguish the Gruinard Bay suite.

High Field-Strength Elements.
Zr, Nb and Y are used as examples to compare HFSE 

abundances in the Gruinard Bay gneisses with the rest of 
the Lewisian Complex (Fig. 3.3). Zr values are generally 
high but variable, and there are no obvious differences 
which would require different magmagenetic 
interpretations. The same is true for Nb, except that 
abundances are generally rather low, a feature common to 
many calc-alkaline rock suites. This has been attributed 
to its retention in minor phases stable in the residue
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Figure 3.3: Comparative trace element variation diagrams
for Lewisian gneisses.

(closed circles= Gruinard Bay gneisses; open circles= 
granulites; open triangles^ data from Weaver and Tarney,

1980, 1981).



of their source (e.g., Saunders et al. , 1979? Thompson 
et al., 1984), and is manifest as a trough on the 
mantle-normalised plots to be employed extensively 
below. Some samples have anomolously high or low Zr, 
which may be due to local zircon accumulation or 
fractionation, as shown by Rollinson and Fowler (in 
prep.). These are dealt with in more detail later, since 
the presence or absence of zircon might have 
implications for U and Th abundance variations. Y 
abundances are also low, but in general decrease with 
increasing Si02 from a region of relatively high scatter 
between 50 and 60% Si02* The trend shown on the diagram 
is precisely similar to that documented by Tarney et 
al. (1979), and there are no indications of significant 
inter-facies variation.

Rare Earth Elements.
Although the once widely-accepted premise that REEs 

are immobile during metamorphism has been shown to be a 
gross oversimplification (e.g., Alderton et al. , 1980? 
Fowler et al., 1983 and many others), there is 
compelling evidence from the Lewisian to suggest that 
under the particular metamorphic conditions which 
affected the Complex, the lithochemical system remained 
closed to REEs on the scale of a typical whole-rock 
sample. This ranges from a direct comparison of 
granulite-facies REE data with those from lithologically 
similar amphibolite-facies regions (Weaver and Tarney, 
1981), to discussion of the Sm-Nd isotope systematics of 
Lewisian gneisses of various metamorphic grades 
(Hamilton et al., 1979), which record a whole-rock age 
of 2.92 +/- 0.05 Ga with no subsequent resetting such as 
that which occurs in the U-Th-Pb system at c. 2.7 Ga 
(Moorbath et al., 1969).
REE analyses of representative samples from Gruinard 

Bay and the author's comparative granulite suite are 
presented in Figs. 3.4 and 3.5, with literature data for 
amphibolite-facies and granulite-facies examples (Weaver 
and Tarney, 1980? 1981) as insets to each, respectively.
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Figure 3.4; Comparative chondrite-normalised REE plots 
for Lewisian gneisses from Gruinard Bay (this study) and 

Rhiconich (inset/ Weaver and Tarney, 1981).
(A, B= intermediate gneisses? C= tonalites; D=

trondhjemites).



Figure 3.5: Comparative chondrite-normalised REE plots 
for Lewisian gneisses from the central block (this 
study) and Assynt (inset, Weaver and Tarney, 1980). 

(A= intermediate gneisses? B= tonalites? C= 
trondhjemites).



The general characteristics of the Gruinard Bay suite 
may be summarised as follows:
i) There is a good general correlation with increasing % 
Si02 although this is clearly not inviolate.
ii) The intermediate gneisses show LREE-enriched 
patterns, with generally small positive or negative Eu 
anomalies. Two samples (MJ130, 131) have large negative 
Eu anomalies. Importantly, there is no strong depletion 
of HREEs, and total REEs decrease with increasing Si02.
iii) The tonalitic gneisses show a range of patterns 
from those similar to the intermediate gneisses towards 
more fractionated examples with decreasing HREEs. A 
good correlation exists between decreasing absolute HREE 
abundance and increasing size of positive Eu anomaly.
iv) The trondhjemitic gneisses have highly-fractionated 
patterns, with the lowest HREE abundances, a marked 
concave-upward HREE section and very large, positive Eu 
anomalies.
The first point to note, and perhaps the most 

important for this study, is that there are once again 
no discernable significant differences between the 
Gruinard Bay suite and rocks from other parts of the 
Lewisian Complex. This adds considerable weight to the 
contention that the chosen rock suites are directly 
comparable in terms of their genesis and primary 
geochemistry, since it is now founded upon the 
petrogenetically important REE group.

3.2 Magmagenetic Models
The applicability of the two models outlined above, 

which form the focus of most modern literature and are 
both thought to be capable of describing the overall 
geochemistry of the tonalite-trondhjemite rock suite, 
can now be critically assessed with respect to the 
Gruinard Bay gneisses, by using the REEs in the familiar 
manner, as sensitive indicators of a rock's parentage.



3.2.1 A Calc-alkaline intrusive suite.
Several publications have considered the genesis of 

rocks similar to those at Gruinard Bay in terms of 
plutonic processes. For example, Arth et al. (1978) 
discussed an Archaean gabbro-diorite-tonalite- 
trondhjemite suite from Finland, whose REE geochemistry 
shows many similarities with comparable lithologies from 
around the world, including the Lewisian. These rocks 
show a systematic variation of REE patterns for gabbroic 
through tonalitic to trondhjemitic samples, ascribed in 
large part to the progressive increase of the 
hornblende-melt partition coefficient in an increasingly 
silicic melt. This may be interpreted (Arth et al.,
1978) either as a result of different degrees of partial 
melting of a hornblende-bearing source, or as the result 
of extensive fractionation of hornblende from a basaltic 
parent melt. The rather smooth progression from
gabbroic to trondhjemitic chemistries with no obvious 
hiatus, and the presence of cumulus lithologies, led 
these authors to prefer the latter option.
Weaver and Tarney (1980) noted the close similarity of 

Lewisian gneiss geochemistry with that of the Finnish 
suite and tested in detail the fractional
crystallisation hypothesis, raising a number of 
objections:
i) Transition metal abundances do not fall rapidly 
enough.
ii) The volume of hypothetical early melt is too small.
iii) There are no obvious cumulates.
iv) The amount of fractionation required to produce the
range of compositions observed seems unreasonably large. 
In preference, they invoked varying degrees of partial 
melting of a compositionally heterogeneous basaltic 
source region; the residual mineralogy with which the 
melt equilibrated being dominated by garnet, rather than 
hornblende (see also Drury, 1978, 1980; Rollinson and
Fowler, in prep.). In order to produce
incompatible-element abundances observed in the Lewisian 
by partial melting of a primitive (mantle) source, very



small degrees of melting would be required. Bearing in 
mind the volume of magmas produced at about 2.9 Ga, a 
subduction-zone setting has been suggested, the 
downgoing slab supplying the required voluminous, 
relatively enriched source region (Tarney and Windley, 
1977).

In addition, Rollinson and Windley (1980) have 
discussed the origin of an intrusive, granulite-grade 
tonalite-trondhjemite-granite suite from Scourie in 
terms of fractional crystallisation of hornblende and/or 
plagioclase with minor zircon and apatite. The parental 
tonalite liquid was considered to be derived from a 
basaltic source either by partial melting or by 
fractional crystallisation, with hornblende and/or 
garnet as residual phases.

Thus, the data from Gruinard Bay should be considered 
in terms of several pre-existing accounts of the 
intrusive magmagenesis of the gabbro-diorite-tonalite- 
trondhjemite suite in general, and the Lewisian gneisses 
in particular. Although they are not mutually exclusive, 
for practical purposes modelling of the observed range 
of variation using each process separately has been 
carried out, with the knowledge that this may be an 
oversimplification of the natural events.

Partial melting of a wet basaltic source leaving an 
eclogitic residue
Experimental studies by Holloway and Burnham (1972), 

Stern, (1974), Helz (1976), Peto and Hamilton (1976), 
and Spulber and Rutherford (1983) have all demonstrated 
the possibility of producing acidic melts, whose closest 
natural analogues are tonalite- trondhjemite, by melting 
a basaltic source under conditions of high pH20« Fig.
3.6 shows a Qz-Ab-Or projection of the system 
Qz-Ab-0r-An-H20 on which are plotted the range of 
compositions produced experimentally and those of 
samples from Gruinard Bay. There is clearly a close 
correspondence between the two, especially the more-acid 
gneisses (SiC>2 greater than 60%).
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Figure 3.6; Qz-Ab-Or diagram showing field of 
experimental melt compositions with data from Gruinard

Bay gneisses.

Intermediate gneisses
The lack of appropriate REE partition coefficient data 

for melts of this bulk composition make a quantitative 
treatment of the intermediate gneisses difficult, but 
Weaver and Tarney (1980) consider that corresponding 
rocks from Scourie could be generated by partial fusion 
of source rocks similar to those which, in their view, 
produced the tonalite-trondhjemite suite. This may well 
be true for the majority of samples from Gruinard Bay, 
although in a few cases (e.g., MJ128 and MJ129) it would 
require the production of a melt of higher total REE 
abundance by a larger degree of partial melting (since 
they are more basic) which at first sight seems rather 
unlikely. Although mineral-melt partition coefficients 
generally decrease with falling melt Si02 content, which 
would result in greater element enrichment in more basic



m e l t s ,  i t  i s  u n c e r t a i n  w h e th e r  t h i s  i s  c a p a b le  o f  

e x p l a i n i n g  t h e  o b s e rv e d  t r e n d ,  a n d  a m ore  b a s ic  s o u r c e  

m ig h t  p e r h a p s  b e  in v o k e d .  On th e  o t h e r  h a n d , s a m p le s  

M J130 a n d  M J131 h a v e  s i g n i f i c a n t  n e g a t iv e  Eu a n o m a lie s ,  

w h ic h  m ig h t  s u g g e s t  f e ld s p a r  r e m o v a l.  H o w e v e r, th e s e  

a l s o  h a v e  lo w e r  S i02 a n d  h ig h e r  t r a n s i t i o n  m e ta l  

a b u n d a n c e s  th a n  m any o t h e r  i n t e r m e d ia t e  g n e is s e s ,  w h ic h  

b o t h  a r g u e  a g a in s t  an  o r i g i n  as  t h e i r  d e r i v a t i v e  l i q u i d s  

w h ic h  h a v e  f r a c t i o n a t e d  p l a g i o c l a s e .  T h e y  m ig h t  in s t e a d  

r e p r e s e n t  p a r t i a l  m e l t s  w h ic h  h a v e  e q u i l i b r a t e d  w i t h  a 

s i g n i f i c a n t  p r o p o r t i o n  o f  p l a g i o c l a s e  i n  t h e i r  s o u r c e ,  

o r  l i q u i d s  d e r iv e d  b y  p l a g i o c l a s e  f r a c t i o n a t i o n  f ro m  a n  

a l t o g e t h e r  m o re  p r i m i t i v e  p a r e n t .

T o n a l i t e s  a n d  t r o n d h je m i t e s

U s in g  th e  p a r t i t i o n  c o e f f i c i e n t  d a ta  o f  A r t h  a n d  

H a n s o n  (1 9 7 5 )  f o r  d a c i t i c  a n d  r h y o l i t i c  r o c k s  (s e e  

a p p e n d ix ) ,  a q u a n t i t a t i v e  m o d e l c a n  be  s u g g e s te d  f o r  

m e l t s  w i t h i n  t h i s  s i l i c a  i n t e r v a l .  W ith  a n y  p a r t i a l  

m e l t i n g  m o d e l i n  w h ic h  t h e  s o u r c e  c o m p o s i t io n  a n d  

r e s i d u a l  m in e r a lo g y  a r e  s p e c u la t i v e ,  a l a r g e  d e g re e  o f  

f re e d o m  i s  a l lo w e d  i n  t h e  i n i t i a l  a s s u m p t io n s .  

C o n s e q u e n t ly ,  s e v e r a l  e x t re m e s  m ig h t  be  e n v is a g e d ,  w i t h  

t h e  r e a l  s i t u a t i o n  p e r h a p s  r e p r e s e n te d  b y  some 

c o m b in a t io n  o f  t h e s e .  N e v e r t h e le s s ,  i t  i s  i n s t r u c t i v e  t o  

c o n s id e r  t h e  e x tre m e s  s e p a r a t e l y ,  a n d  t h i s  i s  d o n e  

b e lo w .

i )  P a r t i a l  m e l t i n g  o f  a h o m o g e n o u s  s o u r c e .

A l t h o u g h  t h e r e  i s  no  c o n s e n s u s  o n  w h ic h  s t y l e  o f  

m e l t i n g  ( e q u i l i b r i u m  o r  b a t c h )  i s  m ore  l i k e l y  t o  h a v e  

t a k e n  p la c e ,  t h e  s h a p e s  o f  t h e  p a t t e r n s  p ro d u c e d  b y  b o th  

a r e  s i m i l a r .  T h e r e f o r e ,  a f t e r  d e m o n s t r a t in g  t h e  

d i f f e r e n t  d e g re e s  o f  m e l t i n g  r e q u i r e d  t o  p r o d u c e  a

s i m i l a r  r e s u l t  i n  t h e  f i r s t  m o d e l,  t h e  r e m a in d e r  u s e

b a t c h  m e l t i n g  o n l y ,  t h i s  b e in g  p e rh a p s  m o re  

a p p r o p r i a t e .  B o th  e q u a t io n s  h a v e  b e e n  a p p l ie d  t o  a

s o u r c e  c o m p o s i t io n  o f  2 0 x  c h o n d r i t e s ,  a p p r o x im a t in g  t o

a n  A rc h a e a n  t h o l e i i t i c  b a s a l t .  The m e l t  i s  p re s u m e d  t o



h a v e  e q u i l i b r a t e d  w i t h  55% c l in o p y r o x e n e ,  30% g a r n e t  and 

15% q u a r t z ,  a f t e r  A r t h  a n d  H a n so n  ( 1 9 7 5 ) .  The r e s u l t s  

f o r  s te p s  up t o  50% m e l t i n g  a r e  g iv e n  i n  T a b le  3 . 1 ,  and  

p l o t t e d  i n  F i g .  3 . 7 a  a n d  b ,  s h o w in g  a m a rk e d  s i m i l a r i t y  

i n  s h a p e  t o  th o s e  o b s e rv e d  i n  th e  g n e is s e s  a t  G r u in a r d  

B a y , a n d  in d e e d  o t h e r  p a r t s  o f  t h e  L e w is ia n  C o m p le x  

( D r u r y ,  1 9 7 8 , 1 9 8 0 ; W e a ve r a n d  T a r n e y ,  1 9 8 0 ; P r id e  and  

M u e c k e , 1 9 8 0 ) .  H o w e v e r, i t  i s  a l s o  im m e d ia te ly  a p p a r e n t  

t h a t  a s im p le  m o d e l s u c h  as t h i s  w i l l  n o t  s u f f i c e ,  s in c e  

i t  r e q u i r e s  a n  a r r a y  o f  REE p a t t e r n s  w h ic h  i n t e r s e c t  

b e tw e e n  Sm a n d  Nd d u e  t o  th e  c h a n g e  i n  d i s t r i b u t i o n  

c o e f f i c i e n t s  f ro m  le s s  th a n  t o  g r e a t e r  th a n  o n e . T h is  i s  

n o t  o b s e rv e d  i n  t h e  s a m p le  s u i t e .  T h e r e f o r e  i t  becom es 

n e c e s s a r y  t o  i n t r o d u c e  s u b s t a n t i a l  s o u r c e  h e t e r o g e n e i t y  

f o r  t h e  t o n a l i t i c -  t r o n d h j e m i t i c  r o c k  t y p e s  as  w e l l .  

S u ch  a c o n c e p t  i s  p r o b a b ly  v a l i d  c o n s id e r in g  th e  ra n g e  

o f  A rc h a e a n  t h o l e i i t e  c o m p o s i t io n s  a v a i l a b l e  ( e . g . ,  

C o n d ie ,  1 9 7 6 ) ,  i f  s u c h  i s  t o  b e  t h e  s o u r c e .  I t s  e f f e c t s  

a r e  d i f f i c u l t  t o  m o d e l q u a n t i t a t i v e l y ,  s in c e  th e  

r e l a t i o n s h i p  b e tw e e n  s o u r c e  REE p a t t e r n  a n d  r e s id u a l  

m in e r a lo g y  i s  e s s e n t i a l l y  u n k n o w n . N e v e r t h e le s s ,  some 

i n d i c a t i o n s  c a n  b e  g a in e d  b y  d i v o r c i n g  th e  c h a n g e s  i n  

s o u r c e  and  r e s id u e .

i i )  P a r t i a l  m e l t i n g  o f  a h e te r o g e n e o u s  s o u r c e ,  w i t h  a 

u n i f o r m  r e s id u e .

A v a r i a t i o n  i n  t h e  s o u rc e  f ro m  s a y ,  lO x  -  50x  

c h o n d r i t e s  i s  n o t  b e y o n d  th e  re a lm s  o f  p o s s i b i l i t y ,  and 

t h i s  w i l l  s im p ly  p ro d u c e  an a r r a y  o f  p a r a l l e l  p a t t e r n s  

f o r  a g iv e n  d e g re e  o f  m e l t i n g  a n d  r e s id u a l  m in e r a lo g y .  

H o w e v e r, v a r i a b l e  f r a c t i o n a t i o n  o f  th e  s o u rc e  i s  p e rh a p s  

m o re  l i k e l y ,  a n d  w i l l  in d u c e  c o m p le m e n ta ry  f r a c t i o n a t i o n  

i n  t h e  d e r i v e d  m e l t s  ( F ig .  3 . 7 c ;  T a b le  3 . 1 ) .  T h is  

p r o v id e s  a c l o s e r  a p p r o x im a t io n  t o  t h e  a r r a y  o f  p a t t e r n s  

f r o m  G r u in a r d  B a y , e s p e c i a l l y  i f  c o u p le d  w i t h  d i f f e r e n t  

d e g re e s  o f  m e l t i n g .  H o w e v e r, t h e  l a r g e s t  l i k e l y  

v a r i a t i o n s  i n  s o u r c e  c o m p o s i t io n  a r e  i n  t h e  LREE ( s e e  

C o n d ie ,  1 97 6  f o r  e x a m p le ) ,  w h ic h  w o u ld  t h e r e f o r e  p ro d u c e  

l a r g e r  v a r i a t i o n s  i n  LREE th a n  HREE i n  th e  d e r i v a t i v e



F u s io n  w i t h  u n i f o r m  r e s id u a l  m in e r a lo g y  o f  55%
c 1 in o p y r o x e n e , 30% g a r n e t and T3% q u a r t z •

D M e l t / s o u r c e f o r  ig iv e n  % b a t c h  m e l t i n g
10 20 30 40 50 60

Ce 0 . 3 8 2 . 4 2 2 . 2 2 2 . 0 3 1 . 8 5 1 . 6 8 1 . 5 2
Nd 0 . 7 6 1 . 2 8 1 . 2 6 1 . 2 4 1 . 2 1 1 .1 9 1 .1 6
Sm 1 . 7 1 0 . 6 0 0 . 6 1 0 . 6 3 0 . 6 4 0 . 6 6 0 . 6 9
Eu 1 . 3 0 0 . 7 7 0 . 7 8 0 . 8 0 0 . 8 1 0 . 8 2 0 . 8 4
Gd 4 . 1 6 0 . 2 5 0 . 2 6 0 . 2 7 0 . 2 9 0 . 3 1 0 . 3 3
Dy 9 . 6 4 0 . 1 1 0 . 1 1 0 . 1 2 0 . 1 3 0 . 1 4 0 . 1 5
E r 1 3 . 7 5 0 . 0 8 0 . 0 8 0 . 0 9 0 . 0 9 0 . 1 0 0 . 1 1
Yb 1 2 . 8 3 0 . 0 8 0 . 0 9 0 . 0 9 0 . 1 0 0 . 1 1 0 . 1 1
L u 9 . 7 2 0 . 1 1 0 . 1 1 0 . 1 2 0 . 1 3 0 . 1 4 0 . 1 5

D M e l t / s o u r c e f o r  g iv e n
% e q u i l i b r i u m f u s io n

10 20 30 40 50 60
Ce 0 . 3 8 2 . 2 6 1 . 9 8 1 . 7 7 1 . 5 9 1 . 4 5 1 . 3 3
Nd 0 . 7 6 1 . 2 8 1 . 2 4 1 . 2 0 1 .1 7 1 .1 4 1 .1 1
Sm 1 . 7 1 0 . 6 1 0 . 6 4 0 . 6 7 0 . 7 0 0 . 7 4 0 . 7 8
Eu 1 . 3 0 0 . 7 9 0 . 8 1 0 . 8 3 0 . 8 5 0 . 8 7 0 . 8 9
Gd 4 . 1 6 0 . 2 6 0 . 2 8 0 . 3 1 0 . 3 5 0 . 3 9 0 . 4 4
Dy 9 . 6 4 0 . 1 1 0 . 1 3 0 . 1 4 0 . 1 6 0 . 1 9 0 . 2 2
E r 1 3 . 7 5 0 . 0 8 0 . 0 9 0 . 1 0 0 . 1 2 0 . 1 4 0 . 1 6
Yb 1 2 . 8 3 0 . 0 9 0 . 1 0 0 . 1 1 0 . 1 2 0 . 1 6 0 . 1 7
Lu 9 . 7 2 0 . 1 1 0 . 1 3 0 . 1 4 0 . 1 6 0 . 1 9 0 . 2 2

B a tc h  m e l t i n g  w i t h h e te r o g e n e o u s r e s id u e .

D f o r  <g iv e n  r e s id u a l  m in e r a lo g y  ( c p x : g n t :  q t z )
1 0 0 : 0 : 0 7 0 : 1 5 : 15 0 : 1 0 0 : 0

8 0 : 5 : 1 5 5 5 : 3 0 : 1 5
Ce 0 . 5 0 0 . 4 1 0 . 4 0 0 . 3 8 0 . 3 5
Nd 1 .1 1 0 . 9 1 0 . 8 5 0 . 7 6 0 . 5 3
Sm 1 . 6 7 1 . 4 6 1 . 5 6 1 . 7 1 2 . 6 6
Eu 1 . 5 6 1 . 3 2 1 . 3 1 1 . 3 0 1 . 5 0
Gd 1 . 8 5 2 . 0 0 2 . 8 7 4 . 1 6 1 0 . 5 0
Dy 1 . 9 3 2 . 9 7 5 . 6 4 9 . 6 4 2 8 . 6 0
E r 1 . 6 6 3 . 4 6 7 . 5 8 1 3 . 7 5 4 2 . 8 0
Yb 1 . 5 8 3 . 2 5 7 . 0 9 1 2 . 8 3 3 9 . 9 0
L u 1 . 5 4 2 . 7 1 5 . 5 1 9 . 7 2 2 9 . 6 0

M e l t / s o u r c e  f o r 20% b a t c h  m e l t i n g
Ce 1 . 8 0 2 . 0 7 2 . 1 3 2 . 2 2 2 . 3 6
Nd 0 . 9 1 1 . 0 8 1 . 1 5 1 . 2 6 1 . 7 2
Sm 0 . 6 3 0 . 7 0 0 . 6 6 0 . 6 1 0 . 4 0
Eu 0 . 6 7 0 . 7 8 0 . 7 8 0 . 7 8 0 . 6 9
Gd 0 . 5 7 0 . 5 3 0 . 3 7 0 . 2 6 0 . 1 1
Dy 0 . 5 5 0 . 3 6 0 . 1 9 0 . 1 1 0 . 0 4
E r 0 . 6 3 0 . 3 1 0 . 1 5 0 . 0 8 0 . 0 3
Yb 0 . 6 6 0 . 3 3 0 . 1 5 0 . 0 9 0 . 0 3
Lu 0 . 6 7 0 . 3 9 0 . 2 0 0 . 1 1 0 . 0 4

T a b le  3 .1 P a r t i a l  m e l t i n g  m o d e ls  f o r  t h e  g e n e r a t io n  o f

t o n a l i t i c - t r o n d h j e m i t i c  g n e is s e s  f ro m  G r u in a r d  B a y
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F ig u r e  3 . 7 ;  P a r t i a l  m e l t i n g  m o d e ls  f o r  t h e  g e n e r a t io n  o f  

t o n a l i t i c - t . r o n d h j e m i t . i c  g n e is s e s  f ro m  G r u in a r d  B a y . 

(A= b a t c h  m e l t i n g ;  B= e q u i l i b r i u m  m e l t i n g ;  C= v a r i a t i o n  

i n  s o u r c e  c o m p o s i t io n ;  D= v a r i a t i o n  i n  r e s i d u a l

m in e r a lo g y ) .



m e l t s ,  th e  o p p o s i t e  t o  w h a t i s  o b s e rv e d  i n  th e  s a m p le  

a n a ly s e s .  H e n c e , v a r i a t i o n s  i n  th e  m in e r a lo g y  o f  t h e  

r e s id u e  m ig h t  b e  in v o k e d ,  e s p e c i a l l y  s in c e  th e  HREE 

a b u n d a n c e s  a r e  p a r t i c u l a r l y  d e p e n d a n t on  t h e  p r o p o r t i o n  

o f  r e s id u a l  g a r n e t  o r  h o r n b le n d e .

i i i )  P a r t i a l  m e l t i n g  w i t h  a h e te r o g e n e o u s  r e s id u e .

P e rh a p s  t h e  m o s t im p o r t a n t  p o t e n t i a l  v a r i a t i o n  i n  

r e s id u e  i s  i n  t h e  p r o p o r t i o n  o f  g a r n e t ,  w h ic h  w i l l  c a u s e  

l a r g e  v a r i a t i o n s  i n  t h e  HREE c o m p le m e n t o f  th e  m e l t .  A 

l i m i t i n g  c a s e  o f  100% g a r n e t  i n  t h e  r e s id u e  i s  

i l l u s t r a t e d  i n  F i g .  3 . 7d ( T a b le  3 . 1 )  f o r  20% m e l t i n g  o f  

a 2 0 x  c h o n d r i t e  s o u r c e ,  t o g e t h e r  w i t h  m o re  " n o r m a l"  

r e s id u e s  s u c h  as th o s e  u s e d  a b o v e .  T he  e x tre m e  p a t t e r n s  

p r o d u c e d  a r e  s i m i l a r  t o  s a m p le  M J1 1 5 , a l t h o u g h  t h e r e  a r e  

some im p o r t a n t  d i f f e r e n c e s  ( p a r t i c u l a r l y  th e  LREE 

a b u n d a n c e s ) ,  a n d  th e s e  do  seem r a t h e r  u n l i k e l y  g e n e t i c  

c o n d i t i o n s .  N e v e r t h e le s s ,  th e  e x t e n s iv e  HREE ra n g e  i s  

r e p r o d u c e d  w e l l  a n d  so  th e  s im u l ta n e o u s  a l t e r a t i o n  o f  

t h e  s o u r c e  REE c o n t e n t  and  th e  r e s i d u a l  m in e r a lo g y  ( f o r  

e x a m p le  i n c r e a s in g  t h e  p r o p o r t i o n  o f  g a r n e t  i n  t h e  

r e s id u e  a s  t h e  s o u r c e  REE c o n c e n t r a t io n  f a l l s )  c o u ld  

c o n c e iv a b ly  p r o d u c e  a n  a r r a y  o f  p a t t e r n s  s i m i l a r  t o  t h a t  

o b s e rv e d  i n  t h e  G r u in a r d  B ay C o m p le x .

F r a c t i o n a l  c r y s t a l l i s a t i o n  f ro m  a b a s a l t i c  p a r e n t

F r a c t i o n a l  c r y s t a l l i s a t i o n  i s  a n  a l t e r n a t i v e

h y p o t h e s is  t o  t h e  p a r t i a l  m e l t i n g  m o d e ls ,  a n d  h a s  b e e n  

in v o k e d  b y  s e v e r a l  a u t h o r s ,  i n c l u d i n g  R o l l in s o n  a n d  

W in d le y  ( 1 9 8 0 )  a n d  t h e r e f o r e  d e s e rv e s  c o n s id e r a t i o n  

h e r e .  B o th  t h e  R a y le ig h  f r a c t i o n a t i o n  e q u a t io n  (m o d e l a )  

a n d  t h e  e q u i l i b r i u m  f r a c t i o n a t i o n  e q u a t io n  (m o d e l b )  

h a v e  b e e n  u s e d .

I n t e r m e d ia t e  g n e is s e s

L a c k  o f  p r e c i s e  p a r t i t i o n  c o e f f i c i e n t  d a ta  a g a in  

p r e c lu d e s  a q u a n t i t a t i v e  a s s e s s m e n t b u t  s im p le

c o n s i d e r a t i o n  o f  t h e  s a m p le  a r r a y  ( F ig .  3 . 4 )  le a d s  t o  

t h e  c o n c lu s io n  t h a t  a n y  f r a c t i o n a t i n g  a s s e m b la g e  i s



b u lk  d i s t r i b u t i o nr e q u i r e d  t o  h a v e  b u lk  d i s t r i b u t i o n  c o e f f i c i e n t s  

a p p r o x im a t e ly  e q u a l f o r  a l l  t h e  REEs and  u n i f o r m ly  

g r e a t e r  t h a n  one -  e x c e p t  f o r  a s m a l l ,  n e g a t iv e  Eu 

a n o m a ly .  U s in g  th e  p a r t i t i o n  c o e f f i c i e n t  d a ta  o f  A r t h  

a n d  H a n so n  ( 1 9 7 5 )  f o r  m o re  s i l i c i c  c o m p o s i t io n s  a s  a 

g u id e ,  i t  i s  c l e a r  t h a t  t h e  g e n e r a l  s h a p e  r e q u i r e d  i s  

d i f f i c u l t  t o  g e n e r a te  u s in g  l i k e l y  r o c k - f o r m in g  

m in e r a ls .  S in c e  t h e  a c i d i t y  o f  t h e  m e l t  a f f e c t s  o n ly  

t h e  m a g n itu d e  o f  th e  p a r t i t i o n  c o e f f i c i e n t s  and  n o t  t h e  

s h a p e  o f  t h e  p l o t ,  t h i s  c o n c lu s io n  i s  p r o b a b ly  a l s o  

v a l i d  f o r  in t e r m e d ia t e  m e l t s .  One w a y t o  g e n e r a te  a 

v e r y  a p p r o x im a t e ly  f l a t  REE d i s t r i b u t i o n  c o e f f i c i e n t  

p a t t e r n  w i t h  a b s o lu te  v a lu e s  s i g n i f i c a n t l y  g r e a t e r  th a n  

o n e  w o u ld  b e  t o  in v o k e  s u b s t a n t i a l  p l a g io c la s e  

in v o lv e m e n t  c o u p le d  w i t h  a m in e r a l  o f  v e r y  h ig h  

p a r t i t i o n  c o e f f i c i e n t s  f o r  HREEs, s u c h  a s  h o r n b le n d e .  

H o w e v e r, b a r r i n g  u n r e a s o n a b ly  h ig h  f0 2  i n  o r d e r  t o  

r e d u c e  t h e  a f f i n i t y  o f  p l a g i o c l a s e  f o r  Eu (D ra k e  a n d  

W e i l l ,  1 9 7 6 ) ,  t h i s  p r o c e s s  w i l l  p ro d u c e  in c r e a s in g  

n e g a t i v e  Eu a n o m a lie s  i n  t h e  r e s i d u a l  m e l t s ,  as h a s  b e e n  

d e m o n s t r a te d  b y  W e a ve r ( 1 9 8 0 )  i n  t h e  M a d ra s  g r a n u l i t e s .  

T h is  i s  g e n e r a l l y  n o t  s e e n  a t  G r u in a r d  B a y . F u r th e r m o r e ,  

th o s e  s a m p le s  (M J130 a n d  M J 1 3 1 ) w h ic h  do h a v e  s u c h  la r g e  

n e g a t i v e  Eu a n o m a lie s ,  a l s o  h a v e  h ig h  t r a n s i t i o n  m e ta l  

a b u n d a n c e s  a n d  a r e  m ore  b a s i c  t h a n  m any in t e r m e d ia t e  

g n e is s e s ,  t o  w h ic h  t h e y  t h e r e f o r e  c a n n o t  be  r e l a t e d  b y  

s u c h  a m e c h a n is m . M o re o v e r ,  a n y  f r a c t i o n a l  

c r y s t a l l i s a t i o n  schem e d o m in a te d  b y  r o c k - f o r m in g  

m in e r a ls  w o u ld  r e q u i r e  t h e i r  re m o v a l i n  q u a n t i t i e s  f a r  

e x c e e d in g  t h a t  a l lo w e d  b y  t h e  m a jo r  e le m e n t  d a t a .  

T h e r e f o r e ,  i t  seems d i f f i c u l t  t o  p r o d u c e  th e  d e s i r e d  

f a l l i n g  REE a b u n d a n c e s  w i t h o u t  r e s o r t i n g  t o  an 

a s s e m b la g e  c o n t a in in g  a h ig h  p r o p o r t i o n  o f  m in o r  m in e r a l  

p h a s e s ,  f o r  w h ic h  t h e r e  i s  n o  p e t r o g r a p h ic  e v id e n c e .  

T h u s  t h e  i n t e r m e d ia t e  g n e is s e s  a p p a r e n t ly  d o  n o t  

r e p r e s e n t  a  s e r ie s  o f  l i q u i d  c o m p o s i t io n s  r e la t e d  b y  a 

s im p le  c r y s t a l  f r a c t i o n a t i o n  sch e m e .



T o n a l i t i c - t r o n d h j e m i t i c  g n e is s e s

I n  t h i s  c a s e  t h e  p a r e n t  m e l t  c o m p o s i t io n  h a s  b e e n  

ta k e n  a s  an  a v e r a g e  o f  tw o  o f  th e  m o s t e v o lv e d  

i n t e r m e d ia t e  g n e is s e s  (M J179 a n d  1 8 1 ) .  S in c e  t h e  

f r a c t i o n a t i n g  a s s e m b la g e  i n  s u c h  s y s te m s  i s  t h o u g h t  t o  

b e  d o m in a te d  b y  h o r n b le n d e  ( A r t h  e t  a l .  , 1 9 7 8 ) ,  t h e

s i m p l i f y i n g  a s s u m p t io n  o f  100% h o r n b le n d e  f r a c t i o n a t i o n  

h a s  b e e n  a d o p te d .  C a lc u la t i o n s  a r e  l i s t e d  i n  T a b le  3 .2  

f o r  10% t o  50% r e m o v a l,  f o r  b o th  f r a c t i o n a t i o n  

e q u a t io n s .

R a y le ig h  f r a c t i o n a t i o n .

D M e l t / i n i t i a l  m e l t  f o r  g iv e n
% f r a c t i o n a t i o n

10 20 30 40 50
Ce 1 . 5 2 0 . 9 5 0 . 8 9 0 . 8 3 0 . 7 7 0 . 7 0
Nd 4 . 2 5 0 . 7 1 0 . 4 8 0 . 3 1 0 . 1 9 0 . 1 0
Sm 7 . 7 6 0 . 4 9 0 . 2 2 0 . 0 9 0 . 0 3 0 . 0 1
Eu 5 . 1 4 0 . 6 5 0 . 4 0 0 . 2 3 0 . 1 2 0 . 0 6
Gd 1 0 . 0 0 0 . 3 9 0 . 1 3 0 . 0 4 0 . 0 1 -

Dy 1 3 . 0 0 0 . 2 8 0 . 0 7 0 . 0 1 - -

E r 1 2 . 0 0 0 . 3 1 0 . 0 9 0 . 0 2 - -

Yb 8 . 3 8 0 . 4 6 0 . 1 9 0 . 0 7 0 . 0 2 0 . 0 1
Lu 5 . 5 0 0 . 6 2 0 . 3 7 0 . 2 0 0 . 1 0 0 . 0 4

E q u i l i b r i u m  f r a c t i o n a t i o n .

D M e l t / i n i t i a l m e l t
%

f o r  g iv e n  
f r a c t i o n a t i o n

10 20 30 40 50
Ce 1 . 5 2 0 . 9 5 0 . 9 1 0 . 8 7 0 . 8 3 0 . 7 9
Nd 4 . 2 5 0 . 7 5 0 . 6 1 0 . 5 1 0 . 4 3 0 . 3 8
Sm 7 . 7 6 0 . 6 0 0 . 4 2 0 . 3 3 0 . 2 7 0 . 2 3
Eu 5 . 1 4 0 . 7 1 0 . 5 5 0 . 4 5 0 . 3 8 0 . 3 3
Gd 1 0 . 0 0 0 . 5 3 0 . 3 6 0 . 2 7 0 . 2 2 0 . 1 8
Dy 1 3 . 0 0 0 . 4 5 0 . 2 9 0 . 2 2 0 . 1 7 0 . 1 4
E r 1 2 . 0 0 0 . 4 8 0 . 3 1 0 . 2 3 0 . 1 9 0 . 1 5
Yb 8 . 3 8 0 . 5 8 0 . 4 0 0 . 3 1 0 . 2 5 0 . 2 1
L u 5 . 5 0 0 . 6 9 0 . 5 3 0 . 4 3 0 . 3 6 0 . 3 1

T a b le  3 . 2 :  A m p h ib o le  f r a c t i o n a l  c r y s t a l l i s a t i o n  m o d e ls  

f o r  t h e  g e n e r a t io n  o f  t o n a l i t i c - t r o n d h j e m i t i c  g n e is s e s

f r o m  G r u in a r d  B a y .



F ig u r e  3 . 7 ;  F r a c t i o n a l  c r y s t a l l i s a t i o n  m o d e ls  f o r  t h e  g e n e r a t io n  o f  t o n a l i t i c -

t r o n d h j e m i t i c  g n e is s e s  f ro m  G r u in a r d  B a y .
(A= R a y le ig h  f r a c t i o n a t i o n ;  B= e q u i l i b r i u m  f r a c t i o n a t i o n ) .

U1u>

a as



T he  r e s u l t a n t  p a t t e r n s  a re  p l o t t e d  i n  F ig .  3 . 8 .  C l e a r l y ,  

t h e  REE p a t t e r n  o f  th e  m o s t e x t re m e  t r o n d h je m i t e  ( s e e  

F i g .  3 . 4 )  m ig h t  be  a p p r o x im a te d  b y  c .  30% h o r n b le n d e  

r e m o v a l f r o m  th e  p a r e n t  m e l t  a s s u m in g  s u r fa c e  

e q u i l i b r a t i o n  o n ly  ( a ) ,  a n d  t h e  p a t t e r n s  p ro d u c e d  b y  

re m o v a l o f  s m a l le r  a m o u n ts  b e a r  some s i m i l a r i t y  t o  t h e  

t o n a l i t i c  s a m p le s .  On th e  o t h e r  h a n d ,  i f  t h e  e q u i l i b r i u m  

f r a c t i o n a t i o n  e q u a t io n  a p p l i e s  ( b ) ,  t h e  ra n g e  o f  

c o m p o s i t io n s  i s  im p o s s ib le  t o  g e n e r a te  w i t h  s e n s ib le  

d e g re e s  o f  c r y s t a l l i s a t i o n  a n d  e f f i c i e n t  r e m o v a l.  

F u r t h e r ,  a l t h o u g h  th e  HREE r a n g e  i s  r e p r o d u c e d  w e l l  i n  

t h e  R a y le ig h  f r a c t i o n a t i o n  m o d e l,  t h e  LREE a b u n d a n c e s  do  

n o t  v a r y  s u f f i c i e n t l y  w hen c o m p a re d  t o  th e  s a m p le  s u i t e  

-  e . g . ,  Ce v a r ie s  f ro m  58 t o  4 8 x  c h o n d r i t e  i n  th e  m o d e l 

a n d  58 t o  2 5 x  c h o n d r i t e  i n  th e  r o c k s  s t u d ie d .  T h u s , th e  

in v o lv e m e n t  o f  a L R E E - r ic h  p h a s e  i n  t h e  f r a c t i o n a t i o n  

schem e w o u ld  b e  r e q u i r e d  ( s e e  a ls o  R o l l in s o n  a n d  F o w le r ,  

i n  p r e p . ) .  H o w e v e r, l o c a l  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  

h o r n b le n d e  c a n n o t  be  r u le d  o u t ,  e s p e c i a l l y  f o r  t h e  

g e n e s is  o f  t h e  e x tre m e  r o c k  t y p e s ,  f o r  w h ic h  p a r t i a l  

m e l t i n g  seem s i n a p p r o p r ia t e  ( e . g . ,  M J 1 1 5 ).

A l i k e l y  m o d e l f o r  an  o v e r a l l  i n t r u s i v e  o r i g i n  w o u ld  

t h e r e f o r e  be  a s  f o l l o w s .  P r im a r y  m e l t  p r o d u c t io n  to o k  

p la c e  b y  v a r i a b l e  d e g re e s  o f  p a r t i a l  m e l t i n g  o f  a 

c o m p o s i t i o n a l l y  h e te ro g e n e o u s  b a s a l t i c  s o u r c e ,  l e a v in g  a 

m i n e r a l o g i c a l l y - v a r i a b l e  e c l o g i t i c  r e s id u e ,  a n d  t h i s  was 

f o l l o w e d  b y  o n l y  l o c a l  h o r n b le n d e  f r a c t i o n a t i o n ,  p e rh a p s  

d u r in g  e m p la c e m e n t.  T h is  i s  s i m i l a r  t o  t h e  m o d e ls  o f  

J a h n  a n d  Z h a n g  ( 1 9 8 4 ) ,  a n d  J a h n  e t  a l .  ( 1 9 8 4 )  f o r  

A rc h a e a n  t o n a l i t e - t r o n d h j e m i t e -  g r a n o d i o r i t e  s u i t e s  i n  

g e n e r a l .

3 . 2 . 2  A l o w e r - c r u s t a l  r e s id u e  a f t e r  th e  a b s t r a c t i o n  o f  a 

g r a n i t i c  p a r t i a l  m e l t .

G e n e r a t io n  a n d  re m o v a l o f  a g r a n i t i c  p a r t i a l  m e l t  f r o m  

t h e  u p p e r  c r u s t  h a s  b e e n  a p p l ie d  a s  a g e n e t ic  m e c h a n is m  

t o  t h e  L e w is ia n  C o m p le x  i n  p a r t i c u l a r  b y  P r id e  a n d  

M u e cke  (1 9 8 0 ?  1 9 8 1 ) and  b y  m any o t h e r  a u t h o r s  t o  c r u s t a l  

s e q u e n c e s  e ls e w h e r e  ( e . g . ,  Ben O thm an e t  a l . ,  1 9 8 4 ) .  The



f o r m e r  a u t h o r s  h o ld  t h e  v ie w  t h a t  th e  p r e c u r s o r s  t o  th e  

S c o u r ia n  C o m p le x  w e re  " t y p i c a l "  u p p e r  c r u s t a l  r o c k s ,  a n d  

i n  t h e i r  q u a n t i t a t i v e  m o d e l l in g  e x e r c is e  ( 1 9 8 0 )  u s e d  a 

g re y w a c k e  a s  th e  p a r e n t ,  p re s u m a b ly  i n  o r d e r  t o  g a in  an  

a v e r a g e  u p p e r  c r u s t a l  a n a l y s i s .  H o w e v e r, t h e y  p o i n t  o u t  

t h a t  a n y  r e a s o n a b le  s t a r t i n g  m a t e r i a l  s h o u ld  p r o d u c e  

s i m i l a r  t r e n d s .  T h e y  c o n te n d  t h a t  t h e  p r e s e n t l y  e x p o s e d  

S c o u r ia n  C o m p le x  r e p r e s e n t s  t h e  r e s id u u m  a f t e r  th e  

g e n e s is  a n d  re m o v a l o f  g r a n i t i c  m e l t s ,  a n d  f u r t h e r ,  t h a t  

t h i s  was r e s p o n s ib le  f o r  t h e  o b s e rv e d  u p w a rd  

c o n c e n t r a t io n  o f  in c o m p a t ib le  e le m e n ts  i n  t h e  

c o n t i n e n t a l  c r u s t .

T h e i r  t r a c e - e le m e n t  m o d e l i s  b a s e d  on REEs, Rb, B a , 

a n d  S r  a n d  i s  s u m m a ris e d  i n  T a b le  3 . 3 ,  a n d  F i g .  3 . 9 a .  I t  

e m p lo y s  t h e  f o l l o w i n g  a s s u m p t io n s : -

i )  S c o u r ia n  g n e is s e s  r e p r e s e n t  th e  r e s id u e .

i i )  E q u i l i b r i u m  p a r t i a l  m e l t i n g  to o k  p la c e .

i i i )  D i s t r i b u t i o n  c o e f f i c i e n t s  f o r  r h y o l i t e s  ( A r t h  a n d  

H a n s o n , 1 9 7 5 )  a re  a p p l i c a b l e .

i v )  T h e  t r a c e  e le m e n t  c o n t e n t  o f  th e  p r e c u r s o r  i s  kn o w n  

( g r e y w a c k e ) .

% m e lt in g

G r a n u l i t e
F a c ie s

20

H o r n b le n d e - g r a n u l i t e
F a c ie s

10 20 40

S o u rc e M e l t R e s id u e M e l t R e s id u e R e s id u e s

Ce 5 2 . 3 128 3 3 . 3 157 4 0 . 7 3 3 . 5 2 4 . 6
Nd 2 1 . 8 - - 3 8 . 4 2 0 . 0 1 8 . 3 1 5 . 9
Sm 4 . 0 0 7 . 5 8 3 . 1 1 4 . 8 0 3 . 9 0 3 . 8 4 3 . 6 8
Eu 1 . 0 7 0 . 7 2 1 .1 6 0 . 8 2 1 .1 0 1 .1 2 1 .1 9
Gd 3 . 3 8 - - 2 . 4 0 3 . 1 0 3 . 3 9 3 . 4 1
Tb 0 . 5 1 0 . 8 6 0 . 4 2 - - - —

Dy 3 . 0 0 - - 2 . 4 0 3 . 1 0 3 . 1 5 3 . 3 0
E r 1 . 6 8 - - 1 . 4 3 1 . 7 1 1 . 7 3 1 . 8 0
Yb 1 . 5 7 2 . 8 9 1 . 2 4 1 . 8 0 1 . 5 5 1 . 5 2 1 . 4 8
L u 0 . 2 6 0 . 5 2 0 . 1 9 0 . 4 0 0 . 2 4 0 . 2 3 0 . 2 1

T a b le  3 . 3 :  I n t r a c r u s t a l  p a r t i a l  m e l t i n g  m o d e l f o r  

r e s i d u a l  g r a n u l i t e s ,  a n d  r e s id u a l  h o r n b le n d e

g r a n u l i t e s  ( v a lu e s  i n  p p m ) .
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F ig u r e  3 . 9 ;  I n t r a c r u s t a l  p a r t i a l  m e l t i n g  m o d e l f o r  

r e s id u a l  g r a n u l i t e s  (A ) and r e s id u a l  h o r n b le n d e -  

g r a n u l i t e  f a c ie s  g n e is s e s  ( B ) .

(C= g r a n i t e  f ro m  B c o m p a re d  w i t h  g r a n i t e  c o m p o s i te ;  D= 

c o m p a r is o n  o f  r e s id u e s ;  G= g r a n i t e ;  S= s o u r c e ;

R= r e s i d u e ) .



T h e  r e s i d u a l  m in e r a lo g y  w as ta k e n  t o  b e  a w e ig h te d  

a v e ra g e  o f  t h e  i n d i v i d u a l  g n e is s  t y p e s  w h ic h  c o m p r is e  

t h e  S c o u r ia n  C o m p le x , w h ic h  w o u ld  s e e m in g ly  r e q u i r e  

e q u i l i b r a t i o n  o v e r  r a t h e r  l a r g e  d is t a n c e s .  N e v e r t h e le s s ,  

a 20% m e l t  p ro d u c e d  a l i q u i d  w i t h  b r o a d ly  " g r a n i t i c "  

c h a r a c t e r i s t i c s  (LR E E - e n r ic h e d ,  n e g a t iv e  Eu a n o m a ly )  

a n d  l e f t  a  r e s id u e  b r o a d ly  c o m p a ra b le  t o  some " a v e r a g e "  

S c o u r ia n  C o m p le x . W e a ve r a n d  T a r n e y  (1 9 8 1 )  h a v e  

c r i t i c i s e d  s u c h  a m o d e l ( u s in g  a m o re  l i k e l y  s t a r t i n g  

c o m p o s i t io n  -  a n  a m p h i b o l i t e - f a c ie s  L e w is ia n  g n e is s )  and  

s u g g e s t  t h a t  i t  d o e s  n o t  f i t  t h e  a v a i l a b l e  d a ta  i n  

d e t a i l .

H o w e v e r, i t  i s  now p o s s ib le  t o  t e s t  th e  i n t r a c r u s t a l  

p a r t i a l  m e l t i n g  m o d e l f u r t h e r ,  b y  a s s e s s in g  i t s  

a p p l i c a b i l i t y  t o  h o r n b le n d e - g r a n u l i t e  f a c ie s  m a t e r i a l .  

T h e  p a r e n t  c o m p o s i t io n  may r e a s o n a b ly  b e  h e ld  th e  sam e, 

a s  an  a v e ra g e  r e p r e s e n t a t i v e  o f  th e  u p p e r  c r u s t ,  b u t  t h e  

r e s i d u a l  m in e r a lo g y  i s  s i g n i f i c a n t l y  d i f f e r e n t  s in c e  i t  

c o n t a in s  h o r n b le n d e  i n  a d d i t i o n  t o ,  a n d  s t a b le  w i t h ,  tw o  

p y r o x e n e s  ( s e e  b e l o w ) .  F o r  t h e  p u rp o s e s  o f  th e  f o l l o w i n g  

m o d e l i t  h a s  b e e n  ta k e n  a s  12% h o r n b le n d e ,  6% 

o r th o p y r o x e n e ,  6% c l in o p y r o x e n e ,  50% p la g i o c l a s e  a n d  26% 

q u a r t z  -  a t y p i c a l  o r i g i n a l  m e ta m o rp h ic  m in e r a lo g y  f ro m  

G r u in a r d  B a y . C a lc u la t i o n s  f o r  1 0 , 20 a n d  40% m e l t i n g  

a r e  l i s t e d  i n  T a b le  3 . 3 ,  a n d  th e  r e s u l t s  a re  p l o t t e d  i n  

F i g .  3 . 9 b  ( n o t e  t h a t  f o r  t h e  HREEs t h e  20 a n d  40% 

m e l t i n g  v a lu e s  h a v e  b e e n  o m i t t e d  f o r  c l a r i t y ) .

T h e  " g r a n i t e s "  p ro d u c e d  show  a h i g h l y  f r a c t i o n a t e d ,  

c o n c a v e -u p w a rd  LREE p a t t e r n ,  o n ly  s m a l l  n e g a t iv e  Eu 

a n o m a lie s ,  a n d  c o n c a v e -u p w a rd  HREE p a t t e r n s .  T h e s e  a r e  

n o t  t y p i c a l  g r a n i t i c  p a t t e r n s ,  a s  show n w hen c o m p a re d  

w i t h  P r id e  a n d  M u e c k e ' s  ( 1 9 8 0 )  g r a n i t e  c o m p o s ite  ( F ig .  

3 . 9 c ) .  T he  s t a b i l i t y  o f  h o r n b le n d e  a ls o  h a s  v e r y  

im p o r t a n t  c o n s e q e n c e s  f o r  t h e  r e s id u e :  t h e  n e c e s s a r y  

p o s i t i v e  Eu a n o m a ly  i s  n o t  d e v e lo p e d ,  a n d  b o th  th e  LREE 

a n d  HREE p a t t e r n s  a r e  r e q u i r e d  t o  b e  i n c r e a s i n g l y  

c o n c a v e -d o w n w a rd s .  C o m p a r is o n  o f  t h i s  t y p e  o f  p a t t e r n  

w i t h  th o s e  d e r iv e d  b y  a n a ly s i s  o f  r o c k s  f ro m  th e  

G r u in a r d  B a y  a re a  r e v e a ls  t h a t  s u c h  do  n o t  e x i s t .



T h is  e v id e n c e  s t r o n g l y  s u g g e s ts  t h a t  t h e  i n t r a c r u s t a l  

p a r t i a l  m e l t i n g  m o d e l i s  i n a p p r o p r i a t e  t o  t h e  L e w is ia n  

g n e is s e s  a t  G r u in a r d  B a y . S e v e r a l  f u r t h e r  p o in t s  may b e  

made i n  a p p a r e n t  o p p o s i t i o n  t o  th e  m o d e l.  T h e re  i s  v e r y  

l i t t l e  e v id e n c e  o f  w id e s p r e a d  p a r t i a l  m e l t i n g  d u r in g  th e  

g r a n u l i t e - f a c i e s  e v e n t ,  e v e n  i n  a r e a s  o f  r e l i c t  

i n t r u s i v e  r e l a t i o n s h i p s  w h e re  i t  s h o u ld  b e  m ore  r e a d i l y  

r e c o g n is a b le .  M o re o v e r ,  t h a t  w h ic h  h a s  b e e n  r e c o r d e d  

( P r id e  a n d  M u e cke , 1982? R o l l i n s o n ,  1 9 8 3 )  p ro d u c e d  

g r a n i t i c  l i t h o l o g i e s  w i t h  a p e c u l i a r  t r a c e  e le m e n t  

c o m p o s i t io n  ( e s p e c i a l l y  R E E ), p a r t i c u l a r l y  w hen c o m p a re d  

t o  " n o r m a l"  u p p e r  c r u s t a l  g r a n i t e s .  F u r th e r m o r e ,  t h e  

S c o u r ia n  C o m p le x  r e m a in s  r i c h  i n  some in c o m p a t ib le  

e le m e n ts  w h ic h  s h o u ld  i n  t h e o r y  p r e f e r e n t i a l l y  e n t e r  a 

g r a n i t i c  m e l t  w h ic h  e q u i l i b r a t e d  w i t h  s e n s ib le  r e s id u a l  

m in e r a lo g ie s  ( e . g . ,  B a : W e a v e r a n d  T a r n e y ,  1 9 8 0 ) .

T h e r e f o r e ,  th e  f o l l o w i n g  p o i n t s  may b e  c o n c lu d e d  f ro m  

t h i s  s im p le  m o d e l l in g  e x e r c i s e :

i )  T h e re  a r e  no d i f f e r e n c e s  b e tw e e n  G r u in a r d  B a y  g r e y  

g n e is s e s  a n d  L e w is ia n  i n t e r m e d i a t e - t o n a l i t e -  

t r o n d h j e m i t e  l i t h o l o g i e s  f r o m  o t h e r  m e ta m o rp h ic  g ra d e s  

w h ic h  c a n  b e  r e l a t e d  t o  m a g m a tic  p r o c e s s e s .

i i )  T h e  g n e is s e s  a t  G r u in a r d  B a y a re  n o t  th e  r e s u l t  o f  

t h e  g e n e s is  a n d  r e m o v a l o f  a g r a n i t i c  m e l t  f r o m  u p p e r  

c r u s t a l  l i t h o l o g i e s .

i i i )  T h e y  a r e  n o t  t h e  r e s u l t  o f  v a r y in g  d e g re e s  o f  

p a r t i a l  m e l t i n g  o f  a s i n g l e  h o m o g e n e o u s  s o u r c e .

i v )  T he  in t e r m e d ia t e  g n e is s e s  a r e  m o re  l i k e l y  t o  owe 

t h e i r  o r i g i n s  t o  v a r i a b l e  d e g re e s  o f  f u s io n  o f  a 

c o m p o s i t i o n a l l y  h e te r o g e n e o u s  s o u r c e  th a n  f r a c t i o n a t i o n  

f r o m  a m o re  b a s ic  m e l t .

v )  V a r i a b l e  d e g re e s  o f  p a r t i a l  m e l t i n g  o f  a 

h e te r o g e n e o u s  s o u rc e  l e a v i n g  a m i n e r a l o g i c a l l y  v a r i a b l e  

r e s id u e  p r o b a b ly  p r o v id e d  th e  d o m in a n t  m a g m a g e n e tic  

m e c h a n is m  f o r  t o n a l i t e s  a n d  t r o n d h je m i t e s ,  b u t  may h a v e  

b e e n  f o l l o w e d  b y  l o c a l  h o r n b le n d e  re m o v a l t o  g e n e r a te  

t h e  m o re  e x tre m e  t r o n d h j e m i t i c  l i t h o l o g i e s .



CHAPTER FOUR

THE TR A N S IT IO N A L NATURE OF THE BADCALLIAN METAMORPHISM 

AT GRUINARD BAY

T h is  c h a p t e r  i s  d i v id e d  i n t o  t h r e e  m a in  s e c t io n s .  The 

f i r s t  d e a ls  w i t h  t h e  m in e r a lo g y  p ro d u c e d  d u r in g  th e  

B a d c a l l i a n  m e ta m o rp h ic  p h a s e ,  a s  f a r  a s  i t  c a n  b e  

d e te r m in e d ,  a n d  i t s  r e l a t i o n s h i p s  w i t h  t h a t  p ro d u c e d  b y  

s u b s e q u e n t  r e t r o g r e s s i v e  e v e n ts .  T he  s e c o n d  d e s c r ib e s  

t h e  m ic r o s c o p ic  d i s t r i b u t i o n  o f  U w i t h  r e s p e c t  t o  th e  

m in e r a lo g y ,  a n d  t h e  t h i r d  p r o c e e d s  t o  c o n s id e r  t h e  L I L  

e le m e n t  g e o c h e m is t r y  o f  th e  a r e a  c o m p a re d  w i t h  t h a t  o f  

t h e  m e ta m o rp h ic  e n d -m e m b e r c o m p o s i t io n s .  C h a p te r  f i v e  

w i l l  t h e n  a t t e m p t  t o  r a t i o n a l i s e  th e s e  i n  t h e  l i g h t  o f  

t h e  c o n t r o l l i n g  r e a c t i o n  m e c h a n is m s .

4 . 1  M in e r a lo g y .

T h r o u g h o u t  t h e  G r u in a r d  Bay a r e a  t h e  e f f e c t s  o f  s t a t i c  

r e t r o g r e s s i o n  a r e  w id e s p r e a d ,  a n d  l o c a l l y  r e a c h  th e  

g r e e n s c h is t  f a c i e s .  T h e r e f o r e ,  t h e  p r e s e r v a t io n  o f  

s a m p le s  w h ic h  r e t a i n  th e  m in e r a lo g y  im p a r te d  d u r in g  th e  

B a d c a l l i a n  m e ta m o rp h is m  i s  r a r e ,  a n d  c o n f l i c t i n g  

e v id e n c e  e x i s t s  a s  t o  th e  o r i g i n a l  m e ta m o rp h ic  g ra d e  a t  

G r u in a r d  B a y  ( e . g . ,  S u t t o n  a n d  W a ts o n , 1951? D a v ie s ,  

1 9 7 7 ;  F i e l d ,  1978? R o l l in s o n  a n d  W in d le y ,  1 9 8 0 ) .

N e v e r t h e le s s ,  t h e  l o c a l  p r e s e r v a t io n  o f  g r a n u l i t e s  ( s s )  

a n d  h o r n b le n d e - g r a n u l i t e  f a c ie s  r o c k s  s u g g e s ts  t h a t  th e  

e a r l y  m e ta m o rp h is m  may h a v e  e x c e e d e d  t h e  a m p h ib o l i t e  

f a c ie s  t h r o u g h o u t  t h e  a r e a ,  a n d  c a l l s  t o  m in d  f i e l d  

r e l a t i o n s h i p s  s u c h  a s  th o s e  i n  t h e  a m p h i b o l i t e - g r a n u l i t e  

t r a n s i t i o n  o f  S o u th e r n  I n d i a  ( J a n a r d h a n  e t  a l . ,  1982? 

H o l t  a n d  W ig h tm a n , 1983? A l l e n  e t  a l . ,  1 9 8 5 ) ,  o u t l i n e d  

a b o v e .

G r a n u l i t e - f a c i e s  m in e r a lo g y .

The g r a n u l i t e  f a c ie s  g n e is s e s  h a v e  b e e n  b r i e f l y  

d e s c r ib e d  b y  F i e l d  ( 1 9 7 8 )  a s  " t y p i c a l "  g r a n u l i t e s .  He 

g a v e  t h e  f o l l o w i n g  m o d a l a n a ly s i s  o f  t h e  f r e s h e s t  

s a m p le :  P le o c h r o ic  h y p e r s th e n e  ( 1 2 % ) ,  d i o p s i d i c



c l in o p y r o x e n e  ( 7 % ) ,  q u a r t z  ( 2 4 % ) ,  p la g io c la s e  (A n26_32 
- 4 8 % ) ,  i l m e n i t e  ( 5 % ) ,  b i o t i t e  (2 % ) ,  a c t i n o l i t i c  

a m p h ib o le  ( 1 % ) ,  a n d  a c c e s s o r y  z i r c o n  and  a p a t i t e  ( l e s s  

t h a n  1% ) .  K f e ld s p a r  e x i s t s  o n ly  a s  e x s o lu t io n  b le b s  i n  

t h e  s t r o n g l y  a n t i p e r t h i t i c  p l a g i o c l a s e .  E ve n  t h e  

f r e s h e s t  s a m p le s  w e re  d e s c r ib e d  as i n c i p i e n t l y -  

r e t r o g r e s s e d ,  w i t h  c l in o p y r o x e n e  s h o w in g  f r i n g e s  o f  

b lu e - g r e e n  a m p h ib o le ,  and  o r th o p y r o x e n e  a l t e r i n g  

m a r g in a l l y  a n d  a lo n g  c r a c k s  a n d  c le a v a g e  t o  t a l c ,  

t r e m o l i t e  + / -  o p a q u e s .  S o m e tim e s  an o u t e r  r im  o f  

b lu e - g r e e n  a m p h ib o le  o r  b i o t i t e  e x i s t s ,  a ls o  w i t h  o r  

w i t h o u t  o p a q u e s .  T h e re  i s  no m e n t io n  o f  p r im a r y  ( i . e . ,  

s t a b l e  d u r in g  t h e  B a d c a l l i a n  m e ta m o rp h is m ) b i o t i t e  o r  

p r im a r y  a m p h ib o le  i n  h i s  d e s c r i p t i o n .

H o r n b le n d e - g r a n u l i t e  f a c i e s  m in e r a lo g y .

A ls o  l o c a l l y  p r e s e r v e d  a t  G r u in a r d  B a y  a re  s a m p le s  

w i t h  tw o  p y r o x e n e s ,  p r im a r y  a m p h ib o le ,  p r im a r y  b i o t i t e ,  

q u a r t z ,  a n d  p l a g i o c l a s e  a s  t h e  r o c k - f o r m in g  p h a s e s .  

T h is  a s s o c i a t io n  i s  c h a r a c t e r i s t i c  o f  t h e  

h o r n b le n d e - g r a n u l i t e  s u b - f a c ie s  (D e W a a rd , 1 9 6 6 ) ,  a n d  

i n v i t e s  c o m p a r is o n  w i t h  a p p a r e n t ly  s i m i l a r  r o c k s  f ro m  

C o l l  and  T i r e e  ( D r u r y ,  1 9 7 3 ,  1 9 7 4 ) .  S in c e  r e t r o g r e s s i o n  

i s  so  w id e s p r e a d ,  s u c h  r o c k s  a r e  r a r e  a n d  t h e  f o u r  

s a m p le s  c o l l e c t e d  b y  t h e  a u t h o r  a r e  a l l  f ro m  th e  same 

l o c a l i t y ,  ( s e e  F ig .  2 . 1 ) .  J u d g in g  f ro m  t h e i r  

p e t r o g r a p h y ,  a l l  t h e  s a m p le s  (M J 0 3 6 a , b ,  c  a n d  M J0 3 7 ) 

a r e  o f  i n t e r m e d i a t e -  t o n a l i t i c  m a jo r  e le m e n t  c h e m is t r y ,  

a n d  t h e r e f o r e  fo rm  p a r t  o f  t h e  m a in  g n e is s  s u i t e .  A 

c o m p le te  a n a ly s i s  o f  o n e  s a m p le  (M J 0 3 7 ) i s  a v a i l a b l e  i n  

t h e  a p p e n d ix ,  b u t  t h e  o t h e r s  w e re  to o  s m a l l  t o  g iv e  

m e a n in g f u l  d a t a .  The r o c k s  a r e  m ed ium  t o  c o a r s e - g r a in e d  

a n d  co m p o se d  e s s e n t i a l l y  o f  c l in o p y r o x e n e ,  

o r th o p y r o x e n e ,  p l a g i o c l a s e ,  + / -  a m p h ib o le ,  + / -  b i o t i t e ,  

+ / -  q u a r t z ,  w i t h  a c c e s s o r y  a p a t i t e ,  z i r c o n ,  a l l a n i t e ,  

s p h e n e , a n d  F e - T i  o x i d e s .  I n c i p i e n t  l a t e r  d e f o r m a t io n  

h a s  o f t e n  c a u s e d  g r a i n - s i z e  r e d u c t io n  a lo n g  o r i g i n a l  

g r a i n  b o u n d a r ie s .



C l in o p y r o x e n e s

M J036 1 1 2

S i0 2 5 1 . 6 2 5 2 . 2 9 5 0 . 6 0 5 1 . 1 7 5 2 . 0 7
T i 0 2 0 . 3 7 0 . 2 8 0 . 3 2 0 . 3 1 0 . 3 4
A l 2° 3 3 . 0 0 2 . 3 8 2 . 8 5 2 . 8 5 3 . 3 2
FeO 9 . 2 8 8 . 8 3 1 0 . 2 4 9 . 8 0 1 0 . 8 1
MnO 0 . 3 5 0 . 1 9 0 . 3 0 0 . 3 1 0 . 2 3
MgO 1 2 . 6 9 1 3 . 1 0 1 2 . 2 5 1 2 . 3 5 1 1 . 9 2
CaO 2 1 . 9 2 2 2 . 2 9 2 1 . 9 3 2 1 . 6 5 2 0 . 1 0
N a20 1 . 0 6 0 . 8 1 0 . 7 0 0 . 7 2 0 . 8 6
T o t a l 1 0 0 . 2 9 1 0 0 .1 7 9 9 . 1 9 9 9 . 1 6 9 9 . 6 5

S i 1 . 9 2 9 1 . 9 4 9 1 . 9 2 2 1 . 9 3 6 1 . 9 5 4
A1 0 . 0 7 1 0 . 0 5 1 0 . 0 7 8 0 . 0 6 4 0 . 0 4 6
A1 0 . 0 6 1 0 . 0 5 4 0 . 0 4 9 0 . 0 6 3 0 . 1 0 1
T i 0 . 0 1 0 0 . 0 0 8 0 . 0 0 9 0 . 0 0 9 0 . 0 1 0
Fe 0 . 2 9 0 0 . 2 7 5 0 . 3 2 5 0 . 3 1 0 0 . 3 3 9
Mg 0 . 7 0 7 0 . 7 2 8 0 . 6 9 3 0 . 6 9 6 0 . 6 6 7
Mn 0.011 0 . 0 0 6 0 . 0 1 0 0 . 0 1 0 0 . 0 0 7
Ca 0 . 8 7 7 0 . 8 9 0 0 . 8 9 2 0 . 8 7 8 0 . 8 0 8
Na 0 . 0 7 7 0 . 0 5 9 0 . 0 5 5 0 . 0 5 3 0 . 0 6 3

O r th o p y r o  x e n e  s 

MJ036 1 1 2

S i°2 5 1 . 8 1 5 2 . 0 8 5 1 . 2 6 5 1 . 6 4 5 1 . 2 6
T i 0 2 - - 0 . 0 7 0 . 0 7 0 . 1 2
A l 2° 3 1 . 3 0 1 . 3 6 1 . 6 8 1 . 6 8 3 . 2 9
FeO 2 4 . 8 1 2 4 . 4 6 2 3 . 9 9 2 4 . 3 8 2 5 . 9 1
MnO 0 . 4 9 0 . 5 5 0 . 7 7 0 . 6 8 0 . 4 9
MgO 2 0 . 4 9 2 0 . 6 5 2 0 . 4 2 2 0 . 3 9 1 7 . 6 2
CaO 0 . 5 0 0 . 3 9 0 . 4 6 0 . 5 4 0 . 9 7
N a 2 0 0 . 6 1 0 . 7 0 - 0 . 0 3 0 . 1 5
T o t a l 1 0 0 . 0 1 1 0 0 .1 9 9 8 . 6 5 9 9 . 4 1 9 9 . 8 1

S i 1 . 9 5 8 1 . 9 6 1 1 . 9 5 6 1 . 9 5 7 1 . 9 4 6
A1 0 . 0 4 2 0 . 0 3 9 0 . 0 4 4 0 . 0 4 3 0 . 0 5 4
A1 0 . 0 1 6 0 . 0 2 1 0 . 0 3 2 0 . 0 3 2 0 . 0 9 3
T i - - 0 . 0 0 2 0 . 0 0 2 0 . 0 0 3
Fe 0 . 7 8 4 0 . 7 7 0 0 . 7 6 6 0 . 7 7 3 0 . 8 2 3
Mg 1 . 1 5 4 1 . 1 5 9 1 .1 6 1 1 . 1 5 2 0 . 9 9 7
Mn 0 . 0 1 6 0 . 0 1 8 0 . 0 2 5 0 . 0 2 2 0 . 0 1 6
Ca 0 . 0 2 0 0 . 0 1 6 0 . 0 1 9 0 . 0 2 2 0 . 0 3 9
Na 0 . 0 4 5 0 . 0 5 1 0 . 0 0 0 0 . 0 0 2 0.011

T a b le  4 . I s  C o m p a r is o n  o f  p y r o x e n e s  f ro m G r u in a r d Bay

g n e is s e s (M J0 3 6 ) w i t h  l i t e r a t u r e d a t a  f o r  g r a n u l i t e s .

( l = R o l l i n s o n ,  1 9 8 1 ; 2 = P r id e  and M u e c k e , 1 9 8 1 )



O r th o p y r o x e n e  i s  f r e s h  o r  a l t e r e d  t o  a c o ro n a  o f  

f i b r o u s  t r e m o l i t i c  a m p h ib o le ,  g i v i n g  w ay o u tw a rd s  t o  a 

m o re  a c t i n o l i t i c  v a r i e t y ,  a n d  i s  o f t e n  s h o t  th r o u g h  w i t h  

v e in s  o f  f i n e - g r a i n e d  " u r a l i t e " ,  p r o b a b ly  s i m i l a r  t o  t h e  

t a l c - t r e m o l i t e  a s s o c ia t io n  d e s c r ib e d  b y  F i e l d  ( 1 9 7 8 ) .  

E le c t r o n  p r o b e  a n a ly s e s  o f  th e  p y ro x e n e  a r e  g iv e n  i n  

T a b le  4 . 1 ,  f r o m  w h ic h  i t  c a n  b e  s e e n  t h a t  i t  i s  

h y p e r s t h e n ic  a n d  c l o s e l y  s i m i l a r  i n  c o m p o s i t io n  t o  th o s e  

o f  t r u e  L e w is ia n  g r a n u l i t e s .

C l in o p y r o x e n e  i s  o f t e n  a s s o c ia t e d  w i t h  h y p e r s th e n e  a n d  

i s  d i o p s i d i c  ( s e e  T a b le  4 . 1 ) ,  u s u a l l y  c e n t r a l l y  f r e s h  

w i t h  a r e t r o g r e s s i v e  f r i n g e  o f  b l u i s h - g r e e n  a m p h ib o le .  

T he  c o e x i s t i n g  o r th o p y r o x e n e -  c l in o p y r o x e n e  p a i r s  may b e  

u s e d  as  t h e  f a m i l i a r  tw o - p y r o x e n e  g e o th e rm o m e te r  (Wood 

a n d  B a n n o , 1 9 7 3 ;  W e l ls  1 9 7 7 ;  W ood, 1 9 7 7 ) ,  a n d  T a b le  4 .2  

l i s t s  a v e ra g e  a n a ly s e s  (n o  z o n in g  was a p p a r e n t )  a n d  

te m p e r a tu r e s  c a l c u l a t e d  b y  b o th  t e c h n iq u e s .  C o m p a r is o n  

o f  t h e  d a ta  w i t h  th o s e  f o r  g r a n u l i t e s  ( R o l l i n s o n ,  1 9 8 1 ) 

s u g g e s ts  t h a t  th e  G r u in a r d  B a y  s a m p le s  e q u i l i b r a t e d  a t  a 

s i g n i f i c a n t l y  lo w e r  t e m p e r a tu r e  ( 7 0 0 - 7 5 0 ° C ) ,  c o n s i s t e n t

w i t h  th e  c o n t in u e d  s t a b i l i t y  o f  h y d ro u s  m in e r a ls .

Opx Cpx
a c p x  = 0 . 0 1 4 9S i °2 5 1 . 9 3 5 1 . 7 8

T i ° 2 - 0 . 2 3
A l 2° 3 1 . 3 0 2 . 8 4 a o p x  = 0 . 3 2 7 1
FeO 2 4 . 3 9 8 . 7 6
MnO 0 . 5 7 0 . 2 7 x o p x  -  0 . 3 7 9 8
MgO 2 0 . 6 1 1 2 . 9 0
CaO 0 . 4 5 2 2 . 5 1 T 1 = 74 4 °C  ( 8 3 4 ° C )
Na20 0 . 5 7 0 . 8 9
T o t a l 9 9 . 8 3 1 0 0 .1 8 T2 = 7 2 3 °C ( 8 4 7 ° C )

S i 1 . 9 6 2 1 . 9 3 3
A l 0 . 0 3 8 0 . 0 6 7
A1 0.020 0 . 0 5 8
T i 0.000 0 . 0 0 7
Fe 0 . 7 7 1 0 . 2 7 4
Mg 1 .1 6 1 0 . 7 1 8
Mn 0 . 0 1 8 0 . 0 0 8
Ca 0 . 0 1 8 0 . 9 0 1
Na 0 . 0 4 2 0 . 0 6 4

T a b le  4 . 2 ;  T w o -p y ro x e n e  g e o th e rm o m e try .

O p x . = a v e ra g e  o r th o p y r o x e n e ;  C p x .  = a v e ra g e  

c l in o p y r o x e n e ,  T ^  u s e s  t h e  e q u a t io n  o f  Wood a n d  B a n n o  

( 1 9 7 3 ) ,  a n d  T 2 u s e s  t h a t  o f  W e l ls  ( 1 9 7 7 ) .  F ig u r e s  i n  

b r a c k e t s  a r e  a v e ra g e  d a ta  f o r  t h e  g r a n u l i t e  f a c i e s ,  

u s in g  t h e  same te c h n iq u e s  ( R o l l i n s o n ,  1 9 8 1 ) .



A m p h ib o le  e x i s t s  as  la r g e  s t r a w - b r o w n  t o  g re e n  

p l e o c h r o i c  p l a t e s  i n  a p p a r e n t  e q u i l i b r i u m  w i t h  

p y r o x e n e .  T he  t y p i c a l  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  

P la t e  4 . 1 a  (s a m p le  M J 0 3 7 ) .  The c o l o u r  o f  th e  h o r n b le n d e  

i s  n o t  t y p i c a l  o f  g r a n u l i t e - f a c i e s  h o r n b le n d e ,  s u c h  as 

t h a t  d e s c r ib e d  b y  D r u r y  ( 1 9 7 4 )  f ro m  C o l l  a n d  T i r e e  w h ic h  

i s  b ro w n .  T h is  d i s t i n c t i v e  c o l o u r  i s  d u e  t o  t h e  

i n c o r p o r a t i o n  o f  l a r g e  a m o u n ts  o f  T i  i n  th e  l a t t i c e  

s t r u c t u r e  (S te p h e n s o n ,  1 9 7 7 ) ,  e n h a n c e d  b y  th e  p r e s e n c e  

o f  new p y r o x e n e s  o f  a c o m p o s i t io n  w h ic h  c a n n o t  

a c c o m m o d a te  th e  T i02 c o n t e n t  o f  t h e i r  p r e c u r s o r  h y d r o u s  

p h a s e s .  T he  c o lo u r  o f  th e  p r im a r y  a m p h ib o le s  a t  G r u in a r d  

B ay m ig h t  r e f l e c t  th e  c o n t in u e d  c o e x is t e n c e  o f  h ig h - T i0 2  

b i o t i t e ,  w h o se  p re s e n c e  w o u ld  r e s t r i c t  t h e  e n t r y  o f  T i  

i n t o  t h e  a m p h ib o le  l a t t i c e .  B i o t i t e  i s  n o t  m e n t io n e d  i n  

t h e  d e s c r i p t i o n  o f  h o r n b le n d e - g r a n u l i t e s  f ro m  C o l l  a n d  

T i r e e  ( D r u r y ,  1973? 1 9 7 4 ) .  A m p h ib o le  m ig h t  t h e r e f o r e  

r e t a i n  t h e  lo w e r - g r a d e  c o lo u r  u n t i l  i t  beco m e s 

e s s e n t i a l l y  th e  o n ly  m a jo r  p h a s e  c a p a b le  o f  a c c o m o d a t in g  

T i .  A l t e r n a t i v e l y ,  t h e  i n c i p i e n t  r e t r o g r e s s i o n  w h ic h  

h a s  c a u s e d  e x s o lu t io n  o f  T i - r i c h  p h a s e s  ( i l m e n i t e  a n d / o r  

s p h e n e , s e e  P la t e  4 . 1 b )  may h a v e  r e s u l t e d  i n  p a r t i a l  

l o s s  o f  an  o r i g i n a l  b ro w n  c o l o u r .  W h a te v e r  th e  r e a s o n ,  

s u c h  a m p h ib o le s  a r e  i n t e r p r e t e d  h e r e  as  p r im a r y  p h a s e s  

a n d  m o s t ly  h a v e  th e  c o m p o s i t io n  o f  f e r r o a n  p a r g a s i t i c  

h o r n b le n d e  ( a f t e r  L e a k e ,  1 9 7 8 ; s e e  T a b le  4 . 3 ) .  T h e y  a r e  

c l o s e l y  c o m a ra b le  t o  o t h e r  h o r n b le n d e - g r a n u l i t e  a n d  

g r a n u l i t e - f a c i e s  a m p h ib o le s ,  as  show n b y  th e  d a ta  ta k e n  

f r o m  t h e  l i t e r a t u r e  ( T a b le  4 . 3 ) .  S te p h e n s o n  ( 1 9 7 7 )  fo u n d  

t h a t  t h e  c a t i o n  p r o p o r t i o n  o f  T i  in c r e a s e s  i n  

g r a n u l i t e - f a c i e s  r o c k s  i n  a m a n n e r e s s e n t i a l l y  

in d e p e n d e n t  o f  w h o le - r o c k  c o m p o s i t io n ,  a n d  c i t e d  d a ta  o f  

B in n s  ( 1 9 6 9 )  a n d  R aase  ( 1 9 7 4 )  i n  s u p p o r t .  H is  d a ta  

s u g g e s t  t h a t  t h e  a m p h i b o l i t e - g r a n u l i t e  b o u n d a ry  i s  

m a rk e d  b y  a  T i  c a t io n  p r o p o r t i o n  o f  a p p r o x im a t e ly  0 . 2 .  

T h is  v a lu e  c o m p a re s  w e l l  w i t h  th o s e  o f  a m p h ib o le s  f ro m  

G r u in a r d  B a y , a s  i l l u s t r a t e d  on  F i g .  4 . 1 a .
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PLATE 4.1 M IN ERAL  A S SE M B L A G E S



A m p h ib o l i t e
^ F a c ie s M J036

A m p h d b o le s •

G r a n u l i t e
F a c ie s ^ *

S i0 2 4 2 . 7 3 4 2 . 7 8 42.91 4 2 . 9 6 4 3 . 3 2
A l 2° 3 1 0 . 7 1 1 1 . 2 8 1 1 . 2 9 1 1 .1 4 1 0 . 8 0
FeO 1 6 . 0 2 1 3 .1 4 1 2 . 2 0 1 2 . 6 2 1 7 . 8 5

F e2 ° 3 2 . 4 1 0 . 7 9 1 . 2 1 0 . 6 6 0 . 4 9
MgO 9 . 5 1 1 1 .4 0 1 1 .9 5 1 1 .9 6 8 . 8 3
MnO 0 . 5 5 0 . 1 3 0 . 3 2 0 . 0 5 0 . 3 0
T i 0 2 1 . 3 6 1 . 9 2 1 . 9 4 2 . 0 2 2 . 0 2
CaO 1 1 .8 1 1 1 . 3 9 1 1 . 3 3 1 1 . 5 2 1 1 .4 4
Na20 1 . 4 0 1 . 5 9 1 . 7 1 1 . 6 6 1 . 5 4
k 2o 1 . 3 7 1 . 7 2 1 . 7 1 1 . 6 7 1 . 6 4
T o t a l 9 7 . 8 7 9 6 . 1 4 9 6 . 5 7 9 6 . 2 6 9 8 . 2 3

S i 6 . 4 6 2 6 . 4 6 4 6 . 4 4 0 6 . 4 6 5 6 . 5 3 5
A1 1 . 5 3 8 1 . 5 3 6 1 . 5 6 0 1 . 5 3 5 1 . 4 6 5
A1 0 . 3 7 2 0 . 4 7 3 0 . 4 3 8 0 . 4 4 1 0 . 4 5 6
T i 0 . 1 5 5 0 . 2 1 8 0 . 2 1 9 0 . 2 2 9 0 . 2 2 9
F e 3 0 . 2 7 4 0 . 0 9 0 0 . 1 3 7 0 . 0 7 4 0 . 0 5 5
Mg 2 . 1 4 3 2 . 5 6 7 2 . 6 7 3 2 . 6 8 2 1 . 9 8 5
Fe2 2 . 0 2 6 1 . 6 4 2 1 . 5 3 1 1 . 5 7 4 2 . 2 5 2
F e 2 - 0 . 0 0 9 — 0 . 0 1 5 —

Mn 0 . 0 3 0 - 0 . 0 0 2 - 0 . 0 2 3
Mn 0 . 0 4 0 0 . 0 1 7 0 . 0 3 9 0 . 0 0 6 0 . 0 1 6
Ca 1 . 9 1 4 1 . 8 4 4 1 . 8 2 2 1 . 8 5 8 1 . 8 4 9
Na 0 . 0 4 6 0 . 1 3 0 0 . 1 3 9 0 . 1 2 1 0 . 1 3 5
Na 0 . 3 6 4 0 . 3 3 5 0 . 3 5 9 0 . 3 6 3 0 . 3 1 5
K 0 . 2 6 4 0 . 3 3 2  0 . 3 2 7  

B i o t i t e s .

0 . 3 2 1 0 . 3 1 6

S i ° 2 3 8 . 4 2 3 6 . 5 9 35751— 3 6 . 4 9 3 9 . 1 2
T i 0 2 3 . 3 3 4 . 4 8 4 . 3 4 4 . 3 9 4 . 3 8
a i 2 o3 1 4 . 6 2 1 4 . 4 6 1 4 . 4 3 1 4 . 5 3 1 4 . 0 3
FeO 1 8 . 5 0 1 6 . 3 7 1 6 . 5 5 1 6 . 0 4 1 9 . 5 0
MnO 0 . 3 4 0 . 1 3 - 0 . 1 7 0 . 1 4
MgO 1 1 . 6 3 1 3 . 0 3 1 2 . 5 7 1 3 . 0 5 1 0 . 5 6
CaO 0 . 3 8 — — — 0 . 2 7
Na^O 0 . 2 4 0 . 3 3 0 . 1 5 0 . 2 6 0 . 2 6
k 2o 9 . 2 3 9 . 7 8 1 0 . 0 7 9 . 9 0 9 . 1 9
T o t a l 9 6 . 6 9 9 5 . 1 7 9 4 . 9 2 9 4 . 8 3 9 7 . 4 5

S i 5 . 7 3 7 5 . 5 4 1 5 . 5 9 2 5 . 5 4 2 5 . 8 0 7
A1 2 . 2 6 3 2 . 4 5 9 2 . 4 0 8 2 . 4 5 8 2 . 1 9 3
A1 0 . 3 1 0 0 . 1 2 2 0 . 1 7 6 0 . 1 4 2 0 . 2 6 1
T i 0 . 3 7 4 0 . 5 1 0 0 . 4 9 6 0 . 5 0 1 0 . 4 8 9
Fe 2 . 3 1 0 2 . 0 7 3 2 . 1 0 3 2 . 0 3 7 2 . 4 2 1
Mn 0 . 0 4 3 0 . 0 1 7 - 0 . 0 2 2 0 . 0 1 8
Mg 2 . 5 8 9 2 . 9 4 1 2 . 8 4 6 2 . 9 5 4 2 . 3 3 6
Ca 0 . 0 6 1 — - — 0 . 0 4 3
Na 0 . 0 6 9 0 . 0 9 7 0 . 0 4 4 0 . 0 7 7 0 . 0 7 5
K 1 . 7 5 8 1 . 8 8 9 1 . 9 5 1 1 .9 1 8 1 . 7 4 0

Tab l e 4 . 3 :  C o m p a r is o n  o f " p r im a r y " a m p h ib o le s  and

b i o t i t e s  f ro m  G r u in a r d  B a y  (M J 0 3 6 )  w i t h  l i t e r a t u r e

d a t a  f o r  a m p h i b o l i t e -  and g r a n u l i t e - f a c i e s  m in e r a ls .  

( lD a t a  f ro m  S te p h e n s o n ,  1 9 7 7 ) .
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F ig u r e  4 . 1 ;  D ia g r a m a t ic  c o m p a r is o n  o f  " p r im a r y 11 
a m p h ib o le  (A )  a n d  b i o t i t e  (B )  f r o m  G r u in a r d  B ay 

g n e is s e s  w i t h  l i t e r a t u r e  d a t a  f o r  a m p h i b o l i t e - f a c ie s  and  

g r a n u l i t e - f a c i e s  m in e r a ls  (S te p h e n s o n ,  1 9 7 7 ) .

(o p e n  c i r c l e s  = a m p h ib o l i t e  f a c i e s ,  o p e n  t r i a n g l e s  = 

g r a n u l i t e  f a c i e s ,  c lo s e d  c i r c l e s  = G r u in a r d  B a y ) .

B i o t i t e  e x i s t s  as  s i m i l a r  l a r g e  p l a t e s ,  a p p a r e n t ly  

p e r f e c t l y  s t a b l e  ( s e e  P la t e  4 . 1 a ) ,  w i t h  th e  d e e p  

r e d - b r o w n  c o l o u r  t y p i c a l  o f  g r a n u l i t e - f a c i e s  b i o t i t e s  

( e . g . , L e e la n a n d u m , 1 9 7 0 ;  S te p h e n s o n ,  1 9 7 7 ) .  C o m p a r is o n  

o f  t h e i r  c h e m is t r y  w i t h  t h a t  o f  b i o t i t e s  s t a b le  i n  o t h e r  

h o r n b le n d e - g r a n u l i t e  o r  g r a n u l i t e - f a c i e s  r e g im e s  ( T a b le  

4 . 3 )  a l s o  r e v e a ls  a c lo s e  s i m i l a r i t y ,  e s p e c i a l l y  i n  t h e  

h ig h  T i02 c o n c e n t r a t io n ,  w h ic h  in c r e a s e s  to w a r d s  

g r a n u l i t e - f a c i e s  c o n d i t i o n s ,  in d e p e n d a n t  o f  w h o le - r o c k  

c o m p o s i t io n ,  f o r  r e a s o n s  s i m i l a r  t o  th o s e  g iv e n  a b o v e  

f o r  a m p h ib o le  ( s e e  F i g .  4 . 1 b ) .  T h e s e  l a r g e  p l a t e s  o f  

r e d - b r o w n ,  h ig h  T i02 b i o t i t e  a r e  t h e r e f o r e  a l s o  

i n t e r p r e t e d  a s  p r im a r y ,  s t a b l e  i n  a s s o c ia t io n  w i t h  tw o  

p y r o x e n e s  a n d  a m p h ib o le  i n  h o r n b le n d e - g r a n u l i t e  f a c ie s  

c o n d i t i o n s  d u r in g  t h e  e a r l y  m e ta m o rp h is m  o f  th e  a r e a .

P la g io c la s e  i s  a b u n d a n t ,  o f t e n  c o n s t i t u t i n g  c .  50% o f  

t h e  r o c k  a n d  i s  a c o a r s e - g r a in e d  v a r i e t y  a p p r o x im a t in g  

t o  An^Q ( T a b le  4 . 4 ) .  T h e  d i s t r i b u t i o n  o f  C a A l2S i20g 

b e tw e e n  p l a g i o c l a s e  and  c l in o p y r o x e n e  i n  a s s o c i a t io n  

w i t h  q u a r t z  m ay b e  u s e d  a s  a g e o b a ro m e te r  ( W e l l s ,  1 9 7 7 ;  

R o l l i n s o n ,  1 9 8 1 ) ,  w h ic h  i s  s u m m a ris e d  i n  T a b le  4 . 4 .  

U n f o r t u n a t e l y ,  t h e  a s s e m b la g e  i n  s a m p le  M J036 c o n s t r a in s  

t h e  p r e s s u r e  o n ly  l o o s e l y .  I t  i s  d e p e n d a n t u p o n  t h e



P la g io c la s e  a n a ly s e s .

S i0 2 5 7 . 5 0 5 7 . 4 3 5 7 . 3 0 5 7 . 6 5 5 7 . 9 0
A l 2° 3 2 6 . 3 6 2 6 . 7 1 2 6 . 5 5 2 6 . 5 6 2 6 . 9 3
CaO 8 . 7 8 8 . 7 0 8 . 7 4 8 . 7 0 8 . 7 4
N a 20 6.22 6 . 6 0 6 . 4 1 6 . 3 0 6 . 7 5
k 2 o 0 . 1 6 0 . 2 5 0 . 1 3 0.00 0.12
T o t a l 9 9 . 0 2 9 9 . 6 9 9 9 . 1 3 9 9 . 2 1 1 0 0 . 4 4

S i 1 0 . 3 8 7 1 0 . 3 2 6 1 0 . 3 4 7 1 0 . 3 8 2 1 0 . 3 2 8
A l 5 . 6 1 1 5 . 6 5 9 5 . 6 5 0 5 . 6 1 8 5 . 6 6 0
A l 0.000 0.000 0.000 0 . 0 1 8 0.000
Ca 1 . 6 9 9 1 . 6 7 6 1 . 6 9 1 1 . 6 7 9 1 . 6 7 0
Na 2 . 1 7 8 2 . 3 0 1 2 . 2 4 4 2.200 2 . 3 3 4
K 0 . 0 3 7 0 . 0 5 7 0 . 0 3 0 0.000 0 . 0 2 7

AB 5 5 . 6 5 5 7 . 0 3 5 6 . 6 0 5 6 . 7 2 5 7 . 9 0
AN 4 3 . 4 1 4 1 . 5 5 4 2 . 6 5 4 3 . 2 8 4 1 . 4 3
OR 0 . 9 4 1 . 4 2 0 . 7 6 0.00 0.68

A v e ra g e  c l in o p y r o x e n e  and p l a g i o c l a s e  a n a ly s e s .

S i0 2 5 1 . 7 8 5 7 . 5 6
Ti°2 0 . 1 9 -
A l 2° 3 2 . 5 3 2 6 . 6 2
FeO 8 . 7 6 -
MnO 0 . 2 4 -

MgO 1 2 . 9 8 -

CaO 2 2 . 3 9 8 . 7 3
Na^O 0 . 8 5 6 . 4 6
k 2 o - 0 . 1 3
T o t a l 9 9 . 7 3 9 9 . 5 0

S i 1 . 9 4 2 AB 5 6 . 7 9
A l 0 . 0 5 8 AN 4 2 . 4 5
A l 0 . 0 5 3 OR 0 . 7 6
T i 0 . 0 0 5
Fe 0 . 2 7 5
Mg 0 . 7 2 5
Mn 0 . 0 0 8
Ca 0 . 9 0 0
Na 0 . 0 6 2

P r e s s u r e  e s t im a t e s .

a )  J a d e i t e  c a l c u la t e d  f i r s t  (m in im u m  p r e s s u r e  e s t i m a t e ) ,  
a p la g  -  0 . 4 2 4 5 ?  a c P x = 0 . 0 1 9
A t  T = 7 4 4 ° C / P = 6 . 4  K b .
A t  T = 7 2 3 °C,  P = 6 .6  K b .  M ean v a lu e  = 6 .5  K b .

b )  A c m ite  c a l c u la t e d  f i r s t  (m axim um  p r e s s u r e  e s t i m a t e ) .  
aP l a 9 = 0 . 4 2 4 5 ?  a c Px = 0 . 0 5
A t  T = 7 4 4 ° C ,  P = 1 2 . 0  K b .
A t  T =  723 °C,  P = 1 2 . 0  K b . Mean v a lu e  = 1 2 . 0  Kb .

T a b le  4 . 4 ;  P la g io c la s e  a n a ly s e s  f ro m  h o r n b le n d e - g r a n u l i t e

f a c ie s  s a m p le s ,  and p la g io c l a s e - c l i n o p y r o x e n e - q u a r t z

geo b  a r o m e t r y



o r d e r  i n  w h ic h  th e  p y ro x e n e  end  m em bers a r e  c a l c u l a t e d  

( e s s e n t i a l l y  how  m uch A1 i s  a s s ig n e d  t o  t h e  j a d e i t e  

c o m p o n e n t) ,  and  l i m i t i n g  c a s e s  c a n  b e  o b t a in e d  b y  

c a l c u l a t i n g  j a d e i t e  f i r s t  ( a f t e r  C a w th o rn  a n d  C o l le r s o n ,  

1 9 7 4 )  o r  a c m ite  f i r s t .  T he  p r e s s u r e  ra n g e  g e n e r a te d  i n  

t h i s  w ay f o r  th e s e  p a r t i c u l a r  c o m p o s i t io n s  i s  6 .5  t o  

1 2 . 0  K b . T he  p r e l i m i n a r y  P /T  d a ta  f ro m  t h i s  s tu d y  i s  

c o m p a re d  w i t h  t h e  w e l l - c o n s t r a i n e d  g r a n u l i t e - f a c i e s  

m e ta m o rp h is m  i n  F i g .  4 . 2 .

F ig u r e  4 . 2 ;  P r e s s u r e - te m p e r a tu r e  g r i d  c o m p a r in g  

B a d c a l l i a n  m e ta m o rp h ic  c o n d i t i o n s  a t  G r u in a r d  B a y  w i t h  

th o s e  o f  t h e  g r a n u l i t e  f a c i e s .

K - f e ld s p a r  i s  r a r e ,  o c c u r r in g  o n ly  as  e x s o l u t io n  b le b s  

i n  p l a g i o c l a s e ,  e x c e p t  i n  t h e  i n t e r m e d ia t e  g n e is s e s  a n d  

t r o n d h je m i t e s  w h e re  i t  o c c u r s  m o re  co m m o n ly  as  d i s c r e t e  

g r a i n s .

T he  g r a i n  b o u n d a r ie s  o f  b o t h  f e ld s p a r s  a r e  o f t e n  

r a g g e d ,  a s  a r e s u l t  o f  i n c i p i e n t  l a t e r  d e f o r m a t io n ,  a n d  

u n d u la t o r y  e x t i n c t i o n  i s  com m on. I n  h a n d  s p e c im e n  th e y  

show  th e  d a r k  g r e y - g r e e n  c o lo u r  t y p i c a l  i n  c h a r n o c k i t i c  

g r a n u l i t e s  t o  th e  n o r t h .

Q u a r tz  h a s  a d a r k  o p a le s c e n c e  i n  h a n d  s p e c im e n , a n d  i s  

t r a v e r s e d  b y  m any m in u te  n e e d le s  i n  an e x a c t l y  s i m i l a r  

w a y  t o  q u a r t z  f r o m  L e w is ia n  g r a n u l i t e s .  T he  o n ly



d i f f e r e n c e  i s  t h e  a b u n d a n c e  o f  t h e  r o d s ,  w h ic h  a re  fe w e r  

a t  G r u in a r d  B a y . I f  t h e  ro d s  a r e  r u t i l e  ( t h e y  a r e  so  

s m a l l  p o s i t i v e  i d e n t i f i c a t i o n  i s  im p o s s ib le ) ,  a r e a d y  

e x p la n a t i o n  o f  t h e i r  r e s t r i c t e d  o c c u r r e n c e  a t  G r u in a r d  

B a y i s  t h e  c o n t in u e d  s t a b i l i t y  o f  t i t a n i f e r o u s  

h o r n b le n d e  a n d  b i o t i t e .

A c c e s s o r y  p h a s e s  s u c h  as  a p a t i t e  a n d  z i r c o n  a r e  a ls o  

s t a b l e  i n  t h e  g r a n u l i t e  f a c ie s  ( s e e  b e l o w ) .  H o w e v e r, 

s m a l l ,  e u h e d r a l  g r a in s  o f  a l l a n i t e  a r e  p r e s e n t  i n  th e  

p r im a r y  p h a s e s  a t  G r u in a r d  B a y , s u r ro u n d e d  b y  p l e o c h r o i c  

h a lo e s  w h ic h  p r o v id e  e v id e n c e  o f  a s u b s t a n t i a l  U a n d /o r  

Th c o n t e n t .

A l t h o u g h  i t  i s  a l a r g e  s te p  f ro m  t h e  r e c o g n i t i o n  o f  

l o c a l  h o r n b le n d e - g r a n u l i t e  f a c ie s  r o c k s  t o  th e  a s s e r t i o n  

t h a t  t h i s  w as t h e  o r i g i n a l  m e ta m o rp h ic  g ra d e  o f  t h e  

w h o le  a r e a ,  e v id e n c e  t h a t  t h e  m o re  t y p i c a l  

a m p h i b o l i t e - f a c i e s  r o c k s  a ls o  o n c e  c o n t a in e d  p y r o x e n e s ,  

p r im a r y  a m p h ib o le  a n d  b i o t i t e  w i l l  now  be  p r e s e n te d .

A m p h ib o l i t e  f a c i e s  m in e r a lo g y .

P y ro x e n e  i s  n o t  p r e s e r v e d  i n  t h e  a m p h i b o l i t e - f a c ie s  

r o c k s ,  b u t  e v id e n c e  o f  i t s  f o r m e r  e x is t e n c e  i s  p r o v id e d  

b y  common a m p h ib o J L e -q u a r tz  s y m p le c t i t e s  ( P la t e  4 . 1 c ) ,  

s i m i l a r  t o  th o s e  w h ic h  h a v e  b e e n  i n t e r p r e t e d  b y  o t h e r  

w o r k e r s  ( D r u r y ,  1974? S i l l s ,  1 9 8 3 )  a s  b e in g  p y r o x e n e -  

d e r i v e d .

A m p h ib o le  a l s o  e x i s t s  as  la r g e  c r y s t a l s  w i t h  a b u n d a n t 

e x s o lv e d  T i - r i c h  p h a s e s ,  ( i l m e n i t e ,  r u t i l e  o r  sphe ne?  

P la t e  4 . 1 b ) ,  w h o se  p r e s e n c e  s u g g e s ts  an  o r i g i n  a s  th e  

c o m p a r a t iv e ly  h i g h - T i02 p a r g a s i t i c  h o r n b le n d e s  d e s c r ib e d  

a b o v e .  H o w e v e r, th e  tw o  a m p h ib o le  t y p e s  a r e  now 

c h e m ic a l ly  s i m i l a r  ( T a b le  4 . 5 ) ,  p r o b a b ly  d u e  t o  

r e - e q u i l i b r a t i o n  u n d e r  t h e  lo w e r - g r a d e  c o n d i t i o n s  

im p o s e d  d u r in g  r e t r o g r e s s i o n .  N e v e r t h e le s s ,  th e  common 

c o e x is t e n c e  o f  tw o  t e x t u r a l l y  d i s t i n c t  v a r i e t i e s  may b e  

u s e d  a s  a m in e r a lo g ic a l  b a s is  f o r  th e  p r o p o s a l  t h a t  th e  

n o w - lo c a l i s e d  h o r n b le n d e - g r a n u l i t e  f a c ie s  w as o n c e  

w id e s p r e a d  a t  G r u in a r d  B a y . S u p p o r t iv e  g e o c h e m ic a l  

e v id e n c e  w i l l  b e  d e s c r ib e d  i n  d e t a i l  b e lo w .



A m p h ib o le - q u a r t z
s y m p le c t i t e s

A m p h ib o le ,  e x s o lv e d  
T i - r i c h  p h a s e s .

S i0 2 4 5 . 0 3 4 5 . 2 0 4 4 . 7 8 4 4 . 0 7 4 3 . 7 8 4 4 . 5 6

a 1 2 ° 3 1 0 . 7 8 1 0 . 8 3 1 0 . 7 1 1 1 .4 8 1 1 .4 8 1 0 . 8 2
FeO 1 3 . 8 0 1 3 . 3 5 1 3 . 1 7 1 4 . 6 3 1 5 . 2 7 1 5 . 1 6

F e 2 ° 3 2 . 1 6 2 . 2 3 3 . 2 1 2.20 1 . 5 0 1.00
MgO 1 1 . 4 2 1 1 .4 0 1 1 .4 6 1 0 . 5 0 1 0 .1 3 1 0 . 6 9
MnO 0 . 2 7 0 . 2 8 0 . 2 4 0 . 3 1 0 . 3 6 0 . 3 7
T i 0 2 0 . 2 5 0.22 0 . 2 3 0 . 4 4 0 . 5 9 0 . 5 5
CaO 12.02 1 1 . 7 2 1 2 . 0 7 12.01 1 1 .8 7 1 2 . 0 9
N a 20 1 . 6 9 1 . 5 1 1 . 5 9 1 . 6 2 1 . 7 1 1 . 7 1
k 2 o 0 . 7 9 0 . 7 2 0 . 7 3 0 . 8 9 0 . 8 1 0 . 8 1
T o t a l 9 8 . 2 1 9 7 . 4 5 9 8 . 1 8 9 8 . 1 4 9 7 . 5 0 9 7 . 7 6

S i 6 . 6 5 0 6 . 6 9 6 6 . 6 1 5 6 . 5 5 1 6 . 5 6 0 6 . 6 4 4
A l 1 . 3 5 0 1 . 3 0 4 1 . 3 8 5 1 . 4 4 9 1 . 4 4 1 1 . 3 5 6
A1 0 . 5 2 7 0 . 5 8 7 0 . 4 8 0 0 . 5 6 3 0 . 5 8 7 0 . 5 4 6
T i -a 0 . 0 2 8 0 . 0 2 5 0 . 0 2 6 0 . 0 4 9 0 . 0 6 7 0 . 0 6 2
F e J 0 . 2 4 0 0 . 2 4 8 0 . 3 5 6 0 . 2 4 6 0 . 1 7 0 0.112
Mg 2 . 5 1 3 2 . 5 1 7 2 . 5 2 3 2 . 3 2 6 2 . 2 6 2 2 . 3 7 5
F e 2 1 . 6 9 2 1 . 6 2 4 1 . 6 1 5 1 . 8 1 7 1 .9 1 3 1 . 8 9 1
F e 2 0.012 0 . 0 3 0 0.012 0.002 0.002 0 . 0 1 5
Mn 0 . 0 3 4 0 . 0 3 5 0 . 0 3 0 0 . 0 3 9 0 . 0 4 4 0 . 0 3 2
Ca 1 . 9 0 2 1 . 8 6 0 1 .9 1 1 1 .9 1 3 1 . 9 0 6 1 . 9 3 2
Na 0 . 0 5 2 0 . 0 7 5 0 . 0 4 8 0 . 0 4 7 0 . 0 5 0 0 . 0 3 7
Na 0 . 4 3 2 0 . 3 5 9 0 . 4 0 8 0 . 4 2 0 0 . 4 4 6 0 . 4 5 8
K 0 . 1 4 9 0 . 1 3 6 0 . 1 3 8 0 . 1 6 9 0 . 1 5 5 0 . 1 5 4

T a b le  4 . 5 :  C o m p a r is o n  o f  t e x t u r a l l y - d i s t i n c t  a m p h ib o le  

c o m p o s i t io n s  f ro m  a m p h i b o l i t e - f a c ie s  s a m p le s .

B i o t i t e  m ay b e  d i v id e d  i n t o  tw o  s i m i l a r  p o p u la t i o n s ,  

o n e  p e rh a p s  t h e  r e s u l t  o f  r e t r o g r e s s i o n  o f  p y r o x e n e s ,a n d  

t h e  o t h e r  d e r i v e d  f ro m  t h e  h i g h - T i  p r im a r y  b i o t i t e  

d e s c r ib e d  a b o v e ,  a n d  now r i c h  i n  e x s o lv e d  i l m e n i t e  

a n d / o r  s p h e n e  ( F i g .  4 . 1 b ) .  I n  some s a m p le s  w h ic h  h a v e  

b e e n  r e t r o g r e s s e d  t o  a lo w e r  g r a d e ,  p r e h n i t e  fo rm s  a lo n g  

t h e  c le a v a g e  d i r e c t i o n s .

P la g io c la s e  re s p o n d s  t o  r e t r o g r e s s i o n  b y  f o r m in g  

a b u n d a n t  z o i z i t i c  e p id o t e ,  i n i t i a l l y  as t i n y  i n c lu s io n s  

w h ic h  r a p i d l y  g ro w  a n d  d o m in a te  w h a t  was o n c e  p e r f e c t l y  

f r e s h  p l a g i o c l a s e .  T he  e x t e n t  o f  i t s  d e v e lo p m e n t  i s  

v a r i a b l e ,  g e n e r a l l y  b e in g  g r e a t e s t  i n  lo w e r — g ra d e  r o c k s  

o f  th e  e p id o t e - a m p h ib o l i t e  o r  g r e e n s c h is t  f a c ie s .

Q u a r tz  i s  e s s e n t i a l l y  i n e r t  t o  th e  r e t r o g r e s s i v e  

p r o c e s s e s ,  l o c a l l y  r e t a i n i n g  th e  m in u te  ro d s  a n d  n e e d le s



w h ic h  c h a r a c t e r is e  th e  h ig h - g r a d e  a s s e m b la g e .

A c c e s s o r y  p h a s e s  z i r c o n ,  a p a t i t e  and  a l l a n i t e  r e m a in  

s t a b l e ,  b u t  an im p o r t a n t  r e s u l t  o f  r e t r o g r e s s i o n  a l r e a d y  

i n t i m a t e d  i s  t h e  p r o d u c t i o n  o f  a b u n d a n t s e c o n d a ry  

s p h e n e . N one h a s  b e e n  r e c o r d e d  i n  th e  s a m p le s  w i t h  

r e l i c t  S c o u r ia n  m in e r a lo g y .

I n  s a m p le  M J1 1 8 , an  i n t e r e s t i n g  a s s o c i a t io n  o f  

r e t r o g r e s s i v e  m in o r  m in e r a ls  c o n s is t s  o f  an  a g g r e g a te  o f  

f i n e - g r a i n e d  a p a t i t e  a n d  a l l a n i t e .  T h is  m ig h t  b e  

i n t e r p r e t e d  as  a d e r i v a t i v e  a s s e m b la g e  f r o m  p r im a r y  

m o n a z i te ,  w h o se  o r i g i n a l  p r e s e n c e  h a s  im p a r te d  a LREE, 

T h  a n d  U - r i c h  c h a r a c t e r  t o  t h e  w h o le - r o c k  g e o c h e m is t r y  

a n d  h a s  i n t e r e s t i n g  c o n s e q u e n c e s  f o r  r a d io e le m e n t  

d e p le t i o n  w h ic h  w i l l  b e  d is c u s s e d  l a t e r .

G r e e n s c h is t  f a c ie s  m in e r a lo g y .

T h e s e  r e p r e s e n t  t h e  m o s t e x t e n s i v e l y  r e t r o g r e s s e d  

r o c k s  i n  t h e  s a m p le  s u i t e  a n d  a r e  r e l a t i v e l y  r a r e  (3  

s a m p le s ) .  T he  b e s t  d e v e lo p e d  g r e e n s c h is t  f a c ie s  

a s s e m b la g e  i s  p r e s e r v e d  i n  s a m p le  MJ165 and  c o n s is t s  o f  

r a r e  h o r n b le n d e ,  e p id o t e ,  c h l o r i t e ,  c a l c i t e  a n d  q u a r t z .  

P l a g io c la s e - d e r i v e d  e p id o t e  i s  a b u n d a n t,  as  e u h e d r a l  

c r y s t a l s  o r  i n  a g g r e g a te s ,  o f t e n  in t e r g r o w n  w i t h  

c h l o r i t e  a n d  c a l c i t e .  A t y p i c a l  f i e l d  o f  v ie w  i s  

i l l u s t r a t e d  i n  P la t e  4 . I d .  S in c e  i t  i s  im p o s s ib le  t o  

d e r i v e  a n y  m e a n in g fu l  i n f o r m a t io n  a b o u t  t h e  o r i g i n a l  

m in e r a lo g y  f ro m  e q u i l i b r a t e d ,  lo w - g r a d e  r o c k s  o f  t h i s  

n a t u r e ,  t h e y  w i l l  b e  d is c u s s e d  n o  f u r t h e r ,  e x c e p t  w h e re  

c o n s id e r in g  t h e  g e o c h e m ic a l e f f e c t s  o f  r e t r o g r e s s i o n .

4 . 2  F i s s i o n - t r a c k  d e t e r m in a t i o n  o f  t h e  d i s t r i b u t i o n  o f  

u r a n iu m

S in c e  th e  L e w is ia n  C o m p le x  h a s  b e e n  s u b je c t  t o  a ra n g e  

o f  m e ta m o rp h ic  c o n d i t i o n s  s u b s e q u e n t  t o  t h a t  w h ic h  i s  o f  

p a r t i c u l a r  i n t e r e s t  t o  t h i s  t h e s i s ,  t h e r e  c a n  b e  l i t t l e  

c o n f id e n c e  i n  r e l a t i n g  s u b t l e  c h a n g e s  i n  U d i s t r i b u t i o n  

d i r e c t l y  t o  t h e  B a d c a l l i a n  m e ta m o rp h ic  e p is o d e .  

N e v e r t h e le s s ,  f i s s i o n - t r a c k  r a d io g r a p h y  i s  s t i l l  o f  

p a r t i c u l a r  u s e  i f  ju d g e m e n ts  a b o u t  m in e r a l  s t a b i l i t y



d u r in g  t h e  e a r l y  m e ta m o rp h is m  o r  r e t r o g r e s s i o n  c a n  b e  

b a s e d  o n  in d e p e n d a n t  c r i t e r i a .  I t  seem s r e a s o n a b le  t o  

e x p e c t  t h a t  i d e n t i f i c a t i o n  o f  th e  u r a n i f e r o u s  p h a s e s  

s t a b le  i n  th e  h o r n b le n d e - g r a n u l i t e  f a c ie s  s h o u ld  be  

p o s s i b l e ,  a n d  i t  i s  t o  t h i s  end  t h a t  th e  f i s s i o n - t r a c k  

w o rk  i s  d i r e c t e d .  T he  c o m p a r a t iv e  s u i t e  o f  g r a n u l i t e s  

i s  a l s o  c o n s id e r e d ,  t o  h e lp  d e f in e  th e  m in e r a lo g ic a l  

h o s t s  o f  t h e  in c r e a s e d  U (a n d  T h )  c o m p le m e n ts  a t  

G r u in a r d  B ay ( s e e  b e l o w ) .

G r u in a r d  B a y g n e i s s e s .

S i x  u r a n i f e r o u s  m in e r a ls  h a v e  b e e n  i d e n t i f i e d  i n  t h e  

s u i t e  o f  s a m p le s  f ro m  G r u in a r d  B a y , a l l  a c c e s s o r y  

p h a s e s :  m o n a z ite  ( o r  i t s  r e t r o g r e s s i v e  e q u iv a le n t s ) ,  

z i r c o n ,  a p a t i t e ,  a l l a n i t e ,  s p h e n e  a n d  e p id o t e .  T h is  i s  a 

c o n s id e r a b le  ra n g e  c o n s id e r in g  t h e  U - d e p le te d  n a t u r e  o f  

t h e  h o s t  r o c k s  ( s e e  b e l o w ) .  A l l a n i t e ,  r e t r o g r e s s e d  

m o n a z ite  a n d  z i r c o n  a r e  i l l u s t r a t e d  i n  t y p i c a l  h a b i t  i n  

P la t e  4 . 2 a ,  b ,  c ,  a n d  d ,  w i t h  a s s o c ia t e d  L e x a n  p l a s t i c  

o v e r la y s  w h e re  a p p r o p r ia t e .  The o t h e r s  a r e  so  

p o o r l y - u r a n i f e r o u s  t h a t  p h o to g r a p h y  w as n o t  a t te m p te d .  

E a ch  i s  b r i e f l y  d e s c r ib e d ,  i n  t u r n ,  b e lo w .

M o n a z ite  p r o b a b ly  o n c e  e x i s t e d  i n  s a m p le  M J1 1 8 , b u t  

i s  o t h e r w is e  r e l a t i v e l y  r a r e  i n  th e  s a m p le  s u i t e .  T he  

p r o d u c ts  o f  i t s  r e t r o g r e s s i o n ,  a f i n e - g r a i n e d  a g g r e g a te  

o f  a p a t i t e  a n d  a l l a n i t e ,  a r e  b e tw e e n  th e m  c a p a b le  o f  

a c c o m o d a t in g  a l l  t h e  o r i g i n a l  c o m p o n e n ts  ( e s s e n t i a l l y  

LREE, U , T h  a n d  p h o s p h a te ) ,  s o  i t  i s  t h o u g h t  u n l i k e l y  

t h a t  t h e  c h e m ic a l  m ic r o s y s te m  w as o p e n  m uch b e y o n d  t h i s  

m in e r a lo g ic a l  s c a le  d u r in g  r e t r o g r a d e  r e a c t i o n .  

N e v e r t h e le s s ,  th e  o r i g i n a l  p r e s e n c e  o f  m o n a z i te  i n  some 

o f  t h e  m o re  a c i d i c  r o c k s  i s  im p o r t a n t ,  s in c e  i t  c a n  

a c c o m o d a te  a s u b s t a n t i a l  U , Th a n d  LREE c o m p o n e n t,  a n d  

w i l l  t h e r e f o r e  i n f l u e n c e  t h e  p r o g r e s s  o f  r a d io e le m e n t  

d e p le t i o n  on  i t s  h o s t .

Z i r c o n  i s  an  u b iq u i t o u s  u r a n i f e r o u s  p h a s e  i n  th e  

L e w is ia n  g n e is s e s  f ro m  G r u in a r d  B a y , a n d  v a r ie s  f r o m  

e u h e d r a l  o r  s u b h e d r a l  c r y s t a l s  w i t h  m a r k e d ly  

h e te r o g e n e o u s  U d i s t r i b u t i o n  t o  r e l a t i v e l y  l a r g e ,  o v o id
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v a r i e t i e s  w i t h  a m ore  h o m o g e n e o u s  U d i s t r i b u t i o n .  T he  

l a t t e r  seem  s i m i l a r  t o  t h e  m e ta m o rp h ic  z i r c o n s  d e s c r ib e d  

b y  P id g e o n  a n d  Bowes ( 1 9 7 2 )  a n d  L y o n  e t  a l .  ( 1 9 7 3 ) .  

A l t h o u g h  i t  i s  t e m p t in g  t o  s u g g e s t  t h a t  th e  

h e te r o g e n e o u s  U d i s t r i b u t i o n  i n  e u h e d r a l  z i r c o n s  i s  t h e  

r e s u l t  o f  s e l e c t i v e  U r e m o v a l d u r in g  th e  h ig h - g r a d e  

m e ta m o rp h is m , l i t t l e  c o n f id e n c e  c a n  b e  a s s ig n e d  b e c a u s e  

o f  t h e  p r o t r a c t e d  p o s t - B a d c a l l i a n  m e ta m o rp h ic  h i s t o r y .  

N e v e r t h e le s s ,  o t h e r  e v id e n c e  w i l l  b e  p r e s e n te d  l a t e r  t o  

s u g g e s t  t h a t  U i s  l o s t  f ro m  t h e  z i r c o n  l a t t i c e  s t r u c t u r e  

d u r in g  r e c r y s t a l l i s a t i o n  a s s o c ia t e d  w i t h  t h e  m e ta m o rp h ic  

e v e n t .

A p a t i t e  i s  a n o th e r  u b iq u i t o u s  U - b e a r in g  a c c e s s o r y  

p h a s e  i n  th e  G r u in a r d  B a y  g n e is s e s .  W h o le - r o c k  

g e o c h e m ic a l  e v id e n c e  s u g g e s ts  t h a t  a p a t i t e  f r a c t i o n a t i o n  

o r  s t a b i l i t y  i n  t h e  r e s id u a  o f  p a r t i a l  m e l t i n g  may h a v e  

b e e n  im p o r t a n t  i n  th e  g e n e r a t io n  o f  m o s t s a m p le s  ( c . f .  

R o l l i n s o n  a n d  W in d le y ,  1 9 8 0 b ) .  I t  g e n e r a l l y  fo rm s  l a r g e ,  

e u h e d r a l  g r a in s  i n  w h ic h  U i s  d i s t r i b u t e d  h o m o g e n e o u s ly .

A l l a n i t e  o c c u r s  i n  r o c k s  a t  a l l  s ta g e s  o f  

r e t r o g r e s s i o n  as  r a r e  i n c l u s i o n s  i n  t h e  r o c k - f o r m in g  

m in e r a ls ,  and  i s  e u h e d r a l  i n  o u t l i n e  and  o f t e n  

i n t e r n a l l y  z o n e d . I n  t h e  h o r n b le n d e - g r a n u l i t e  f a c ie s  

r o c k s  i t s  h o s t  i s  u s u a l l y  e i t h e r  o f  th e  h y d r o u s  p h a s e s ,  

a m p h ib o le  o r  b i o t i t e .  E l e c t r o n  p r o b e  a n a ly s e s  a re  g iv e n  

i n  T a b le  4 . 6 .  A l t h o u g h  i t s  m o d a l a b u n d a n c e  i s  lo w ,  i t  

seem s t o  h a v e  a r e c o g n is a b le  e f f e c t  on  t h e  w h o le - r o c k  T h  

c o n t e n t  a n d  may b e  r e s p o n s ib le  f o r  th e  r e l a t i v e l y  h ig h  

Th c o n t e n t s  o f  th e  G r u in a r d  B a y  g n e is s e s  w hen c o m p a re d  

t o  e q u iv a le n t  g r a n u l i t e s ,  i n  w h ic h  no  a l l a n i t e  h a s  b e e n  

d e t e c t e d  ( s e e  b e l o w ) .

S i 0 2 3 3 . 5 1 3 3 . 6 0 3 3 . 6 5 3 4 . 4 2
T i 0 2 0 . 6 4 1 . 4 6 0 . 6 0 0 . 5 8
A l 2° 3 1 8 . 0 5 1 7 . 2 0 1 7 . 3 8 1 6 . 2 8
k a 20 2 4 . 3 5 4 . 6 9 4 . 3 3 4 . 3 6
C e2° 3 1 0 . 3 1 9 . 9 9 1 0 . 4 5 10.12
N d 20 3 2 . 7 4 2 . 4 9 2 . 9 2 2 . 9 1
FeO 1 1 .4 8 12.00 1 1 .8 9 1 1 .8 1
MgO 2 . 1 4 2 . 8 0 2 . 3 4 3 . 1 5
CaO 1 2 . 1 3 1 1 .8 3 1 1 .9 4 1 0 . 4 9
h 2 o * 1 . 6 2 1 . 6 3 1 . 6 2 1 . 6 0
T o t a l 9 6 . 9 7 9 7 . 6 9 9 7 . 1 2 9 5 . 7 2

T a b le  4 . 6 ;  A l l a n i t e  a n a ly s e s  f r o m  h o r n b le n d e - g r a n u l i t e

f a c i e s  s a m p le s .



S p hene  i s  a w id e s p r e a d  m in o r  m in e r a l  p h a s e  i n  t h e  

G r u in a r d  B a y s u i t e ,  b u t  o c c u r s  e n t i r e l y  a s  a p r o d u c t  o f  

r e t r o g r e s s i o n .  I n  t h e  e a r l y  s ta g e s  i t  i s  o f t e n  p r e s e n t  

as  v e r y  s m a l l ,  e x s o lv e d  g r a in s  a lo n g  th e  c le a v a g e  

d i r e c t i o n s  o f  o r i g i n a l l y  T i - r i c h  b i o t i t e  o r  p a r g a s i t i c  

h o r n b le n d e .  As t h e  p r o c e s s  p r o c e e d s ,  l a r g e r  g r a in s  

n u c le a t e ,  o f t e n  on a n  i l m e n i t e  p a r e n t .  The s p h e n e  i s  i n  

a l l  c a s e s  v e r y  p o o r l y  u r a n i f e r o u s ,  o f t e n  r e g i s t e r i n g  

v i r t u a l l y  no  f i s s i o n  t r a c k s  f ro m  a " s a t u r a t i o n "  n e u t r o n  

d o s e ,  a n d  t h i s  may be  c i t e d  a s  e v id e n c e  f o r  t h e  U - p o o r  

n a t u r e  o f  th e  e a r l y  r e t r o g r e s s i v e  f l u i d s .

E p id o te  i s  a l s o  w h o l l y  r e t r o g r e s s i v e ,  a n d  i s  m o s t 

a b u n d a n t  i n  th e  lo w e s t - g r a d e  r o c k s .  E a r l y  s ta g e s  o f  

r e t r o g r e s s i o n  a r e  m a rk e d  b y  n u c le a t i o n  o f  s m a l l  g r a in s  

i n  p l a g i o c l a s e ,  w h ic h  in c r e a s e  i n  s i z e  a n d  s o m e tim e s  

c o a le s c e  t o  fo rm  a n  e x t e n s iv e  n e tw o r k  o f  i n t e r l o c k i n g  

c r y s t a l s .  I t  i s  a l s o  v e r y  p o o r l y  u r a n i f e r o u s ,  a n d  s in c e  

i t  r e p r e s e n t s  a l a t e r  s ta g e  i n  th e  s e q u e n c e  o f  

r e t r o g r a d e  r e - e q u i l i b r a t i o n ,  i t  seem s l i k e l y  t h a t  th e  

f l u i d s  r e s p o n s ib le  may h a v e  b e e n  U -p o o r  t h r o u g h o u t .

G r a n u l i t e  f a c ie s  g n e is s e s .

I n  a l l  t h e  r o c k s  c o l l e c t e d  f ro m  t h e  g r a n u l i t e  f a c ie s  

C e n t r a l  B e l t ,  o n ly  tw o  s i g n i f i c a n t l y  u r a n i f e r o u s  p h a s e s  

h a v e  b e e n  i d e n t i f i e d :  z i r c o n  ( P la t e  4 . 2 e  a n d  f )  a n d  

a p a t i t e ,  a n d  e v e n  th e s e  g e n e r a l l y  show  a r a t h e r  lo w e r  U 

a b u n d a n c e  th a n  a t  G r u in a r d  B a y .

Z i r c o n  h a s  th e  m o rp h o lo g y  a n d  o c c u r r e n c e  d e s c r ib e d  i n  

d e t a i l  b y  P id g e o n  a n d  Bowes ( 1 9 7 2 ) ,  i n  a s t u d y  o f  th e  

P b - is o t o p e  r e l a t i o n s h i p s .  An e s t im a t e  o f  i t s  b u l k  U 

c o n t e n t  p r o v id e d  b y  th e s e  a u t h o r s  (5 0  ppm ) i s  an  o r d e r  

o f  m a g n itu d e  lo w e r  t h a n  t h a t  o f  c o m p a ra b le  a m p h i b o l i t e -  

f a c ie s  e x a m p le s  ( P id g e o n  a n d  A f t a l i o n ,  1 9 7 2 ;  L y o n  e t  

a l . ,  1 9 7 3 )  a n d  c lo s e  t o  U v a lu e s  d e r iv e d  f r o m  m a n t le  

z i r c o n s  ( 5 - 4 0  p p m ). L e w is ia n ,  g r a n u l i t e - f a c i e s  z i r c o n  

t h e r e f o r e  r e p r e s e n t s  some o f  t h e  m o s t 

p o o r l y - u r a n i f e r o u s  c r u s t a l  z i r c o n  know n  (W a ts o n  e t  a l . ,  

1 9 8 2 ) .  N e v e r t h e le s s ,  t h e  L e x a n  p l a s t i c  o v e r la y s  show  a 

s i g n i f i c a n t  U c o n t e n t ,  s o m e tim e s  w i t h  a w e a k ly



h e te r o g e n e o u s  d i s t r i b u t i o n ,  a n d  i t  i s  p r o b a b le  t h a t  

z i r c o n  i s  th e  h o s t  f o r  t h e  b u lk  o f  t h e  U i n  th e s e  

r o c k s .

A p a t i t e  i s  t h e  o n ly  o t h e r  u r a n i f e r o u s  p h a s e  w h ic h  h a s  

b e e n  i d e n t i f i e d  i n  th e  common g r a n u l i t e - f a c i e s  g n e is s e s ,  

a n d  g e n e r a l l y  fo rm s  l a r g e  g r a in s  w i t h  a v e r y  lo w  U 

c o n t e n t .  I t s  r a t h e r  h ig h  m o d a l a b u n d a n c e  r e l a t i v e  t o  

t h a t  o f  z i r c o n  s u g g e s ts  t h a t  i t  m ig h t  be  a s i g n i f i c a n t  

c o n t r i b u t o r  t o  t h e  w h o le - r o c k  U v a lu e .

S p h e n e  a n d  E p id o te  a r e  a g a in  p u r e l y  r e t r o g r e s s i v e  i n  

o r i g i n  a n d  v e r y  p o o r l y  u r a n i f e r o u s ,  a t t e s t i n g  t o  t h e  

g e n e r a l l y  U - p o o r  n a t u r e  o f  th e  l a t e ,  h y d r o u s  f l u i d s .

4 . 3  L a r g e - I o n  L i t h o p h i l e  E le m e n t  I n t e r f a c i e s  V a r i a t i o n s

I t  h a s  b e e n  show n a b o v e  t h a t  t h e r e  a r e  s i g n i f i c a n t  

m in e r a lo g ic a l  d i f f e r e n c e s  b e tw e e n  th e  p r im a r y  a s s e m b la g e  

o f  G r u in a r d  B a y  g n e is s e s  a n d  c o m p a ra b le  g r a n u l i t e s .  

T h e s e  m ig h t  b e  e x p e c te d  t o  b e  r e l a t e d  t o  s y m p a th e t ic  

d i f f e r e n c e s  i n  w h o le - r o c k  L IL E  c o n t e n t .  I t  i s  i m p l i c i t  

i n  t h e  f o l l o w i n g  t e x t  t h a t  t h e  L IL E  a b u n d a n c e  v a r i a t i o n s  

b e tw e e n  G r u in a r d  B a y  g n e is s e s  a n d  th e  m e ta m o rp h ic  end  

m em bers a r e  a d i r e c t  c o n s e q u e n c e  o f  d i f f e r i n g  

p h y s ic o - c h e m ic a l  c o n d i t i o n s  d u r in g  t h e  B a d c a l l i a n  

h ig h - g r a d e  m e ta m o rp h is m . T h e r e f o r e ,  i t  i s  im p o r t a n t  t o  

p r e s e n t  a t  t h i s  s ta g e  th e  s e v e r a l  l i n e s  o f  e v id e n c e  t h a t  

i n d i c a t e  t h e  i n s i g n i f i c a n t  c o n t r i b u t i o n  t o  L IL E  m o b i l i t y  

made b y  t h e  m u l t i p l e  p h a s e s  o f  r e t r o g r a d e  

r e - e q u i l i b r a t i o n  w h ic h  h a v e  a f f e c t e d  t h e  C o m p le x  t o  

v a r y in g  d e g r e e s .

A l t h o u g h  D r u r y  ( 1 9 7 4 )  h a s  p r e s e n te d  d a ta  w h ic h  s u g g e s t  

r e t r o g r e s s i v e  e n r ic h m e n t  o f  Rb a n d  T h i n  L e w is ia n  

g n e is s e s  f ro m  C o l l  a n d  T i r e e ,  t h e r e  i s  n o  e v id e n c e  f ro m  

t h e  m a in la n d  c e n t r a l  b lo c k  t h a t  s u b s t a n t i a l  m ass 

t r a n s f e r  ( e x c e p t  f o r  H2O) o c c u r r e d  d u r in g  I n v e r ia n  o r  

L a x f o r d ia n  e v e n ts .  In d e e d ,  e v id e n c e  f ro m  a s t a t i s t i c a l l y  

l a r g e  s a m p le  s u i t e  i n d i c a t e s  t h a t  t h i s  d o e s  n o t  o c c u r ,  

a n d  t h a t  a m p h i b o l i t e - f a c ie s  r o c k s  g e n e r a te d  b y  

r e t r o g r e s s i o n  o f  g r a n u l i t e s  may b e  d i s t i n g u i s h e d  f ro m  

p r im a r y  a m p h i b o l i t e - f a c ie s  s a m p le s  b y  t h e i r  r e l i c t ,



m in im a l  L IL E  c o n t e n t ,  h ig h  K /R b  a n d  lo w  R b /S r  r a t i o s  

( T a r n e y  e t  a l . ,  1 9 7 2 ; S h e r a to n  e t  a l . ,  1 9 7 3 ) .  A l th o u g h  

some r e d i s t r i b u t i o n  o f  e le m e n ts  w i l l  n e c e s s a r i l y  r e s u l t  

f r o m  t h e  s u b s t a n t i a l  r e c r y s t a l l i s a t i o n  c a u s e d  b y  

h y d r a t i o n  (B e a c h  a n d  T a r n e y ,  1 9 7 8 ) ,  t h e  w h o le - r o c k  

s y s te m  a p p a r e n t ly  re m a in e d  e s s e n t i a l l y  c lo s e d  e x c e p t  t o  

H20 / o r  i n  r e g io n s  o f  h ig h  s t r a i n  (B e a c h , 1 9 7 6 ) w h ic h  

w e re  a v o id e d  f o r  t h e  p u r p o s e s  o f  t h i s  s t u d y .  M o re o v e r ,  

a l t h o u g h  th e  Pb is o t o p e  d a ta  o f  M o o rb a th  e t  a l .  (1 9 6 9 )  

p e r m i t  l i m i t e d  L a x f o r d ia n  r e m o b i l i s a t i o n  o f  U, th e y  do  

n o t  a l lo w  a n y  s u b s t a n t i a l  i n f l u x  i n t o  th e  c o m p le x .

F u r th e r m o r e ,  i f  t h e  l a t e ,  lo w e r - g r a d e  m e ta m o rp h ic  

e p is o d e s  p r e s e r v e d  i n  t h e  r o c k s  a t  G r u in a r d  B a y w e re  

r e s p o n s ib le  f o r  t h e  d e t a i l e d  L IL E  c h a r a c t e r i s t i c s  o f  t h e  

a r e a ,  th e s e  s h o u ld  show  some r e l a t i o n s h i p  w i t h  t h e  

r e s u l t a n t  m in e r a lo g ic a l  a l t e r a t i o n .  H o w e v e r, 

i n t e r e le m e n t  b i v a r i a t e  p l o t s  o f  t h e  f o u r  " d e p le t e a b le "  

e le m e n ts  (s e e  F ig .  4 .5  b e lo w ) ,  o n  w h ic h  a r e  

d i s t i n g u i s h e d  t h e  " l e s s - r e t r o g r e s s e d "  a m p h i b o l i t e - f a c ie s  

s a m p le s  (m a rk e d  1 ) a n d  th e  m o s t - r e t r o g r e s s e d  s a m p le s  

( g r e e n s c h i s t - f a c i e s ;  m a rk e d  2 ) ,  show  t h a t  t h e r e  i s  no 

o b v io u s  r e l a t i o n s h i p  o f  L IL E  a b u n d a n c e  w i t h  e x t e n t  o f  

r e t r o g r e s s i o n .  T h is  s t r o n g l y  s u g g e s ts  t h a t  t h e y  m ay b e  

r e l a t e d  d i r e c t l y  t o  t h e  B a d c a l l i a n  h ig h - g r a d e  

m e ta m o rp h is m , i n  e x a c t l y  t h e  same w a y as b e f o r e .

A n o th e r  w ay o f  a p p r o a c h in g  t h e  p r o b le m  i s  t o  c o n s t r u c t  

m u l t i - e l e m e n t ,  c o m p a r a t iv e  d ia g ra m s  o f  r e t r o g r e s s e d ,  

l e s s - r e t r o g r e s s e d  a n d  f r e s h ,  h o r n b le n d e - g r a n u l i t e  f a c ie s  

l i t h o l o g i e s .  T h is  i s  d o n e  i n  F i g .  4 . 3 ,  w h ic h  c o m p a re s  

h o r n b le n d e - g r a n u l i t e  f a c ie s  s a m p le  M J037 w i t h  

r e t r o g r e s s e d  e q u iv a le n t s  o f  c o m p a ra b le  " im m o b i le "  

e le m e n t  c h e m is t r y ,  f r o m  w h ic h  i t  i s  d i f f i c u l t  t o  d i s c e r n  

a n y  s i g n i f i c a n t  L IL E  e n h a n c e m e n t d u e  t o  r e h y d r a t io n  o f  

t h e  r o c k s .  M o re o v e r ,  r e t r o g r a d e  m in e r a ls  w h o se  l a t t i c e  

s t r u c t u r e  i s  a m e n a b le  t o  s u b s t a n t i a l  i n c o r p o r a t i o n  o f  U, 

s u c h  a s  s p h e n e  a n d  e p id o t e ,  h a v e  b e e n  show n t o  be  

d i s t i n c t l y  p o o r  i n  t h i s  e le m e n t ,  s u g g e s t in g  a s i m i l a r  

im p o v e r is h m e n t  i n  t h e  f l u i d  w i t h  w h ic h  t h e y  

e q u i l i b r a t e d .  T h e  f o r m a t io n  o f  s u c h  m in e r a ls  i s
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F ig u r e  4 . 3 :  M a n t le - n o r m a l is e d  in c o m p a t ib le  e le m e n t  p l o t  

c o m p a r in g  h o r n b le n d e - g r a n u l i t e  f a c ie s  s a m p le  M J037 w i t h  

s t a t i c a l l y - r e t r o g r e s s e d  g n e is s e s .

t h e r e f o r e  u n l i k e l y  t o  h a v e  c a u s e d  a n y  m a jo r  

p e r t u r b a t i o n s  i n  th e  p r e - e x i s t i n g  w h o le - r o c k  U b u d g e t .

T h e s e  f e a t u r e s  t o g e t h e r  a rg u e  s t r o n g l y  a g a in s t  t h e  

h y p o t h e s is  t h a t  t h e  L IL E  c h a r a c t e r i s t i c s  o f  t h e  G r u in a r d  

B a y  L e w is ia n  g n e is s e s  a r e  t h e  r e s u l t  o f  r e t r o g r a d e  

p r o c e s s e s  o p e r a t in g  on  o r i g i n a l  g r a n u l i t e s ,  o r  in d e e d  on 

o r i g i n a l  a m p h i b o l i t e - f a c ie s  r o c k s .  I n  th e  f o l l o w i n g  

p a r a g r a p h s  t h e y  w i l l  t h e r e f o r e  b e  r e l a t e d  e n t i r e l y  t o  

t h e  B a d c a l l i a n  h ig h - g r a d e  m e ta m o rp h ic  e v e n t .

T h e  g e o c h e m ic a l ly  t r a n s i t i o n a l  s t a t u s  o f  th e  G r u in a r d  

B a y  a r e a  may b e  i n v e s t i g a t e d  f i r s t  b y  c o n s id e r a t i o n  o f  

d a t a  f o r  t h e  w h o le  s u i t e .  T h e r e f o r e ,  t h e  c o m p le te  L IL E  

d a ta  a r e  p r e s e n te d  f o r  c o m p a r is o n  w i t h  L e w is ia n  

g n e is s e s  o f  o t h e r  m e ta m o rp h ic  g r a d e s  b o t h  i n  h is to g r a m  

fo r m  a n d  as  g r a p h ic a l  i n t e r e le m e n t  p l o t s  ( F ig s .  4 . 4  a n d



4 . 5 ) .  O n ly  b ro a d  c o n c lu s io n s  c o n c e r n in g  t h e  L IL E  c o n t e n t  

o f  t h e  a r e a  i n  g e n e r a l  m ay be  d ra w n  fro m  t h i s  e x e r c i s e ,  

a n d  s p e c i f i c  e v id e n c e  r e g a r d in g  th e  m e c h a n ic s  o f  

d e p le t i o n  w i l l  b e  s o u g h t  f ro m  a m o re  d e t a i l e d  

c o n s i d e r a t i o n  o f  b e t t e r - c o n s t r a in e d  l i t h o l o g i c a l  

g r o u p s .  T h u s , t h e  d is c u s s io n  th e n  p ro c e e d s  on  th e  b a s is  

o f  t h r e e  w h o le - r o c k  g e o c h e m ic a l c la s s e s  s o  t h a t  a m ore  

d e t a i l e d  a n a ly s i s  o f  e le m e n t  r e l a t i o n s h i p s  a n d  r e a c t i o n  

m e c h a n is m s  may b e  u n d e r ta k e n .

4 . 3 . 1  D a ta  f o r  th e  w h o le  s u i t e .

T h e  L IL E s  a r e  d e a l t  w i t h  i n  tw o  g ro u p s  a c c o r d in g  t o  

t h e i r  m in e r a lo g i c a l  h o s t s  -  Rb a n d  K w h ic h  s u b s t i t u t e  i n  

m a jo r  r o c k - f o r m in g  m in e r a ls ;  a n d  U a n d  Th w hose 

d i s t r i b u t i o n  i s  c o n t r o l l e d  e s s e n t i a l l y  b y  m in o r  m in e r a l  

p h a s e s .  A c o m p le te  l i s t i n g  o f  th e  a n a l y t i c a l  d a ta  i s  

a v a i l a b l e  i n  th e  a p p e n d ix .

Rubidium and Potassium
T h e  r e l a t i o n s h i p  b e tw e e n  Rb a n d  K d e p le t i o n  i s  o f  some 

im p o r ta n c e  s in c e  th e  K /R b  r a t i o  o f  lo w e r  c r u s t a l  

l i t h o l o g i e s  i s  o f t e n  r e f e r r e d  t o  a s  a s e n s i t i v e  

i n d i c a t o r  o f  g r a n u l i t e - f a c i e s  p r o c e s s e s .  F i g .  4 . 4  show s 

t h e  d a ta  i n  h is t o g r a m  fo rm  a n d  f o r  c o m p a r a t iv e  p u rp o s e s  

t h e  a v e ra g e  v a lu e s  f o r  A s s y n t  g n e is s e s  (X ^ )  a n d  

a m p h i b o l i t e - f a c i e s  g n e is s e s  (X ^ )  f r o m  S h e r a to n  e t  a l . ,  

( 1 9 7 3 )  h a v e  b e e n  u s e d .  S e v e r a l  p o i n t s  a r e  im m e d ia te ly  

a p p a r e n t .  I t  i s  c l e a r  t h a t  a l t h o u g h  K2O a b u n d a n c e s  a t  

G r u in a r d  B ay a r e  q u a s i - g r a n u l i t i c ,  some s i g n i f i c a n t  

d i f f e r e n c e s  a r e  p r e s e r v e d ,  s in c e  G r u in a r d  B a y  d o e s  fo rm  

a d i s t i n c t  f i e l d  a n d  h a s  s l i g h t l y  h ig h e r  K2O o n  a v e r a g e .

On t h e  o t h e r  h a n d ,  Rb l e v e l s  a r e  d i s t i n c t  f ro m  b o t h  

m e ta m o rp h ic  e n d  m e m b e rs . O f  th e  f o u r  L IL E s  c o n s id e r e d  

h e r e ,  Rb m o s t c l o s e l y  a p p r o x im a te s  t o  a m e d ia n  l e v e l  and  

c a n  b e  u s e d  d e f i n i t i v e l y  t o  d i s t i n g u i s h  G r u in a r d  B a y 

f r o m  a m p h ib o l i t e  a n d  g r a n u l i t e - f a c i e s  c o m p o s i t io n s .  

T h e re  a r e  i n t r i g u i n g  c o n s e q u e n c e s  f o r  t h e  K /R b  r a t i o  a t  

G r u in a r d  B a y , w h o se  a v e ra g e  re m a in s  r e l a t i v e l y  lo w  

( c .  4 5 0 )  a n d  h a s  b e e n  q u o te d  a s  a t r u e  a m p h ib o l i t e -
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F ig u r e  4 . 4 :  H is to g r a m s  o f  L IL E  a b u n d a n c e s  i n  G r u in a r d  B ay g n e is s e s  ( t o p )  c o m p a re d  w i t h  g r a n u l i t e -

f a c ie s  d a t a  ( b o t to m ,  t h i s  s t u d y )  and l i t e r a t u r e  d a t a .

( X i=  a v e ra g e  G r u in a r d  B a y ; x 2 =  a v e ra g e  l i t e r a t u r e  a m p h ib o l i t e  f a c i e s ;  x 3 =  a v e ra g e  g r a n u l i t e  ( t h i s  

s t u d y ) ;  x 4 =  a v e ra g e  l i t e r a t u r e  g r a n u l i t e ;  u c =  u p p e r  c r u s t  a v e r a g e ) .
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f a c i e s  v a lu e  ( R o l l i n s o n  a n d  W in d le y ,  1 9 8 0 ) .  T he  

f r a c t i o n a t i n g  e f f e c t  o f  h ig h  p r e s s u r e ,  g r a n u l i t e -  g ra d e  

m e ta m o rp h is m  i s  i l l u s t r a t e d  on  F i g .  4 . 5 ,  a l o g a r i t h m i c ,  

b i v a r i a t e  p l o t  o f  K v s  Rb a b u n d a n c e . D a ta  f ro m  G r u in a r d  

B a y  ( b o t h  t h i s  s tu d y  a s  p l o t t e d  a n d  f ro m  R o l l in s o n  a n d  

W in d le y ,  1 9 8 0 )  p l o t  p r e c i s e l y  b e tw e e n  th e  f i e l d s  o f  d a ta  

f o r  t h e  m e ta m o rp h ic  e n d -m e m b e rs . D a ta  f ro m  h o r n b le n d e -  

g r a n u l i t e - f a c i e s  r o c k s  l a c k in g  p r im a r y  b i o t i t e  ( D r u r y ,  

1 9 7 4 )  h a v e  a n  a v e ra g e  K /R b  o f  6 7 5 , s l i g h t l y  t o  t h e  

h ig h - g r a d e  s id e  o f  G r u in a r d  B a y . C l e a r l y ,  th e  in c r e a s e  

i n  K /R b  i s  r e m a r k a b ly  s y s t e m a t ic ,  t h e r e  b e in g  a 

c o n t in u u m  o f  v a lu e s  f ro m  lo w  i n  th e  a m p h ib o l i t e  f a c ie s  

t h r o u g h  p r o g r e s s i v e l y  m o re  d e h y d r a te d  r o c k s  ( i n c l u d i n g  

t h e  s t a b l e  h o r n b le n d e - g r a n u l i t e  f a c ie s  r e g io n s )  t o  

e x c e p t i o n a l l y  h ig h  v a lu e s  i n  t r u e ,  a n h y d ro u s  

g r a n u l i t e s .  T he  s i g n i f i c a n c e  o f  m in e r a lo g y  i n  r e l a t i o n  

t o  t h i s  r a t i o  i s  e x e m p l i f i e d  b y  th e  d i f f e r e n c e  b e tw e e n  

b i o t i t e - b e a r i n g  h o r n b le n d e  g r a n u l i t e s  (4 5 0 )  and  

b i o t i t e - f r e e  h o r n b le n d e  g r a n u l i t e s  ( 6 7 5 ) .  C l e a r l y ,  t h e  

G r u in a r d  B a y  r e g io n  c a n  no  lo n g e r  be  r e g a r d e d  as t y p i c a l  

o f  t h e  a m p h ib o l i t e  f a c ie s .  R a th e r ,  th e  f a i l u r e  o f  t h e  

K /R b  r a t i o  t o  re s p o n d  s i g n i f i c a n t l y  t o  d e m o n s t r a b le  

d e p le t i o n  c a n  b e  se e n  as a n a t u r a l  c o n s e q u e n c e  o f  t h e  

s im u l ta n e o u s  re m o v a l o f  b o th  e le m e n ts .  The r a p id  r i s e  t o  

K /R b  r a t i o s  c h a r a c t e r i s t i c  o f  t h e  g r a n u l i t e  f a c ie s  

a p p a r e n t ly  o n l y  b eco m e s p o s s ib le  w hen t h e  a v a i l a b l e  K 

r e s e r v o i r  h a s  b e e n  a lm o s t  e x h a u s te d ,  s u c h  t h a t  f u r t h e r  

r e m o v a l o f  Rb a l lo w s  th e  r e q u i r e d  i n t e r - e l e m e n t  

f r a c t i o n a t i o n .  A t  G r u in a r d  B a y , t h e  c o m p le te  

g r a n u l i t e - f a c i e s  ra n g e  o f  K2O h a s  a l r e a d y  d e v e lo p e d  

( F ig .  4 . 5 ) ,  b u t  Rb h a s  y e t  t o  a p p ro a c h  i t s  g r a n u l i t i c  

m in im u m . I t  m ig h t  b e  e n v is a g e d ,  t h e r e f o r e ,  t h a t  v e r y  

h ig h  K /R b  r a t i o s  w o u ld  h a v e  s o o n  b e e n  g e n e r a te d  h a d  t h e  

p r o c e s s  n o t  b e e n  p r e m a tu r e ly  a r r e s t e d ,  as  i s  th e  c a s e  on  

C o l l  a n d  T i r e e  ( D r u r y ,  1 9 7 4 ) .

Uranium and Thorium
Although it has been suggested that U data for

Lewisian lithologies are abundant (e.g., Rollinson and
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F ig u r e  4 . 5 :  L o g a r i t h m ic  b i v a r i a t e  p l o t s  o f  K v s .  Kb and 

U v s .  Th i n  G r u in a r d  B a y  g n e is s e s  c o m p a re d  w i t h  

g r a n u l i t e - f a c i e s  d a t a  ( t h i s  s t u d y )  and l i t e r a t u r e  d a t a .  

( c lo s e d  c i r c l e s =  G r u in a r d  B a y  g n e is s e s ;  o p e n  c i r c l e s =  

g r a n u l i t e s ;  u c =  u p p e r  c r u s t  a v e r a g e ;  f i e l d s  o f  d a t a  f ro m

S h e r a to n  e t  a l . , 1 9 7 3 ) .



W in d le y ,  1 9 8 0 ) ,  m o s t  i n  f a c t  o r i g i n a t e  i n  th e  e a r l y  

i s o t o p i c  w o rk  o f  M o o rb a th  e t  a l .  ( 1 9 6 9 ) ,  w i t h  a n o t a b le  

a d d i t i o n  b y  P r id e  a n d  M uecke  ( 1 9 8 0 ) ,  and  a r e  th u s  s t i l l  

r e l a t i v e l y  s c a r c e .  A n y  p r e s e n te d  h e r e  t h e r e f o r e  

r e p r e s e n t  a s i g n i f i c a n t  a d d i t i o n  t o  th e  s e t ,  a n d  f o r  th e  

re a s o n s  o u t l i n e d  i n  t h e  I n t r o d u c t i o n ,  d a ta  f o r  th e  

c e n t r a l  b lo c k  g r a n u l i t e - f a c i e s  s u i t e  a r e  a ls o  

i n c o r p o r a t e d .  T he  c o m p a r a b i l i t y  o f  th e  d a ta  s e t s  c a n  be  

a s s e s s e d  f r o m  t h e i r  a v e ra g e  v a lu e s  ( t h i s  s t u d y :  x u 

g r a n u l i t e  =  0 .0 7  ppm , n  = 3 8 ; M o o rb a th  e t  a l . ,  1 9 6 9 : x u 

g r a n u l i t e  = 0 .0 5  ppm , n  = 5 ; P r id e  a n d  M u e c k e , 1 9 8 0 : x u 

g r a n u l i t e  = 0 .0 5  ppm , n = 7 ) .  T he  m ean U v a lu e  o f  

s a m p le s  f ro m  G r u in a r d  B ay i s  s i g n i f i c a n t l y  h ig h e r  ( 0 .1 3  

ppm ) th a n  t h a t  f o r  th e  g r a n u l i t e s  ( 0 .0 7  ppm ) a n d  th e  

h is t o g r a m  ( F ig .  4 . 4 )  c l e a r l y  show s a s y s t e m a t ic  

d is p la c e m e n t  to w a r d s  h ig h e r  v a lu e s  a t  G r u in a r d  B a y . 

H o w e v e r, th e  d a ta  d o  n o t  r e m o te ly  a p p ro a c h  th o s e  o f  t h e  

a m p h ib o l i t e  f a c i e s ,  s u m m a ris e d  b y  t h e  a v e ra g e  v a lu e s  o f

2 .2  ppm t a k e n  f ro m  W e a v e r a n d  T a rn e y  ( 1 9 8 4 ) ,  a n d  0 .3  ppm 

f ro m  t h e  R h ic o n ic h  d a ta  o f  M o o rb a th  e t  a l . ,  ( 1 9 6 9 ) .  2 .2  

ppm i s  o f  t h e  same o r d e r  as U v a lu e s  i n  a c o m p a ra b le  

a m p h i b o l i t e - f a c ie s  A rc h a e a n  t o n a l i t e - t r o n d h j e m i t e -  

g r a n o d i o r i t e  s u i t e  s t u d ie d  b y  B i c k l e  e t  a l .  ( 1 9 8 3 ) .  

T h e r e f o r e ,  t h e  a m p h i b o l i t e - f a c ie s  r o c k s  f ro m  R h ic o n ic h  

h a v e  p r o b a b ly  a l r e a d y  l o s t  p a r t  o f  t h e i r  o r i g i n a l  U 

c o n t e n t  -  i n  a c c o r d  w i t h  P b - i s o t o p i c  d a ta  (M o o rb a th  e t  

a l .  , 1 9 6 9 ) .  W a ts o n  e t  a l .  (1 9 8 2 )  s u g g e s te d  t h a t  t h i s  

f r a c t i o n  m ig h t  r e p r e s e n t  t h a t  o r i g i n a l l y  l o c a t e d  on 

i n t e r g r a i n  b o u n d a r ie s ,  w h ic h  w o u ld  h a v e  p r o v id e d  th e  

m o s t le a c h a b le  U s i t e  w i t h i n  th e  fra m e w o rk  o f  th e  r o c k .

T he  T h  h is t o g r a m  r e v e a ls  an i n t e r f a c i e s  r e l a t i o n s h i p  

s i m i l a r  t o  t h a t  o f  U , b u t  th e  d a ta  f ro m  G r u in a r d  B a y  l i e  

c l o s e r  t o  a m e d ia n  v a lu e  b e tw e e n  th e  m e ta m o rp h ic  e n d  

m e m b e rs . I t  h a s  b e e n  n o te d  a b o v e  t h a t  a l l a n i t e  i s  s t a b le  

i n  r o c k s  r e t a i n i n g  h o r n b le n d e - g r a n u l i t e  f a c ie s  

m in e r a lo g y  f ro m  G r u in a r d  B a y , b u t  n o t  i n  t r u e  

g r a n u l i t e s .  T h is  m ig h t  p r o v id e  a r e a d y  e x p la n a t io n  o f  

t h e  r a t h e r  h i g h e r  r a d io e le m e n t  c o n t e n t s  a t  G r u in a r d  B a y , 

a n d  th e  o b s e rv e d  in t e r e le m e n t  d i f f e r e n c e s  ( i . e .  T h  i s  i n



g e n e r a l  le s s  d e p le te d  th a n  U; a l l a n i t e  c o n t a in s  m ore  T h  

th a n  U ) .  H o w e v e r, as  i n t i m a t e d  i n  t h e  s e c t io n  on  

f i s s i o n - t r a c k  r a d io g r a p h y  a n d  d is c u s s e d  i n  m o re  d e t a i l  

l a t e r ,  t h i s  i s  o n ly  p a r t  o f  a c o m p le x  s t o r y  a l s o  

i n v o l v i n g  r a d io e le m e n t  re m o v a l f r o m  p h a s e s  t h a t  a r e  

s t a b l e  u n d e r  b o t h  r e g im e s .  T h e  T h  v s .  U p l o t  ( F ig .  

4 . 5 )  e x e m p l i f i e s  t h e  g r a n u l i t e  v s .  G r u in a r d  B a y 

d i s c r e p a n c i e s ; s u g g e s ts  a b r o a d  e q u iv a le n c e  o f  

i n c r e a s i n g  U w i t h  in c r e a s in g  Th? a n d  d e m o n s t r a te s  t h e  

g e n e r a l l y  g r e a t e r  G r u in a r d  B a y  g n e is s  t o  g r a n u l i t e  

d i s p a r i t y  f o r  T h  th a n  U. I t  a l s o  s u g g e s ts  t h a t  i n  a fe w  

s a m p le s  t h e  r a d io e le m e n ts  a r e  th e m s e lv e s  f u n d a m e n ta l ly  

f r a c t i o n a t e d .  T h a t  t h i s  c a n  b e  r e l a t e d  t o  w h o le - r o c k  

c h e m ic a l  a n d  m in e r a lo g ic a l  f e a t u r e s ,  a n d  may be  

i m p o r t a n t  i n  u n r a v e l l i n g  some o f  t h e  m in e r a lo g ic a l  

c o n t r o l s  o n  d e p le t i o n  m e c h a n ic s  i s  a l s o  d is c u s s e d  i n  a 

f o l l o w i n g  s e c t io n .

F u r t h e r  g e n e r a l  i n f o r m a t io n  m ig h t  p e rh a p s  b e  d e r iv e d  

f r o m  a c o n s id e r a t i o n  o f  th e  r e l a t i o n s h i p  b e tw e e n  re m o v a l 

o f  t h e  tw o  e le m e n t  g ro u p s  (K  + R b ; U + T h ) .  I f  t h e  

p r o g r e s s  o f  d e p le t i o n  i s  c o n t r o l l e d  p r i n c i p a l l y  b y  t h e  

a v a i l a b i l i t y  o f  t h e  t r a n s p o r t i n g  m e d iu m , t h e n  a c lo s e  

c o r r e l a t i o n  b e tw e e n  a l l  t h e  a f f e c t e d  e le m e n ts  w o u ld  be  

e x p e c te d .  T h is  w o u ld  be  th e  c a s e  i f  t h e  r a t e  o f  e le m e n t  

r e le a s e  e x c e e d e d  t h e  r a t e  o f  f l u i d  s u p p ly  (b e  i t  m e l t ,  

a q u e o u s  o r  c a r b o n ic ) .  H o w e v e r, F i g .  4 . 6  (U v s .  Rb) 

d e m o n s t r a te s  a g e n e r a l  l a c k  o f  c o r re s p o n d e n c e  b e tw e e n  

t h e  g r o u p s ,  w h ic h  s u g g e s ts  t h a t  r e s t r i c t i o n  o f  f l u i d  

s u p p ly  i s  n o t  t h e  m o s t im p o r t a n t  f a c t o r .  T h is  b e in g  s o ,  

t h e  r a t e - d e t e r m in in g  s te p  m ig h t  b e  e i t h e r  th e  r e le a s e  o f  

L IL E s ,  i . e . ,  t h e  sum o f  t h e  m in e r a lo g i c a l  r e a c t io n s  

w h ic h  f r e e  U , T h , Rb a n d  K t o  a  s u f f i c i e n c y  o f  

t r a n s p o r t i n g  m e d iu m ; o r  th e  r a t e  a t  w h ic h  t h e y  a r e  

s t a b i l i s e d  i n  t h a t  m e d iu m . I n  t h e  fo r m e r  c a s e ,  th e  r o l e  

o f  m in e r a lo g y  becom es d e t e r m i n a t i v e ,  a n d  c lo s e  

c o r r e l a t i o n s  may b e  e x p e c te d  o n ly  b e tw e e n  e le m e n ts  w h o se  

r e s id e n c e  s i t e s  a r e  s i m i l a r  a n d  w h ic h  a re  t h e r e f o r e  

s u b je c t  t o  t h e  same p r o g r a d e  p h a s e  s t a b i l i t y  

r e l a t i o n s h i p s .  I n  t h e  l a t t e r ,  t h e  c o m p o s i t io n  o f  t h e
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F ig u r e  4 . 6 :  L o g a r i t h m ic  b i v a r i a t e  p l o t  o f  U v s .  Rb i n

G r u in a r d  B a y  g n e is s e s .

f l u i d  i s  v i t a l  and  c lo s e  r e l a t i o n s h i p s  w o u ld  be  e x p e c te d  

b e tw e e n  e le m e n ts  w h o se  s t a b i l i t y  i s  s u b je c t  t o  s i m i l a r  

f a c t o r s .  E i t h e r  ( o r  b o t h )  c o u ld  b e  t h e  c a s e  a t  G r u in a r d  

B a y . M o re o v e r ,  r e c e n t  e v id e n c e  s u g g e s ts  t h a t  c o m p o s i t io n  

o f  m e ta m o rp h ic  f l u i d s  may b e  s i g n i f i c a n t l y  b u f f e r e d  b y  

t h a t  o f  t h e  l o c a l  l i t h o l o g y ,  w h ic h  w o u ld  e f f e c t i v e l y  

c o m p l ic a t e  m a t t e r s  f u r t h e r .  B e fo r e  a t t e m p t in g  t o  t h r o w  

some l i g h t  o n  th e s e  p r o b le m s ,  i t  i s  e s s e n t i a l  t o  

d e m o n s t r a te  t h a t  th e  t r a n s i t i o n a l  n a t u r e  o f  G r u in a r d  B a y 

g n e is s e s  i s  n o t  th e  s p u r io u s  r e s u l t  o f  b ia s  to w a r d s  a 

n o n - r e p r e s e n t a t i v e  s a m p le  c o m p o s i t io n .  A c c o r d in g ly ,  

f u r t h e r  a n a ly s i s  p r o c e e d s  b y  c o m p a r is o n  o f  t h r e e  r o c k  

g ro u p s  w i t h  c lo s e ly - c o m p a r a b le  w h o le - r o c k  " im m o b i le  

e le m e n t "  c h e m is t r y .

4 . 3 . 2  A c o m p a r is o n  o f  s p e c i f i c  r o c k  g r o u p s .

R o l l in s o n  a n d  W in d le y  ( 1 9 8 0 )  in t r o d u c e d  th e  c o n c e p t  o f  

s e l e c t i v e  d e p le t i o n  b y  d e m o n s t r a t in g  t h a t  g r a n i t i c  r o c k s  

w e re  n o t  R b - o r  K - p o o r ,  e v e n  w hen a t  g r a n u l i t e  g r a d e .  

A p a r t  f ro m  i t s  i n t r i n s i c  t h e o r e t i c a l  a t t r a c t i o n ,  i t  h a s



r e c e iv e d  s u p p o r t  i n  s e v e r a l  s u b s e q u e n t  p u b l i c a t i o n s  

( e . g . ,  B a rb e y  a n d  C u n e y , 1 9 8 2 ; O keke  e t  a l . ,  1 9 8 3 ) .  

F u r t h e r ,  i t  h a s  b e e n  show n a b o v e  t h a t  t h e  g r o s s  

c h a r a c t e r i s t i c s  o f  t h e  G r u in a r d  B ay s u i t e  a l s o  i n d i c a t e  

a " d i f f e r e n t i a l "  p r o c e s s  -  i . e . ,  t h e  p r o g r e s s  o f  

a b s t r a c t i o n  o f  e a c h  e le m e n t  i s  d e p e n d e n t  u p o n  i t s  own 

p a r t i c u l a r  s e t  o f  c o n t r o l s ,  r e s u l t i n g  i n  some e le m e n ts  

m o re  c l o s e l y  a p p r o a c h in g  c o m p le te  re m o v a l ( d e f in e d  as 

g r a n u l i t e - f a c i e s  l e v e l s )  t h a n  o t h e r s .  L a s t l y ,  t h e  v e r y  

e x is t e n c e  o f  h o r n b le n d e - g r a n u l i t e  f a c ie s  z o n e s  a t  

G r u in a r d  B ay a n d  on  C o l l  a n d  T i r e e  ( D r u r y ,  1 9 7 4 )  w i t h  

t h e  t r a n s i t i o n a l  e le m e n t  a b u n d a n c e s  o u t l i n e d  a b o v e , 

show s t h a t  t h e  p r o c e s s  i s  p r o g r e s s i v e , a n d  n o t  s im p ly  a 

c a s e  o f  g r a n u l i t e  ( s s )  o r  a m p h ib o l i t e  f a c ie s  ( s s ) .

T he  i d e n t i f i c a t i o n  o f  t h e  zo n e  o f  t r a n s i t i o n a l  L IL E  

a b u n d a n c e  o f f e r s  t h e  o p p o r t u n i t y  f o r  a d e t a i l e d  

a s s e s s m e n t o f  th e  d e p le t i o n  p r o c e s s  i n  r e l a t i o n  t o  th e s e  

c o n c e p ts .  I n  o r d e r  t h a t  a m ore  s p e c i f i c  c o m p a r a t iv e  

a s s e s s m e n t m ig h t  b e  s u c c e s s f u l ,  i t  i s  im p o r t a n t  t h a t  t h e  

s a m p le s  u s e d  a r e  l i t h o l o g i c a l l y  a n d  c h e m ic a l ly  s i m i l a r  

i n  r e s p e c t  o f  t h o s e  e le m e n ts  n o t  m o b i le  d u r in g  t h e  

h ig h - g r a d e  m e ta m o rp h ic  e v e n t .  T h re e  s i l i c a  i n t e r v a l s  

h a v e  b e e n  c h o s e n  (5 0 -6 0 % ; 60-70%  a n d  g r e a t e r  th a n  70% 

S i02 , te rm e d  " i n t e r m e d i a t e " ,  " t o n a l i t i c "  and  

" t r o n d h j e m i t i c "  r e s p e c t i v e l y )  f o r  t h e  i n i t i a l  s c r e e n in g ,  

b u t  s i m i l a r i t y  o n  t h e  b a s is  o f  im m o b i le  e le m e n ts  as  

p l o t t e d  on m u l t i - e le m e n t ,  m a n t le - n o r m a l is e d  d ia g ra m s  i s  

t h e  r e q u i r e m e n t  u s e d  f o r  m e a n in g fu l  i n t e r - f a c i e s  

c o m p a r is o n .

S e le c t i v e  e le m e n t  d e p le t i o n

As s t a t e d  a b o v e ,  t h i s  c o n c e p t  w as s p e c i f i c a l l y  

i n t r o d u c e d  b y  R o l l i n s o n  a n d  W in d le y  (1 9 8 0 )  w ho a p p l ie d  

i t  t o  t h e  r e m o v a l o f  L IL E s  f ro m  some r o c k  t y p e s ,  b u t  n o t  

f r o m  o t h e r s .  T h e y  s t u d ie d  a g r a n u l i t e - g r a d e  t o n a l i t e -  

t r o n d h j e m i t e - g r a n o d i o r i t e - g r a n i t e  s u i t e  f r o m  t h e  t y p e  

g r a n u l i t e  a re a  n e a r  S c o u r ie ,  c o n c lu d in g  t h a t  t h e  g r a n i t e  

s h e e ts  w e re  n o t  d e p le t e d  i n  a n y  w a y , o r  h a d  l o s t  th e  

same f i x e d  p r o p o r t i o n  o f  Rb and  K s u c h  t h a t  o r i g i n a l ,



d is c e r n a b le .m a g m a tic  d i f f e r e n c e s  re m a in e d  d i s c e r n a b le .  I n  

c o n t r a s t , t h e  t o n a l i t e s  a n d  t r o n d h je m i t e s  w e re  fo u n d  t o  

b e  s t r o n g l y  L I L E - d e p le t e d .  T he  r e le v a n c e  o f  th e  te rm  

" s e l e c t i v e "  t o  t h e  i n t e r m e d i a t e - t o n a l i t e - t r o n d h j e m i t e  

s u i t e  o f  t h i s  s tu d y  may b e  t e s t e d  b y  c a r e f u l  c o m p a r is o n  

o f  s e le c t e d  e n d -m e m b e r r o c k  t y p e s  r e p r e s e n t in g  th e  t h r e e  

s i l i c a  i n t e r v a l s .  F ig .  4 . 7  show s a s e r ie s  o f  

m u l t i - e le m e n t  p l o t s  o f  a v e ra g e  g r a n u l i t e - f a c i e s  r o c k s  

f ro m  e a c h  c la s s  n o r m a l is e d  t o  e q u iv a le n t  

a m p h i b o l i t e - f a c ie s  r e p r e s e n t a t i v e s ,  d e s ig n e d  t o  

h i g h l i g h t  a n y  d i f f e r e n c e s  b e tw e e n  t h e  a b s o lu t e  f r a c t i o n  

o f  t h e  o r i g i n a l  L IL E  c o m p le m e n t l o s t  d u r in g  th e  

h ig h - g r a d e  m e ta m o rp h is m . The d a ta  s o u r c e s  a r e  W e a ve r 

a n d  T a r n e y  (1 9 8 0 ,  1 9 8 1 ) .

F ig u r e  4 . 7 ;  A m p h ib o l i t e - f a c ie s - n o r m a l i s e d  i n c o m p a t ib le  

e le m e n t  p l o t  o f  i n t e r m e d i a t e ,  t o n a l i t i c  a n d  

t r o n d h j e m i t i c  g r a n u l i t e s .

T h is  d ia g r a m  show s t h a t  th e  m a jo r  f r a c t i o n a t i o n  

r e s u l t i n g  f r o m  g r a n u l i t e - f a c i e s  m e ta m o rp h is m  i s  s p e c i f i c



t o  R b , T h , U a n d  K ( a l t h o u g h  th e  l a t t e r  i s  m uch b e t t e r  

show n  b y  l a r g e r  d a ta  s e ts  a b o v e ) .  Rb i s  re m o v e d  t o  a 

f a i r l y  c o n s t a n t  one  t e n t h  o f  i t s  o r i g i n a l  v a lu e  i n  a l l  

t h r e e  r o c k  g r o u p s .  S e le c t i v e  d e p le t i o n  i s  b e s t  show n b y  

T h  (a n d  U ? ) .  T he  t o n a l i t e s  a p p e a r  t o  h a v e  l o s t  th e  

l a r g e s t  f r a c t i o n  ( a b o u t  0 . 9 8 )  o f  t h e i r  o r i g i n a l  b u d g e t ,  

i n t e r m e d ia t e  r o c k s  a re  th e  n e x t  m o s t s e v e r e ly  a f f e c t e d  

( a b o u t  0 . 9 5 )  a n d  t r o n d h je m i t e s  l e a s t  o f  a l l  ( a b o u t  

0 . 4 5 ) .  I t  s h o u ld  be  p o in t e d  o u t  t h a t  t h e  h ig h  a v e ra g e  

v a lu e s  o f  T h  (a n d  U ?) f o r  g r a n u l i t e - f a c i e s  t r o n d h je m i t e s  

a r e  im p a r te d  b y  a s i n g l e  s a m p le  (1 6 Y ) b u t  t h i s  

n e v e r t h e le s s  s u g g e s ts  th e  l o c a l  p r e s e n c e  o f  a n o m a lo u s ly  

h ig h  T h  (a n d  U ? ) a b u n d a n c e  i n  r o c k s  o f  t r o n d h  j e m i t i c  

c h e m is t r y ,  a l s o  r e f l e c t e d  i n  t h e  d a ta  s e t  f o r  r o c k s  f ro m  

G r u in a r d  B a y  (s e e  b e lo w ) .  H o w e v e r, as  f a r  as s a m p le s  o f  

g r a n u l i t e - f a c i e s ,  i n t e r m e d ia t e  t o  t r o n d h j e m i t i c  r o c k s  

a r e  c o n c e rn e d ,  a l th o u g h  some s e l e c t i v e  e le m e n t  re m o v a l 

i s  i n d i c a t e d ,  p e rh a p s  th e  m o s t s t r i k i n g  f e a t u r e  i s  th e  

e s s e n t i a l  s i m i l a r i t y  o f  t h e  t h r e e  l i t h o c h e m i c a l  g r o u p s .  

A n o th e r  w a y  o f  i n v e s t i g a t i n g  th e  s e l e c t i v e  n a t u r e  o f  t h e  

d e p le t i o n  p r o c e s s  i s  t o  c o n s id e r  t h e  b u lk  e le m e n t  d a ta  

f r o m  G r u in a r d  B a y  p l o t t e d  a g a in s t  s i l i c a  p e r c e n ta g e ,  i n  

o r d e r  t o  d i s t i n g u i s h  i s o l a t e d  s a m p le s  w i t h  h ig h  L IL E  

v a lu e s .  O n ly  T h  s u g g e s ts  a s i g n i f i c a n t  s e l e c t i v e  e f f e c t  

( F ig .  4 . 8 ) ,  a p p a r e n t ly  c o n f i r m in g  t h a t  t h e  e x tre m e s  o f  

t h e  c o m p o s i t i o n a l  ra n g e  r e t a i n  i s o l a t e d  e x a m p le s  w i t h  

h ig h  Th ( e g . , s a m p le  M J128 w i t h  13ppm  Th a t  51% S i02 a n d  

s a m p le  M J118 w i t h  14ppm Th a t  71 .8%  S i02 ) .

F ig u r e  4 . 8 :  T h  H a r k e r  d ia g r a m  f o r  G r u in a r d  B a y  g n e is s e s .



Differential element depletion
J u s t  a s  s e l e c t i v e  d e p le t i o n  i n d i c a t e s  d i f f e r e n c e s  i n  

b e h a v io u r  o f  r o c k  t y p e s ,  t h i s  te r m  i s  in te n d e d  t o  

d e s c r ib e  t h e  d i f f e r e n c e s  i n  b e h a v io u r  o f  i n d i v i d u a l  

e le m e n ts  as a r e s u l t  o f  th e  d e p le t i o n  p r o c e s s ( e s ) .  F o r  

e x a m p le ,  i n  t h e  c o n t e x t  o f  c o m p le te  e x t r a c t i o n  a t  

g r a n u l i t e  g ra d e  d i f f e r e n c e s  e x i s t  i n  t h e  a b s o lu t e  

f r a c t i o n  o f  th e  o r i g i n a l  e le m e n t  b u d g e ts  re m o v e d . I n  

t o n a l i t e s ,  Rb lo s e s  a b o u t  0 .9 5 x  i t s  o r i g i n a l  a b u n d a n c e ; 

U a n d  Th a b o u t  0 .9 9  and  K a b o u t  0 .6 5  on  a v e ra g e  ( F ig .  

4 . 7 ) .  A d i r e c t  r e s u l t  o f  t h i s  " d i f f e r e n t i a l  d e p le t i o n "  

i s  t h e  i n c r e a s in g  K /R b  r a t i o ,  d u e  t o  th e  f r a c t i o n a t i o n  

o f  Rb f ro m  K .

P r o g r e s s iv e  e le m e n t  d e p le t i o n

T h e  s e l e c t i v e  a n d  d i f f e r e n t i a l  n a t u r e  o f  t h e  d e p le t i o n  

p r o c e s s  t h a t  h a s  b e e n  d e m o n s t r a te d  a b o v e  i s  p e r f e c t l y  

c l e a r  f r o m  a c lo s e  s tu d y  o f  t h e  l i t e r a t u r e ,  a n d  in d e e d  

p u b l i s h e d  d a ta  h a v e  b e e n  u s e d  e x t e n s i v e l y  i n  o r d e r  t o  

e m p h a s is e  t h e i r  im p o r ta n c e .  T he  s i g n i f i c a n c e  o f  a 

d i s t i n c t  h o r n b le n d e - g r a n u l i t e  s u b f a c ie s  w i t h

t r a n s i t i o n a l  e le m e n t  a b u n d a n c e s  i s  t h a t  th e s e  f e a t u r e s  

o f  e le m e n t  d e p le t i o n  ca n  a ls o  be  show n t o  be  p r o g r e s s iv e  

i n  t h e i r  o p e r a t i o n .  M o re o v e r ,  i t  i s  now p o s s i b l e  t o  

d e f i n e  one  f u r t h e r  s ta g e  i n  t h e  re m o v a l o f  th e  L IL E s  and  

t h u s  t o  p la c e  a d d i t i o n a l  c o n s t r a i n t s  on th e  m e c h a n is m s  

i n v o l v e d .

I t  h a s  b e e n  show n on  th e  b a s is  o f  d a ta  f o r  t h e  w h o le  

s u i t e ,  t h a t  t h e  im p o s i t i o n  o f  a n h y d ro u s  c o n d i t i o n s  i s  

g r a d u a l  a n d  s y s t e m a t ic ,  a s  e x e m p l i f i e d  b y  t h e  r e g u l a r  

in c r e a s e  i n  K /R b  r a t i o s  f ro m  a m p h ib o l i t e  f a c ie s  t h r o u g h  

b i o t i t e - b e a r i n g  h o r n b le n d e - g r a n u l i t e s  ( G r u in a r d  B a y )  and  

b i o t i t e - f r e e  h o r n b le n d e - g r a n u l i t e s  ( C o l l  a n d  T i r e e )  t o  

g e n u in e  g r a n u l i t e - f a c i e s  l i t h o l o g i e s .  I n  o r d e r  t o  a s s e s s  

t h i s  and  o t h e r  " p r o g r e s s iv e "  f e a t u r e s  i n  m o re  d e t a i l ,  

r e f e r e n c e  c a n  b e  made t o  m a n t le - n o r m a l is e d  m u l t i ­

e le m e n t  d ia g ra m s  ( F ig s .  4 . 9  t o  4 . 1 1 ) ,  f o r  i n t e r m e d ia t e ,  

t o n a l i t i c  a n d  t r o n d h j e m i t i c  s a m p le s .  E a ch  i s  i t s e l f  

d i v i d e d  i n t o  f o u r  -  a , b , c  a n d  d .  P a r t  a show s th e  

p a t t e r n s  o f  t h e  a v a i l a b l e  l i t e r a t u r e  a n a ly s e s  f o r  th e
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F ig u r e  4 . 9 :  M a n t le - n o r m a U s e d  in c o m p a t ib le  e le m e n t  p l o t  

c o m p a r in g  i n t e r m e d ia t e  g n e is s  c o m p o s i t io n s  f ro m  

a m p h ib o l i t e  f a c i e s ,  G r u in a r d  B a y , and g r a n u l i t e  f a c ie s .  

(D= 5422 v s .  a v e .  2H, M J0 7 3 , MJ053 v s .  a v e .  M J1 8 1 ,

M J 1 2 9 ) .
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F ig u r e  4 . 1 0 ;  M a n t le - n o r m a l is e d  in c o m p a t ib le  e le m e n t  p l o t  

c o m p a r in g  t o n a l i t i c  g n e is s  c o m p o s i t io n s  f ro m  a m p h ib o l i t e

f a c i e s ,  G r u in a r d  B a y , and g r a n u l i t e  f a c ie s .

( D= a v e .  5 4 2 0 , 5 3 1 9 , 5 3 2 6  v s .  a v e .  1 8 Z , 20C , 20F  v s .  

a v e .  M J 1 2 6 , M J1 7 8 , M J1 3 4 , M J1 5 0 , M J 1 4 9 ).
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F ig u r e  4 . 1 1 ;  M a n t le - n o r m a l is e d  in c o m p a t ib le  e le m e n t  p l o t  

c o m p a r in g  t r o n d h  j e m i t i c  g n e is s  c o m p o s i t io n s  f ro m  

a m p h ib o l i t e  f a c i e s ,  G r u in a r d  B a y , and g r a n u l i t e  f a c i e s .  

(D = a v e .  5 3 2 2 , 5 1 2 7  v s .  1 Z , 18V v s .  M J1 8 3 , M J 1 1 7 ).



a m p h i b o l i t e - f a c i e s  e n d -m e m b e r; p a r t  b  th e  same f o r  th e  

g r a n u l i t e - f a c i e s  and  p a r t  c f o r  t h e  p r e s e n t  r o c k  s u i t e  

f ro m  G r u in a r d  B a y . F i n a l l y ,  p a r t  d p l o t s  a v e ra g e  v a lu e s  

f o r  e a c h ,  r e j e c t i n g  a n y  o b v io u s ly  a n o m a lo u s  s a m p le s  

( w h ic h  m ay b e  e i t h e r  o f  f u n d a m e n ta l ly  d i f f e r e n t  o r i g i n  

t o  t h e  r e s t  o r  e x tre m e  m em bers o f  t h e  c la s s ,  a n d  w h ic h  

i t  w o u ld ,  t h e r e f o r e ,  b e  u n w is e  t o  in c lu d e  i n  t h e  

c o m p a r is o n ) .  N o r m a l is a t io n  v a lu e s  a n d  e le m e n t  o r d e r  a r e  

th o s e  o f  Wood ( 1 9 7 9 ) ,  a f t e r  W e a v e r and  T a rn e y  ( 1 9 8 1 ) ,  

a n d  a l t h o u g h  th e  s a m p le s  w h ic h  a r e  u s e d  a r e  n o te d  on  th e  

d ia g r a m ,  some e x p la n a t io n  m ig h t  b e  u s e f u l  h e r e .

T h e  in t e r m e d ia t e  g n e is s  c o m p o s i t io n  i s  r e s t r i c t e d  b y  

th e  o n ly  a v a i l a b l e  a m p h i b o l i t e - f a c ie s  s a m p le  ( 5 4 2 2 ) ,  so  

t h a t  s a m p le s  f ro m  G r u in a r d  B ay a n d  th e  g r a n u l i t e  f a c ie s  

m u s t b e  c h o s e n  w h ic h  h a v e  s i m i l a r  " im m o b i le "  e le m e n t  

a b u n d a n c e  a n d  p a t t e r n s .  G n e is s e s  M J181 a n d  M J129 f u l f i l l  

t h i s  r e q u i r e m e n t  f ro m  G r u in a r d  B a y , b u t  o n ly  one  

g r a n u l i t e  f r o m  th e  l i t e r a t u r e  ( 2 H ) .  T h e r e f o r e ,  tw o  

s a m p le s  o f  t h e  a u t h o r 's  g r a n u l i t e s  h a v e  b e e n  in c lu d e d ,  

a n d  a r e  a l s o  p l o t t e d  o n  F ig .  4 . 9 b .  S in c e  th e  t o n a l i t e s  

fo rm  a w e l l - c o n s t r a i n e d  g r o u p ,  n o  s a m p le s  h a v e  b e e n  

o m i t t e d .  I n  c o n t r a s t ,  th e  t r o n d h je m i t e s  a r e  m o re  

v a r i a b l e ,  a n d  th e  m o s t m e a n in g fu l  c o m p a r is o n  i s  b e tw e e n  

g r a n u l i t e s  1Z a n d  1 8 V ; G r u in a r d  B a y  s a m p le s  M J183 and  

M J 1 1 7 ; a n d  a m p h i b o l i t e - f a c ie s  g n e is s e s  5322 a n d  5 1 2 7 .

T h e  v a l i d i t y  o f  t h i s  c o m p a r a t iv e  a p p ro a c h  may be  

ju d g e d  f r o m  t h e  c lo s e  f i t  f o r  t h e  " im m o b i le "  t r a c e  

e le m e n ts .  T h e  d ia g ra m s  c o n f i r m  in f e r e n c e s  d ra w n  f ro m  

d a ta  f o r  t h e  w h o le  s u i t e  i n  a m o re  s p e c i f i c  w a y , b a s e d  

o n  c lo s e ly - c o m p a r a b le ,  t i g h t l y - c o n s t r a i n e d  r o c k  g r o u p s .  

Rb a n d  K a b u n d a n c e s  a t  G r u in a r d  B ay w i t h o u t  f a i l  

i n t e r s e c t  th o s e  o f  th e  end  m e m b e rs . A l t h o u g h  th e  

r a d io e le m e n t s  a r e  s e v e r e ly  d e p le t e d ,  s i g n i f i c a n t  

d i f f e r e n c e s  r e m a in  i n  t h e  t o n a l i t e s  and  t r o n d h je m i t e s .

These features of the Gruinard Bay gneisses, based on 
a comparison of similar rock types from three points in 
the high-grade metamorphic continuum, may now be 
considered in terms of the proceeding mineralogical 
reactions involved in the depletion process, and the 
phase(s) responsible for LILE-loss.
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I t  i s  p e rh a p s  now d e f e n s ib le  t o  b e  so m e w h a t m o re  

s p e c i f i c  a b o u t  e le m e n t  a b u n d a n c e s  a n d  t h e i r  d e r i v e d  

r a t i o s  i n  te rm s  o f  t h e  m in e r a lo g ic a l  c o n t r o l  o f  e le m e n t  

a b s t r a c t i o n ,  s in c e  t h e  g e n e r a l  t r e n d s  d e s c r ib e d  a b o v e  

h a v e  b e e n  c o n f i r m e d  on  th e  b a s is  o f  th e s e  m o re  t i g h t l y  

c o n s t r a in e d  c h e m ic a l  c la s s e s .  C l e a r l y ,  a n y  g e n e t i c  m o d e l 

w h ic h  r e q u i r e s  g r a d u a l  a n d  u n i f o r m  d e p le t i o n  o f  a l l

L IL E s  h a s  becom e u n t e n a b le ,  i n f a v o u r o f a r a t h e r

c o m p le x , p r o b a b ly m u l t i - s t a g e p r o c e s s p a r t i a l l y

d e p e n d e n t on  o r i g i n a l  r o c k  m in e r a lo g y .

I t  h a s b e e n  show n a b o v e  t h a t  K a n d Rb te n d t o b e h a v e

t o g e t h e r , a s  d o  U a n d  T h , b u t t h a t t h e r e i s l i t t l e

c o r r e l a t i o n  b e tw e e n t h e  g r o u p s .  1T h is i s e x p l i c a b l e  i n

te r m s  o f a common r e s id e n c e ( s ) f o r K a n d Rb a n d  a

d i f f e r e n t ,  common r e s id e n c e  f o r  Th and  U. T he  fo r m e r  i s  

p r o b a b ly  r e p r e s e n t e d  b y  K - f e ld s p a r ,  b i o t i t e  a n d  

h o r n b le n d e ,  a n d  th e  l a t t e r  b y  m em bers o f  th e  a c c e s s o r y  

m in e r a l  s u i t e ;  a s  h a s  b e e n  d e m o n s tr a te d  b y  f i s s i o n - t r a c k  

r a d io g r a p h y .

5 .1  R u b id iu m  a n d  P o ta s s iu m

S h e r a to n  e t  a l .  (1 9 7 3 )  d o c u m e n te d  t h e  l i k e l y  

m in e r a lo g i c a l  r e a c t io n s  w h ic h  r e le a s e  Rb a n d  -  t o  a 

l e s s e r  e x t e n t  -  K , s u m m a ris e d  a s  f o l l o w s :

B i  = 6Hy + A I2O3 + K 2 0 + 2H20

2Hb + A 120 3 + S i0 2 = 2An + 5Hy + H20 

o r

D i  + A 120 3 + S i0 2 = An + Hy 

a n d

D i  + O r = An + Hy + 5Qz + K20

W here  B i=  b i o t i t e ,  Hb= h o r n b le n d e ,  A n=  a n o r t h i t e ,  0 r =  

o r t h o c la s e ,  H y= h y p e r s t h e n e ,  D i=  d io p s id e ,  a n d  Qz= 

q u a r t z .

T h u s , K - f e ld s p a r  i s  s t a b l e  i n  r o c k s  w h ic h  a r e n o t



d io p s id e  n o r m a t iv e ,  and  t h i s  a d e q u a te ly  e x p la in s  w h y 

g r a n i t e s  a r e  n o t  e x t e n s i v e l y  d e p le te d  i n  K o r  Rb 

( R o l l i n s o n  a n d  W in d le y ,  1 9 8 0 ) .  T he  r e s u l t s  p r e s e n te d  

h e r e  r e q u i r e  no  s u b s t a n t i a l  m o d i f i c a t i o n s  t o  th e s e  

c o n c lu s io n s ,  b u t  t h e y  d o  s u g g e s t  t h a t  t h e  d e p le t i o n  o f  K 

a n d  Rb p ro c e e d s  o n l y  i n i t i a l l y  a s  a c o u p le d  a b s t r a c t i o n ,  

c a u s in g  a g r a d u a l  r i s e  i n  K /R b , u n t i l  t h e  " d e p le t e a b le "  

K r e s e r v o i r  i s  e x h a u s te d .  S u b s e q u e n t i n t e r e le m e n t  

f r a c t i o n a t i o n  o c c u r s  d u r in g  p r o lo n g e d  Rb re m o v a l w h ic h  

r a i s e s  K /R b  t o  c h a r a c t e r i s t i c a l l y  h ig h  g r a n u l i t i c  

v a lu e s .  A s s u m in g  t h a t  t h e  p r e - B a d c a l l i a n  m in e r a ls  

e q u i l i b r a t e d  w i t h  a m e l t  (a s  h a s  b e e n  s u g g e s te d  i n  th e  

m a g m a g e n e s is  s e c t io n  a n d  i n  r e fe r e n c e s  c i t e d  t h e r e i n )  

a n d  t h a t  t h e  m a jo r  K a n d  Rb a c c e p t in g  p h a s e s  w e re  

K - f e ld s p a r ,  h o r n b le n d e  a n d  b i o t i t e ,  i t  i s  p o s s ib le  t o  

e s t im a t e  f r o m  p a r t i t i o n  c o e f f i c i e n t  d a ta  t h e  r e l a t i v e  

c o n t r i b u t i o n s  o f  e a c h  p h a s e  t o  th e  w h o le - r o c k  e le m e n ta l  

b u d g e ts .  T h u s ,  b i o t i t e  w o u ld  c o n t a in  a p r o p o r t i o n a t e l y  

m uch l a r g e r  f r a c t i o n  o f  th e  Rb b u d g e t  t h a n  i t  w o u ld  o f  

t h e  K b u d g e t  ( c .  3 x )  a n d  v i c e  v e r s a  f o r  h o r n b le n d e  

(H e n d e rs o n ,  1 9 8 2 ) .  The e x te n d e d  s t a b i l i t y  o f  b i o t i t e  i n  

t h e  h o r n b le n d e - g r a n u l i t e  f a c ie s  a t  G r u in a r d  B a y  w i l l  

c a u s e  th e  r e t e n t i o n  o f  m o re  Rb th a n  K , a n d  t h e  r a p id  

r i s e  i n  K /R b  w i l l  be  d e la y e d  u n t i l  b i o t i t e  i n s t a b i l i t y  

b e co m e s an  im p o r t a n t  f a c t o r .  T h is  m ig h t  e x p la in  t h e  

r e l a t i v e l y  l a r g e  d i f f e r e n c e  b e tw e e n  K /R b  r a t i o s  i n  

h o r n b le n d e - g r a n u l i t e  f a c ie s  r o c k s  a t  G r u in a r d  B ay 

( b i o t i t e - b e a r i n g ,  a v e ra g e  4 5 0 )  a n d  o n  C o l l  a n d  T i r e e  

( b i o t i t e - f r e e ,  a v e ra g e  6 7 5 -  D r u r y ,  1 9 7 4 ) .

F u r t h e r ,  t h e r e  a r e  some d is c r e p a n c ie s  b e tw e e n  

i n d i v i d u a l  r o c k  c la s s e s  a t  G r u in a r d  B a y  w h ic h  a re  

p e rh a p s  e x p l i c a b l e  i n  te rm s  o f  m in e r a lo g y .  F o r  e x a m p le , 

th e  i n t e r m e d ia t e  r o c k s  i n  g e n e r a l  h a v e  r e l a t i v e l y  h ig h  

K /R b  r a t i o s  c o m p a re d  w i t h  th e  r e s t  o f  t h e  s u i t e .  S in c e  

i n  t h e  m ore  b a s ic  s a m p le s  t h e  p r o p o r t io n s  o f  b i o t i t e  and  

p a r t i c u l a r l y  h o r n b le n d e  in c r e a s e ,  so  w i l l  t h e i r  

im p o r ta n c e  i n  c o n t r o l l i n g  th e  K a n d  Rb d i s t r i b u t i o n  

(c o m p a re d  t o  t h a t  o f  K - f e l d s p a r ) .  T h e r e f o r e ,  t h e  K /R b  

r a t i o  i n  th e s e  m o re  b a s ic  r o c k s  m ig h t  r e f l e c t  t h a t  o f



h o r n b le n d e ,  w h ic h  i s  a ls o  r e l a t i v e l y  h ig h .  C o n v e r s e ly ,  

t h e  t r o n d h je m i t e s  s t i l l  h a v e  r e l a t i v e l y  lo w  K /R b  r a t i o s ,  

w h ic h  m ig h t  b e  d u e  t o  t h e  in c r e a s in g  s t a b i l i t y  o f  K 

f e ld s p a r  a s  th e  p r o p o r t i o n  o f  n o r m a t iv e  d io p s id e  

d e c r e a s e s .  T h e r e f o r e ,  t h e  c o m p e t in g  i n f l u e n c e s  o f  

h o r n b le n d e ,  b i o t i t e  a n d  K f e ld s p a r  on  t h e  K a n d  Rb 

c o n t e n t  o f  t h e i r  h o s t  c a n  e x p la in  t h e  o v e r a l l  e v o l u t i o n  

o f  t h e  K /R b  r a t i o s  f ro m  a m p h ib o l i t e  t o  g r a n u l i t e  f a c ie s ,  

a s  w e l l  a s  c o m p o s i t i o n a l l y - c o n t r o l l e d  v a r i a t i o n s  w i t h i n  

t h e  G r u in a r d  B a y  s u i t e  i t s e l f .

5 .2  U ra n iu m  a n d  T h o r iu m

T he  re m o v a l o f  U w i l l  b e  p a r t i c u l a r l y  s e n s i t i v e  t o  th e  

p r o p o r t i o n s  r e s id e n t  i n  e a c h  d i s t i n c t  w h o le - r o c k  s i t e :  

i n  s o l i d  s o l u t i o n  i n  t h e  r o c k - f o r m in g  s i l i c a t e s ;  i n  

d i s c r e t e ,  h ig h - U  a c c e s s o r y  m in e r a ls ;  o r  a d s o rb e d  o n to  

g r a i n  b o u n d a r ie s  a n d  i n  c r y s t a l  d e f e c t s .  C l e a r l y ,  e a c h  

f r a c t i o n  w i l l  h a v e  a d i f f e r e n t  s u s c e p t i b i l i t y  t o  

d e p le t i o n .  F i s s i o n - t r a c k  a n a ly s i s  o f  2 3 5 u  ( p r e s e n te d  

a b o v e )  a l lo w e d  d e t e r m in a t io n  o f  i t s  m i c r o d i s t r i b u t i o n ,  

a n d  h e n c e  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  e a c h  s i t e  t o  th e  

t o t a l  d e p le t a b le  U h a s  b e e n  i n v e s t i g a t e d .  P r e v io u s  

s t u d i e s  o f  U m i c r o d i s t r i b u t i o n  i n  r e l a t i o n  t o  h ig h - g r a d e  

m e ta m o rp h is m  ( D o s t a l  a n d  C a p e d r i ,  1 9 7 8 ; Ahmad and  

W i ls o n ,  1 9 8 1 )  c o n c lu d e d  t h a t  d e p le t i o n  i s  c o n f in e d  t o  

t h e  g r a i n  b o u n d a r y  f r a c t i o n  o f  t h e  U b u d g e t ,  and  t h a t  U 

d i s t r i b u t i o n  i n  g r a n u l i t e - f a c i e s  r o c k s  i s  g o v e rn e d  b y  

t h e  p r e s e n c e  o r  a b s e n c e  o f  a c c e s s o r y  p h a s e s .  S i m i l a r  

c o n c lu s io n s  h a v e  b e e n  re a c h e d  o n  t h e  b a s is  o f  w h o le - r o c k  

g e o c h e m is t r y  a n d  m in e r a lo g y ,  b y  W in d r im  e t  a l .  (1 9 8 4 )  

a n d  I y e r  e t  a l .  ( 1 9 8 2 ) .  I n  t h e  G r u in a r d  B a y  g n e is s e s ,  

w h ic h  show  a n  a d v a n c e d  s ta g e  o f  r a d io e le m e n t  d e p le t i o n ,  

t h e r e  a r e  5 m a jo r  u r a n i f e r o u s  p h a s e s :  m o n a z i te ,  z i r c o n ,  

a l l a n i t e ,  s p h e n e  a n d  a p a t i t e ,  b u t  v i r t u a l l y  no  

g r a in - b o u n d a r y  U . I t  i s  c o n c e iv a b le  t h a t  th e  e a r l i e r ,  

m a jo r  p h a s e  o f  S c o u r ia n  U lo s s  w as a c h ie v e d  b y  th e  

r e m o v a l o f  U on  g r a in  b o u n d a r ie s ,  p e r h a p s  a t  th e  o n s e t  

o f  d e h y d r a t io n  r e a c t io n s  ( t h e  P b - is o t o p e  s y s te m  r e c o r d s  

some d e p le t i o n  o f  U e v e n  i n  a m p h i b o l i t e - f a c i e s  t e r r a i n s :



M o o rb a th  e t  a l .  (1 9 6 9 )  a n d  th e  U a b u n d a n c e  a t  R h ic o n ic h  

i s  o n l y  0 .1 4  x u p p e r  c r u s t a l  a v e r a g e )  b u t  d e t a i l e d  

c o n s i d e r a t i o n  o f  t h e  U d i s t r i b u t i o n  s u g g e s ts  t h a t  t h i s  

i s  o n l y  p a r t  o f  a m o re  c o m p le x  s t o r y .

F i s s i o n - t r a c k  r a d io g r a p h y  h a s  show n z i r c o n  t o  b e  th e  

m o s t im p o r t a n t  u r a n i f e r o u s  p h a s e  i n  L e w is ia n

g r a n u l i t e - f a c i e s  t o n a l i t e s ,  r e f l e c t e d  i n  t h e  n e a r  

c o - in c id e n c e  o f  t h e  a v e ra g e  U :Z r  r a t i o  f o r

g r a n u l i t e - f a c i e s  w h o le - r o c k  s a m p le s  w i t h  t h a t  o f  

z i r c o n s  d e r iv e d  f ro m  g r a n u l i t e - f a c i e s  r o c k s  ( c .  1 . 6 7  x

10“4 a n d  1 .4 3  x  1 0 “ 4 r e s p e c t i v e l y ) .  I n  c o n t r a s t ,  

a m p h i b o l i t e - f a c ie s  s a m p le s  h a v e  n e a r l y  an o r d e r  o f  

m a g n itu d e  d iv e r g e n c e  b e tw e e n  th e  r e s p e c t i v e  r a t i o s  ( c .

6 . 6 7  x 10~3 an<3 1 . 2 5  x l O - ^ ) ,  w h ic h  i s  p r o b a b ly  r e l a t e d  

t o  t h e  i n c r e a s in g  im p o r ta n c e  o f  U lo c a t e d  i n  o t h e r  m in o r  

p h a s e s  s u c h  a s  a l l a n i t e  ( s e e  a l s o  W a ts o n  e t  a l . , 1 9 8 2 ) .  

I n s t a b i l i t y  o f  s u c h  m in e r a ls  u n d e r  t h e  n e w ly - im p o s e d ,  

g r a n u l i t e - f a c i e s  c o n d i t i o n s  may t h e r e f o r e  be  im p o r t a n t  

i n  r e d u c in g  th e  U c o n c e n t r a t io n  t o  t h e  b a c k g ro u n d  

g r a n u l i t e  l e v e l s .  The b re a k d o w n  o f  a l l a n i t e  i n  

p a r t i c u l a r  h a s  c o n s e q u e n c e s  f o r  t h e  p o t e n t i a l  m o b i l i t y  

o f  t h e  l i g h t  REEs f o r  e x a m p le ,  a l t h o u g h  t h e  Nd is o t o p e  

d a ta  o f  H a m i l t o n  e t  a l .  ( 1 9 7 9 )  seem  t o  p r e c lu d e  a n y  o p e n  

s y s te m  b e h a v io u r .

On th e  o t h e r  h a n d , a p a t i t e  a n d  z i r c o n  re m a in  s t a b le  i n  

g r a n u l i t e s  f ro m  S c o u r ie  b u t  c o n t a in  m a r k e d ly  l e s s  U th a n  

a t  G r u in a r d  B ay ( e . g . ,  P la t e  4 . 2 ) .  W h e th e r  U i s  le a c h e d  

f r o m  t h e  a p a t i t e  l a t t i c e  ( e . g . ,  F o w le r ,  1 9 8 1 ) o r  l o s t  

d u r i n g  a m o re  c o m p le x  p r o c e s s  o f  m in e r a l  b re a k d o w n  a n d  

r e - p r e c i p i t a t i o n  i s  u n c le a r ,  b u t  a p r o c e s s  s i m i l a r  t o  

t h e  l a t t e r  may a f f e c t  z i r c o n .

M e ta m o rp h ic  G ra d e  U c o n t e n t  i n  Z i r c o n

A m p h ib o l i t e  f a c ie s  659 -  780ppm^-
382 -  452ppm ^

G r a n u l i t e  f a c ie s 4 4 . 3  -  5 6 . 9ppm 3
3 3 . 3  -  5 5 .2 p p m ^

T a b le  5 . 1 ;  C o m p a r is o n  o f  z i r c o n  U c o n t e n t s  f ro m  

g r a n u l i t e -  a n d  a m p h i b o l i t e - f a c ie s  L e w is ia n  g n e is s e s .

(1 = Pidgeon and Aftalion, 1972; 2 = Lyon et al., 1973?
3 = Pidgeon and Bowes, 1972).



T a b le  5 .1  l i s t s  p u b l i s h e d  U a b u n d a n c e s  o f  L e w is ia n  

a m p h i b o l i t e -  a n d  g r a n u l i t e - f a c i e s  z i r c o n s  a n d  r e c o r d s  

a p p r o x im a t e ly  a n  o r d e r  o f  m a g n itu d e  v a r i a t i o n  b e tw e e n  

th e s e  e x t r e m e s .  T h e  z i r c o n s  a r e  l a r g e  a n d  h a v e  th e  

t y p i c a l  o v o id  h a b i t  g e n e r a te d  d u r in g  th e  h ig h - g r a d e  

e v e n t  (P id g e o n  a n d  B o w e s , 1 9 7 2 ) ,  b u t  t h e i r  f o r m e r  

e x is t e n c e  i n  t h e  u n d e fo rm e d  p r o t o l i t h s  i s  r e c o r d e d  b y  

t h e  p r e s e n c e  o f  s p a r s e ,  U - r i c h  p r e m e ta m o rp h ic  c o r e s .  I t  

m ig h t  be  i n f e r r e d  t h a t  t h e  m a jo r  p h a s e  o f  U lo s s  f r o m  

t h e  z i r c o n  s t r u c t u r e  o c c u r r e d  d u r in g  r e c r y s t a l l i s a t i o n  

a n d  new z i r c o n  g r o w th  a t  g r a n u l i t e  g r a d e ,  w h ic h  was 

a c c o m p a n ie d  b y  r e s e t t i n g  o f  t h e  U -P b  i s o t o p i c  s y s te m .

Some i n d i v i d u a l  s a m p le s  f ro m  G r u in a r d  B a y r e t a i n  

e v id e n c e  f o r  t h e  d o m in a t in g  i n f l u e n c e  o f  o n e  p a r t i c u l a r  

p h a s e .  F o r  e x a m p le , s a m p le  M J118 h a s  a n o m o lo u s ly  h ig h  T h  

a n d  T h /U ,  a n d  h ig h  l i g h t  REEs, w h ic h  h a s  b e e n  c o r r e l a t e d  

w i t h  t h e  fo r m e r  p r e s e n c e  o f  m o n a z ite  i n  t h e  r o c k .  

A l t e r n a t i v e l y ,  some s a m p le s  show  th e  o p p o s i t e  U /T h  

f r a c t i o n a t i o n  s u c h  t h a t  U re m a in s  h ig h ,  ( e . g . ,  M J 1 4 4 ) .  

T h e s e  co m m o n ly  h a v e  h ig h  Z r  a n d  H f ,  w h ic h  m ig h t  s u g g e s t  

l o c a l  z i r c o n  a c c u m u la t io n  ( s e e  a ls o  R o l l i n s o n  a n d  

F o w le r ,  i n  p r e p . ) .

T h u s , a f t e r  th e  i n i t i a l  lo s s  o f  e a s i l y - l e a c h a b l e  

( g r a in - b o u n d a r y ? )  U , r a d io e le m e n t  d e p le t i o n  a p p a r e n t ly  

p r o c e e d s  as a f u n c t i o n  o f  t h e  c o m b in e d , v a r ie d  re s p o n s e s  

o f  th e  h o s t  m in o r  m in e r a ls  t o  th e  n e w ly - im p o s e d  

c o n d i t i o n s .  T h is  i n v o l v e s  n o t  o n ly  r a d io e le m e n t  r e le a s e  

d u e  t o  m in e r a l  b re a k d o w n , b u t  a l s o  t h e i r  l o s s  f ro m  

p h a s e s  w h ic h  a re  s t i l l  s t a b l e  i n  t h e  g r a n u l i t e  f a c i e s .  

S a m p le s  w h ic h  a r e  r i c h  i n  o n e  p a r t i c u l a r  m in o r  p h a s e ,  

f o r  w h a te v e r  r e a s o n ,  m ay r e t a i n  a n o m a lo u s  r a d io e le m e n t  

a b u n d a n c e s .

5 .3  The p h a s e  r e s p o n s ib le  f o r  d e p le t i o n :  f l u i d  o r  m e lt?

W h o le - r o c k  REE g e o c h e m ic a l  m o d e l l in g  h a s  s u g g e s te d  

t h a t  t h e  i n t r a c r u s t a l  p a r t i a l  m e l t i n g  m o d e l f o r  

g r a n u l i t e  g e n e s is ,  as  a d v o c a te d  p a r t i c u l a r l y  b y  P r id e  

a n d  M uecke (1 9 8 0 ,  1 9 8 1 , 1 9 8 2 )  i s  i n a p p r o p r i a t e  as a 

g e n e t i c  m e c h a n is m  f o r  t h e  G r u in a r d  B a y  g n e is s e s .



H o w e v e r, t h i s  d o e s  n o t  n e c e s s a r i l y  mean t h a t  p a r t i a l  

m e l t i n g  h a s  n o t  o c c u r r e d ,  m e r e ly  t h a t  i t  was n o t  

r e s p o n s ib le  f o r  th e  o v e r a l l  g e n e s is  o f  th e  s u i t e .

R e s id u e M e l t
D S o u rc e S o u rc e

Ce 0 . 2 6 0 . 7 4 3 . 3 3
Nd 0 . 5 2 0 . 9 1 1 . 8 3
Sm 0 . 8 2 0 . 9 8 1.21
Eu 1 . 3 3 1 . 0 3 0 . 7 6
Gd 1.02 1.00 0 . 9 8
Dy 1 . 2 8 1.02 0 . 7 9
E r 1 .1 9 1.02 0 . 7 9
Yb 0 . 8 7 0 . 9 8 1 .1 4
L u 0 . 6 1 0 . 9 4 1 . 5 9

T a b le 5 . 2 :  REE m o d e l f o r  10% b a t c h

m e l t i n g  r e t a i n i n g  a h o r n b le n d e -

g r a n u l i t e  f a c i e s  r e s id u e .

F ig u r e  5 . 1 ;  REE m o d e l o f  i n - s i t u  p a r t i a l  m e l t i n g  a t

G r u in a r d  B a y .



F ig .  5 .1  a n d  T a b le  5 .2  show  t h a t  REE p a t t e r n s  t y p i c a l  o f  

t h e  t o n a l i t i c -  t r o n d h j e m i t i c  r o c k  ty p e s  a r e  " r o b u s t "  t o  

t h e  e x t r a c t i o n  o f  a s m a l l - d e g r e e  p a r t i a l  m e l t  i n  

e q u i l i b r i u m  w i t h  th e  o b s e rv e d  r e s i d u a l  m in e r a lo g y ,  and  

t h e r e f o r e  t h a t  p a r t i a l  m e l t i n g  may g o  u n n o t ic e d  as  f a r  

a s  t h i s  p a r t i c u l a r  e le m e n t  g ro u p  i s  c o n c e rn e d  ( a l t h o u g h  

n o te  W e a v e r a n d  T a r n e y ' s  ( 1 9 8 0 ,  1 9 8 1 )  o b j e c t i o n s  b a s e d

o n  Ba a b u n d a n c e s ) .  T h e r e f o r e  i t  d e s e rv e s  f u r t h e r  

c o n s i d e r a t i o n  h e r e .

I t  h a s  r e c e n t l y  becom e c l e a r  t h a t  i n c r e a s in g  th e  

a c i d i t y  o f  t h e  m e l t  p h a s e  r e s u l t s  i n  a r a p i d  in c r e a s e  i n  

m in e r a l - m e l t  p a r t i t i o n  c o e f f i c i e n t s  f o r  m o s t 

in c o m p a t ib le  e le m e n ts  (M ah ood  a n d  H i l d r e t h ,  1 9 8 3 , 

V i l l e m a n t  e t  a l . ,  1 9 8 1 ) .  I n  t h e  l i g h t  o f  t h i s  i t  i s  

i n s t r u c t i v e  t o  c o n s id e r  t h e  p a r t i t i o n  c o e f f i c i e n t s  

r e q u i r e d  b y  th e  o b s e rv e d  U a n d  Th d e p le t i o n  f a c t o r s  f ro m  

a m p h ib o l i t e  t o  g r a n u l i t e  g r a d e ;  a s  show n i n  T a b le  5 . 3 .

" u n d e p le t e d "  a m p h ib o l i t e  f a c i e s :  U = 2 .7 p p m , Th = lO pp m .

" d e p le t e d "  g r a n u l i t e  f a c i e s :  U = 0 .0 5 p p m , Th = 2ppm.

I n t e r f a c i e s  f r a c t i o n a t i o n  ( " d e p l e t i o n  f a c t o r " )  f o r  b o th  
e le m e n ts  = 0 . 02x  o r i g i n a l  v a lu e .

F o r  E Q U IL IB R IU M  PARTIAL M ELTING , t h i s  r e q u i r e s  a b u lk  
d i s t r i b u t i o n  c o e f f i c i e n t  o f  0 . 0 0 4 , a t  20% m e l t i n g .

F o r  FRACTIONAL M ELTING, i t  r e q u i r e s  a b u lk  d i s t r i b u t i o n  
c o e f f i c i e n t  o f  0 . 0 5 5 , a g a in  a t  20% m e l t i n g .

T a b le  5 . 3 :  U a n d  T h d e p le t i o n  f a c t o r s  f r o m  a m p h ib o l i t e  

t o  g r a n u l i t e  g r a d e ,  a n d  r e q u i r e d  b u l k  m in e r a l - m e l t

d i s t r i b u t i o n  c o e f f i c i e n t s .

C l e a r l y ,  f o r  s e n s ib le  d e g re e s  ( i . e . ,  l e s s  th a n  50%) o f  

e i t h e r  e q u i l i b r i u m  p a r t i a l  m e l t i n g  o r  f r a c t i o n a l  m e l t i n g  

p a r t i t i o n  c o e f f i c i e n t s  f o r  t h e  r a d io e le m e n t s  r e q u i r e d  t o  

e f f e c t  t h e  o b s e rv e d  f r a c t i o n a t i o n  a r e  c o m p a ra b le  w i t h  

t h o s e  f o r  b a s a l t i c  m e l t s  u n d e r  u p p e r  m a n t le  c o n d i t i o n s .  

T h a t  t h i s  a p p e a rs  u n l i k e l y  i s  d e m o n s t r a te d  b y  T a b le  5 . 4 ,  

w h ic h  i s  a c o m p i la t io n  o f  a v a i l a b l e  U a n d  Th p a r t i t i o n  

c o e f f i c i e n t  d a ta  f o r  r o c k - f o r m in g  m in e r a ls  w i t h  a c i d i c  

m e l t s .
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R o c k - fo r m in g  m in e r a ls

F e ld s p a r 0.008
0.027

0.021
0.022

0.018
0.037

0.014 0.0095 
0.0253 
0.0149 
0.088

0.0173
0.0225
0.033
0.059

0.0208
0.0158
0.065 0.076

C lin cp y ro xe n e  0 .07 0.35 0.031 0.084  5.41 6.56 0.013 0.035

O rthcpyroxene  0 .25 0.31 7.76 5.30

B io t i t e 0.131 0.19 0 .18 0.511 1.74 1.43 0.31

A c c e s s o r y  m in e r a ls

Z irc o n 383 298 91.2 62 .4

A p a t i te 1.2
Sphene 0.58 2.1 1.74 8.0
A l la n i t e 17 14 548 420

S o u r c e s :

N a gasaw a a n d  W a k ita  ( 1 9 6 8 )  

H ig u c h i  a n d  N agasaw a ( 1 9 6 9 )  

D u d a s  e t  a l .  ( 1 9 7 1 )

M ahood a n d  H i l d r e t h  ( 1 9 8 3 )  

W o rn e r  e t  a l .  ( 1 9 8 3 )

T a b le  5 . 4 :  L i t e r a t u r e  d a t a  f o r  U a n d  T h  m in e r a l - m e l t

p a r t i t i o n  c o e f f i c i e n t  d a ta



M o re o v e r ,  th e  a b o v e  d is c u s s io n  h a s  n o t  g iv e n  

s u f f i c i e n t  w e ig h t  t o  th e  r o l e  o f  a c c e s s o ry  p h a s e s  i n  th e  

r e s id u e  ( e . g . ,  H a r r is o n  a n d  W a ts o n , 1 9 8 4 ) .  I t  h a s  b e e n  

d e m o n s t r a te d  a b o v e  t h a t  t h e  b u lk  o f  t h e  U (a n d  T h ? ) 

c o m p le m e n ts  o f  h o r n b le n d e - g r a n u l i t e  a n d  g r a n u l i t e  

f a c i e s ,  L e w is ia n  g n e is s e s  r e s id e s  i n  z i r c o n ,  a p a t i t e  and  

a l l a n i t e .  A v a i l a b l e  U a n d  T h  p a r t i t i o n  c o e f f i c i e n t  d a ta  

f o r  t h e s e  p h a s e s  a r e  a l s o  l i s t e d  i n  T a b le  5 . 4 .  The 

r a n g e  i s  c o n s id e r a b le  a n d  d e p e n d s  on m any f a c t o r s ,  b u t  

i t  o b v io u s ly  r e q u i r e s  o n l y  a v e r y  s m a l l  m o d a l a b u n d a n c e  

o f  s u c h  p h a s e s  t o  m ake th e  r e q u i r e d  i n t e r f a c i e s  

r a d io e le m e n t  f r a c t i o n a t i o n  i n c o n c e iv a b le ,  i f  b a s e d  on 

e q u i l i b r i u m  o r  f r a c t i o n a l  m e l t i n g .  T h e r e f o r e ,  i t  

a p p e a r s  t h a t  e v e n  i f  p a r t i a l  m e l t i n g  d id  o c c u r ,  i f  i t  

w as c o n t r o l l e d  b y  c u r r e n t l y  a c c e p te d  t h e o r ie s  o f  

m e l t / c r y s t a l  e q u i l i b r a t i o n ,  i t  w o u ld  n o t  h a v e  b e e n  

c a p a b le  o f  re m o v in g  s u f f i c i e n t  U o r  T h  f ro m  o r i g i n a l  

a m p h i b o l i t e - f a c ie s  l i t h o l o g i e s  t o  g e n e r a te  th e  

h ig h l y - im p o v e r i s h e d  h o r n b le n d e  g r a n u l i t e s  ( G r u in a r d  B a y ) 

o r  g r a n u l i t e s  ( S c o u r i e ) .

T h is  i m p l i c a t e s  some s o r t  o f  n o n - s i l i c a t e  f l u i d ,  as 

h a s  b e e n  a d v o c a te d  e x t e n s i v e l y  i n  t h e  l i t e r a t u r e  ( e . g . ,  

T a r n e y  a n d  W in d le y ,  1 9 7 7 ;  W e a ve r a n d  T a r n e y ,  1 9 8 0 , 1 9 8 1 ; 

R o l l i n s o n  a n d  W in d le y ,  1 9 8 0 a , b ) .  C u r r e n t  k n o w le d g e  on 

t h e  p a r t i t i o n i n g  b e h a v io u r  o f  t h e  r a d io e le m e n ts  i n t o  

f l u i d s  u n d e r  p e r t i n e n t  c r u s t a l  c o n d i t i o n s  i s  a lm o s t  

n o n e x i s t e n t ,  a n d  a p p e a l h a s  t o  b e  made t o  e x p e r im e n t a l  

r e s u l t s  e i t h e r  o n  o t h e r  ( c o m p a ra b le ? )  e le m e n ts ,  o r  u n d e r  

d i f f e r e n t  ( g e n e r a l l y  lo w e r  P , T )  c o n d i t i o n s .

S in c e  t h e  REEs h a v e  becom e s o  e x t e n s i v e l y  u s e d  i n  

p e t r o g e n e t i c  d i s c u s s io n s ,  m o s t d a ta  e x i s t  f o r  t h i s  g ro u p  

o f  e le m e n ts .  A C C ^ - r ic h  f l u i d  h a s  b e e n  w id e ly  p ro p o s e d  

a s  t h e  p h a s e  i n  w h ic h  L IL E s  a r e  l o s t  d u r in g  

g r a n u l i t e - g r a d e  m e ta m o rp h is m  ( a l t h o u g h  s e e  t h e  n o te  o f  

c a u t i o n  b y  Lamb a n d  V a l l e y ,  1 9 8 4 ; w ho s u g g e s t  t h a t  

g r a p h i t e  s h o u ld  b e  p r e c i p i t a t e d  i f  s u b s t a n t i a l  CO2 
f l u x i n g  h a s  ta k e n  p l a c e ) .  H o w e v e r, W e n d la n d t  a n d  

H a r r i s o n  ( 1 9 7 9 )  h a v e  show n t h a t  u n d e r  th e  P /T  c o n d i t i o n s  

o f  i n t e r e s t  (8 -  12 Kb a n d  700 -  8 0 0 ° C ) ,  a CO2 v a p o u r



w o u ld  v e r y  s t r o n g l y  p a r t i t i o n  REEs and  c a u s e  s u b s t a n t i a l  

REE m o b i l i t y ,  w h ic h  i s  n o t  s e e n .

T h e  a d v a n c e d  s ta g e  o f  d e p le t i o n  re a c h e d  a t  G r u in a r d  

B a y  i n  g n e is s e s  w h ic h  s t i l l  r e t a i n  a p a r t l y  h y d r o u s  

m in e r a l  a s s o c i a t io n  s u g g e s ts  t h a t  th e  f l u i d s  i n  w h ic h  

L IL E s  w e re  re m o v e d  f ro m  t h e  s y s te m  w e re  a l s o  P ^ O - r ic h  

r a t h e r  t h a n  p u r e l y  c a r b o n ic .  T h is  a c c o r d s  w i t h  o t h e r  

s t u d ie s  o f  t h e  a m p h ib o l i t e  t o  g r a n u l i t e  f a c ie s  

t r a n s i t i o n  ( e . g . ,  H o l t  a n d  W ig h tm a n , 1 9 8 2 )  w h ic h  p ro p o s e  

a n  a d v a n c in g  f r o n t  o f  m a n t le - d e r iv e d  CO2 f l u s h i n g  b e f o r e  

i t  a L IL E - c h a r g e d  H20- d o m in a te d  f l u i d  g e n e r a te d  b y  

d e h y d r a t io n  r e a c t i o n s .  I n  c o n t r a s t  t o  t h e  e x p e r im e n t a l  

r e s u l t s  f o r  CO2 # th o s e  f o r  a q u e o u s  l i q u i d s  s u g g e s t  t h a t  

n o  s t r o n g  p a r t i t i o n i n g  o f  REEs i n t o  t h e  f l u i d  w o u ld  

o c c u r  u n d e r  c r u s t a l  P /T  c o n d i t i o n s  ( C u l l e r s  e t  a l .  1973? 

Z e i l i n s k i  a n d  F r e y ,  1974? F ly n n  a n d  B u rn h a m , 1978? and  

W e n d la n d t  a n d  H a r r is o n ,  1 9 7 9 ) .  H o w e v e r, a v a i l a b l e  

e v id e n c e  ( B e s w ic k ,  1973 a n d  Shaw, 1 9 7 8 )  i n d i c a t e s  t h a t  

Rb a n d  K c o u ld  b e  re m o ve d  f ro m  p l a g i o c l a s e  ( t h e  d o m in a n t  

m in e r a l  i n  t h e  L e w is ia n  g n e i s s e s ) ,  i n  e q u i l i b r i u m  w i t h  

a n  a q u e o u s  f l u i d .  R o l l in s o n  and  W in d le y  ( 1 9 8 0 )  e s t im a t e d  

a b u lk  m i n e r a l - f l u i d  d i s t r i b u t i o n  c o e f f i c i e n t  o f  0 . 0 2 4  

f o r  R b , w h ic h  w o u ld  c a u s e  i t s  e n t r y  i n t o  t h e  f l u i d .  

H o w e v e r, t h i s  r e q u i r e s  t h a t  t h e  p r o p o r t i o n  o f  CO2 be  

r e l a t i v e l y  lo w ,  a n d  o t h e r  l ig a n d s  w i t h  w h ic h  t o  c o m p le x  

a n d  s t a b i l i s e  r a d io e le m e n t  c a t io n s  m ig h t  b e  s o u g h t .  

S e v e r a l  s t u d ie s  ( e . g .  L e e la n a n d u m , 1970? B l a t t n e r  and  

B la c k ,  1 9 8 0 )  h a v e  show n t h a t  s p e c i f i c  h o r n b le n d e -  

g r a n u l i t e  a n d  g r a n u l i t e - f a c i e s  m in e r a ls  a r e  C l -  a n d  

F - r i c h  ( a p a t i t e ,  a m p h ib o le ,  b i o t i t e ,  s c a p o l i t e ) ,

p r o v i d i n g  d i r e c t  e v id e n c e  f o r  t h e i r  s i g n i f i c a n t  p re s e n c e  

i n  t h e  c o e x i s t i n g  f l u i d .  O th e rs  h a v e  d e m o n s t r a te d  th e  

a b i l i t y  o f  h a l i d e  a n io n s  t o  fo rm  c o m p le x  s p e c ie s  w i t h  

h i g h - i o n i c - p o t e n t i a l  c a t io n s  i n  a q u e o u s  m e d ia

( B a n d u r k in ,  1961? M a c D o n a ld  e t  a l . ,  1973? A ld e r t o n  e t  

a l . , 1 9 8 0 ) .  T h u s  i t  i s  p o s s ib le  t h a t  th o s e  m o b i le  L IL E s  

w i t h  h ig h  i o n i c  p o t e n t i a l  ( i . e .  U a n d  T h )  m ay b e  

s t a b i l i s e d  i n  t h e  f l u i d  b y  h a l i d e s ,  a s  w e l l  a s  th e  

m o r e - o f t e n  q u o te d  003^ “  a n io n .



I t  seem s l i k e l y  t o  t h e  p r e s e n t  a u t h o r  t h a t  th e  

r a d io e le m e n t s  w e re  re m o v e d  f ro m  t h e  L e w is ia n  g n e is s e s  

d u r in g  h o r n b le n d e - g r a n u l i t e  f a c ie s  m e ta m o rp h is m , i n  a 

f l u i d  c h a r g e d  w i t h  h a l i d e s  a n d  some CO2 / b u t  w i t h  a 

s t i l l - s i g n i f i c a n t  a q u e o u s  c o m p o n e n t, s h o r t l y  b e f o r e  

i n v e r s i o n  t o  t h e  C 0 2 -d o m in a te d  c o n d i t i o n s  r e c o r d e d  i n  

g r a n u l i t e s  f r o m  many p a r t s  o f  th e  w o r ld  ( e . g . ,  N e w to n  e t  

a l . ,  1 9 8 0 ) .



CHAPTER SIX

CONCLUSIONS TO GRUINARD BAY

T h e  f o l l o w i n g  c o n c lu s io n s  may b e  d e r iv e d  f ro m  t h i s  

s t u d y  o f  r e g io n a l  L IL E  m o b i l i t y  a t  g r a n u l i t e - g r a d e .

i )  T he  g e o c h e m is t r y  o f  t h e  L e w is ia n  g r e y  g n e is s  a t  

G r u in a r d  B a y  show s m any s i m i l a r i t i e s  w i t h  t h a t  o f  o t h e r  

p a r t s  o f  t h e  L e w is ia n  C o m p le x  i n  te rm s  o f  e le m e n ts  

" im m o b i le "  d u r in g  t h e  L IL E  d e p le t i o n  e v e n t .

i i )  T h is  c a n  be  t r a c e d  t o  c o m p a ra b le  p r o c e s s e s  o f  magma 

g e n e s is  w h ic h  e s t a b l i s h e d  m any o f  th e  m a in  g e o c h e m ic a l 

c h a r a c t e r i s t i c s  o f  t h e  C o m p le x  as a w h o le .

i i i )  I n t r a c r u s t a l  p a r t i a l  m e l t i n g  i s  n o t  a s u i t a b l e  

m o d e l f o r  t h e  g e n e r a t io n  o f  t h e  ra n g e  o f  l i t h o l o g i e s  

e x p o s e d  a t  G r u in a r d  B a y . T h e s e  a r e  m ore  l i k e l y  t o  b e  th e  

r e s u l t  o f  v a r i a b l e  d e g re e s  o f  p a r t i a l  m e l t i n g  o f  a 

c o m p o s i t i o n a l l y  h e te r o g e n e o u s  b a s a l t i c  s o u rc e  le a v in g  a 

v a r i a b l y  g a r n e t - b e a r in g  r e s id u e .  L o c a l  h o r n b le n d e  

f r a c t i o n a t i o n  may h a v e  b e e n  im p o r t a n t  i n  th e  g e n e s is  o f  

some o f  t h e  m ore  " e x t r e m e "  t r o n d h je m i t e s .  R e m o va l o f  

L IL E s  w as n o t  a d i r e c t  r e s u l t  o f  th e  m a g m a g e n e tic  

p r o c e s s e s .

i v )  I n  te rm s  o f  L IL E  a b u n d a n c e s  a n d  " p r im a r y "  

m in e r a lo g y ,  G r u in a r d  B a y  g n e is s e s  r e p r e s e n t  an  

i n t e r m e d ia t e  s ta g e  i n  t h e  d e p le t i o n  p r o c e s s ,  p r o b a b ly  

c h a r a c t e r is e d  b y  h o r n b le n d e - g r a n u l i t e  f a c ie s  c o n d i t i o n s  

d u r in g  th e  B a d c a l l i a n  m e ta m o rp h is m .

v )  R b , K , Th a n d  U a r e  a l l  d e p le te d  t o  some e x t e n t ,  

r e l a t i v e  t o  c o m p a ra b le  a m p h i b o l i t e - f a c ie s  r o c k s ,  b u t  n o t  

i n  a u n i f o r m  m a n n e r: t h e  r a d io e le m e n t s  h a v e  re a c h e d  an  

a d v a n c e d  s ta g e  o f  d e p le t i o n  w h i l e  K a n d  Rb " l a g  b e h in d " ,  

s u c h  t h a t  K /R b  r a t i o s  re m a in  r e l a t i v e l y  lo w .

v i )  T he  p r o c e s s e s  w h ic h  t o g e t h e r  c o n s t i t u t e  t h e  

d e p le t i o n  e v e n t  a r e  c o m p le x ,  p r o b a b ly  b e g in n in g  i n  th e  

a m p h ib o l i t e  f a c ie s  ( U - l o s s )  a n d  p r o c e e d in g  as a f u n c t i o n  

o f  m in e r a lo g y  a n d  b u l k  g e o c h e m is t r y  a lo n g  w i t h  o t h e r  

f a c t o r s .  D e p le t io n  c a n  b e  show n t o  be  " s e l e c t i v e " ,  

" d i f f e r e n t i a l "  and  " p r o g r e s s i v e "  i n  i t s  o p e r a t io n .



v i i )  The l a t e  s ta g e s  o f  r a d io e le m e n t  l o s s ,  as 

r e p r e s e n t e d  b y  G r u in a r d  B a y g n e is s e s ,  a r e  c r i t i c a l l y  

d e p e n d e n t  on th e  r e a c t i o n  o f  m in o r  m in e r a l  p h a s e s  t o  th e  

im p o s e d  c o n d i t i o n s .  A l l a n i t e  a p p e a rs  t o  be  c r u c i a l  i n  

m a in t a in in g  s i g n i f i c a n t l y  h ig h e r  U a n d  Th a b u n d a n c e s  i n  

t h e  h o r n b le n d e - g r a n u l i t e  f a c ie s  l i t h o l o g i e s .

v i i i )  L o s s  o f  K a n d  Rb p ro c e e d s  i n i t i a l l y  as  a c o u p le d  

a b s t r a c t i o n ,  d u r in g  w h ic h  th e  K /R b  r a t i o  re s p o n d s  

s l u g g i s h l y  b u t  f u r t h e r  Rb lo s s  d u r in g  l a t e r  s ta g e s  

( b i o t i t e  and h o r n b le n d e  b re a k d o w n ? )  c a u s e s  a r a p id  

in c r e a s e  i n  K /R b  a s  g r a n u l i t e - f a c i e s  ( s s )  c o n d i t i o n s  

a r e  a p p ro a c h e d .

i x )  The im p o r ta n c e  o f  a c c e s s o r y  m in e r a ls  i n  

h o r n b le n d e - g r a n u l i t e  a n d  g r a n u l i t e - g r a d e  g n e is s e s  as 

t h e i r  m a in  h o s ts  o f  t h e  U (a n d  T h ? ) c o m p le m e n t,  r e n d e r s  

i t  u n l i k e l y  t h a t  th e  e x tre m e  r a d io e le m e n t  

i n c o m p a t i b i l i t y  r e q u i r e d  b y  p a r t i a l  m e l t i n g  m o d e ls  f o r  

d e p le t i o n  w o u ld  b e  m e t.

x )  T he  r e c e n t l y  d o c u m e n te d  r a p id  r i s e  i n  m in e r a l - m e l t  

p a r t i t i o n  c o e f f i c i e n t s  f o r  h i g h l y  s i l i c i c  r o c k  t y p e s  

a l s o  a rg u e s  a g a in s t  t h e  e f f i c i e n t  re m o v a l o f  L IL E s  i n  a 

g r a n i t i c  m e l t ,  e v e n  i f  t h e  i n f l u e n c e  o f  a c c e s s o r y  

m in e r a ls  i s  ig n o r e d .

x i )  T h e  a d v a n c e d  s ta g e  o f  d e p le t i o n  re a c h e d  i n  r o c k s  

w h ic h  a re  s t i l l  d e m o n s t r a b ly  h y d r o u s  s u g g e s ts  t h a t  t h e  

f l u i d  r e s p o n s ib le  f o r  L IL E  t r a n s p o r t  o u t  o f  t h e  

l i t h o c h e m i c a l  s y s te m  m ay a ls o  h a v e  b e e n  h y d r o u s ,  n o t  

C02-rich.
x i i ) A C C ^ - r ic h  p h a s e  may h a v e  b e e n  th e  c a u s e  o f  t h e  

d e h y d r a t io n  r e a c t i o n s ,  d r i v i n g  b e f o r e  i t  a f l u x  o f  

L IL E - c h a r g e d  h y d r o u s  f l u i d s .  T h e s e  may h a v e  c a u s e d  

p a r t i a l  m e l t i n g  a t  h ig h e r  l e v e l s  i n  th e  c r u s t ,  s i m i l a r  

t o  d o c u m e n te d  h ig h - g r a d e  t r a n s i t i o n a l  t e r r a i n s  

e ls e w h e r e  i n  t h e  w o r ld .



CHAPTER SEVEN

INTRODUCTION TO GLEN DESSARRY

T h e  G le n  D e s s a r r y  s y e n i t e  i s  th e  s e c o n d  s u b je c t  

s t u d ie d  i n  d e t a i l  h e r e ,  a n d  w as c h o s e n  t o  i l l u s t r a t e  

l o c a l  e le m e n t  m ig r a t io n s  a t  a m p h ib o l i t e  g r a d e ,  a s  a 

c o m p le m e n t t o  t h e  r e g i o n a l  m o b i l i t y  d i s c u s s e d  a b o v e . I t  

was th o u g h t  t o  be  o f  p o t e n t i a l  i n t e r e s t  f o r  th e  

f o l l o w i n g  r e a s o n s : -

i )  I t  i s  a p r o d u c t  o f  d e e p - s e a te d  p r o c e s s e s ,  p r o b a b ly  

r e p r e s e n t in g  a p r im a r y  c r u s t a l  a d d i t i o n  f ro m  th e  m a n t le  

( v a n  B reem en  e t  a l . , 1 9 7 9 ) ,  a n d  t h e r e f o r e  b e a rs  d i r e c t l y  

o n  t h e  m e c h a n is m s  o f  i n c o m p a t ib le  e le m e n t  a d d i t i o n  t o  

t h e  c r u s t .

i i )  I n t r u s i o n  o c c u r r e d  a t  a lo w  c r u s t a l  l e v e l  u n d e r  t h e  

m e ta m o rp h ic  c o n d i t i o n s  p e r t i n e n t  t o  t h i s  t h e s i s ,  and  

l o c a l  r e a c t io n s  w i t h  t h e  e n v e lo p e  o c c u r e d  d u r in g  

c o n s o l i d a t i o n .

i i i )  A m p h i b o l i t e - f a c i e s  m e ta m o rp h is m  a n d  d e f o r m a t io n  

p e n e -c o n te m p o ra n e o u s  w i t h  i n t r u s i o n  a f f e c t e d  t h e  C o m p le x  

t o  v a r y in g  d e g re e s ,  w h ose  e f f e c t s  on th e  p r im a r y  e le m e n t  

d i s t r i b u t i o n  may t h e r e f o r e  b e  s t u d ie d .

i v )  U ra n iu m  i s  c o n c e n t r a t e d  i n  a l i m i t e d  n u m b e r o f  

a c c e s s o r y  m in e r a ls ,  some o f  w h ic h  o c c u r  co m m o n ly  i n  th e  

lo w e r  c r u s t ,  a n d  a s t u d y  o f  t h e i r  re s p o n s e  t o  

m e ta m o rp h is m  a n d  d e f o r m a t io n  m ig h t  t h e r e f o r e  h a v e  a 

b r o a d  r e le v a n c e  t o  c r u s t a l  r e g im e s  i n  g e n e r a l .

H e n c e , t h e  s y e n i t e  may b e  u s e d  t o  s tu d y  th e  b e h a v io u r  

o f  t h e  in c o m p a t ib le  e le m e n t  g r o u p  f ro m  m e l t  g e n e r a t io n  

i n  t h e  m a n t le ,  t h r o u g h  t h e  f r a c t i o n a t i o n  p r o c e s s e s  w h ic h  

g a v e  r i s e  t o  t h e  p a r e n t  m e l t s  o f  t h e  p r e s e n t ly - e x p o s e d  

v a r i a n t s ,  t o  l o c a l i s a t i o n  a s  a r e s u l t  o f  m a g m a tic  

i n f l u e n c e s ,  a n d  f i n a l l y  r e d i s t r i b u t i o n  o c c u r r in g  d u r in g  

d e f o r m a t io n  i n  t h e  a m p h i b o l i t e - f a c ie s  m e ta m o rp h ic  e v e n t .

7 .1  H i s t o r y  o f  R e s e a rc h

I n  c o n t r a s t  t o  t h e  L e w is ia n  r o c k s ,  t h e  c h a p te r s  

c o n c e r n in g  w h ic h  w e re  fo u n d e d  on  an e x t e n s iv e  

l i t e r a t u r e ,  t h e  a l k a l i n e  p l u t o n s  o f  t h e  NW H ig h la n d s



h a v e  r e c e iv e d  t h e  a t t e n t i o n  o f  o n ly  a r e l a t i v e l y  fe w  

p u b l i c a t i o n s .

T he  e a r l y  d e s c r i p t i o n s  o f  t h e  G le n  D e s s a r r y  a re a  w e re  

th o s e  o f  H a r r y  (1 9 5 1 ,  1 9 5 2 )  who d e s c r ib e d  th e  c o r e  o f  a 

s h a r p  " a n t i c l i n e "  i n  t h e  M o in e  p s a m m ite s  as  a g n e is s i c  

L e w is ia n  i n l i e r  o f  s u b s e q u e n t ly  f e ld s p a t h is e d  

p y r o x e n e - a m p h ib o le  r o c k s ,  m a rb le  a n d  p a r a s c h i s t .  He 

p ro p o s e d  t h a t  a p h a s e  o f  p o r p h y r o b la s t e s is  o c c u r r e d  

d u r in g  t h e  d e c l i n e  o f  an  e p is o d e  o f  m ig m a t is a t io n ,  

r e s u l t i n g  i n  a r o c k  " a lm o s t  w h o l l y  com posed  o f  r a n d o m ly -  

o r i e n t a t e d ,  l a r g e ,  g r e y  a l k a l i - f e l s p a r s " ,  a n d  c a l l e d  i t  

" f e l s p a r - p o r p h y r o b l a s t  r o c k " .

R e m a p p in g  o f  t h e  a r e a  b y  G e o lo g ic a l  S u rv e y  o f  G r e a t  

B r i t a i n  was u n d e r ta k e n  b e tw e e n  1956 and  1 9 6 1 , and  th e  

f i n d in g s  s u m m a ris e d  b r i e f l y  i n  Summ. P r o g r .  g e o l . S u r v .  

UK (1 9 5 7 ,  1 9 5 8 , 1 9 6 0 , 1 9 6 1 , 1 9 6 2 ) .  D u r in g  t h i s  t im e  th e  

p r e v i o u s l y  u s e d  te rm  " I n l i e r "  w as r e p la c e d  b y  th e  

l e s s - c o m m i t t a l  "C o m p le x " ,  s in c e  th e  f o l d  was now s e e n  t o  

c lo s e  d o w n w a rd s  r a t h e r  th a n  u p w a rd s . L a m b e r t  e t  a l .  

(1 9 6 4 )  d i v id e d  t h e  C o m p le x  i n t o  tw o  t y p e s  o f  s y e n i t e ;  

p r o v id e d  R b -S r  i s o t o p i c  e v id e n c e  f o r  a 

p o s t - L e w is ia n  a g e ;  r e p o r t e d  th e  p r e s e n c e  o f  k y a n i t e ,  

s i l l i m a n i t e ,  s t a u r o l i t e  a n d  m ic a  i n  th e  " p a r a s c h is t s "  o f  

H a r r y  ( 1 9 5 2 ) ;  a n d  p ro p o s e d  a m a g m a tic  h i s t o r y  f o r  t h e  

s y e n i t e s  w h ic h  w e re  t h o u g h t  t o  h a v e  b e e n  e m p la c e d  d u r in g  

o r  b e f o r e  an  e a r l y  p h a s e  o f  M o in ia n  m e ta m o rp h is m . The 

r e s u l t s  o f  f u r t h e r  r e s e a r c h  b y  R ic h a rd s o n  w e re  p u b l i s h e d  

s h o r t l y  a f t e r w a r d s  ( R ic h a r d s o n ,  1 9 6 8 ) .  T h e s e  b r o a d ly  

c o n f i r m e d  a n d  e x te n d e d  t h e  m ore  r e c e n t  id e a s  o n  th e  

g e n e s is  o f  t h e  C o m p le x , r e c o r d in g  th e  p r e s e n c e  o f  tw o  

t y p e s  o f  s y e n i t e  " w h ic h  w e re  i n t r u d e d  b e f o r e  o r  d u r in g  a 

p h a s e  o f  a lm a n d in e - a m p h ib o l i t e  f a c ie s  r e g io n a l  

m e ta m o rp h is m " . T he  m a g m a tic  h i s t o r y  was e n v is a g e d  as  

i n v o l v i n g  l o w - l e v e l  c r y s t a l  f r a c t i o n a t i o n  i n  a magma 

c h a m b e r a t  d e p th ,  o f  a e g e r in e - a u g i t e ,  b i o t i t e  a n d  

m a g n e t i te  t o  r e l a t e  t h e  p a r e n t a l  c o m p o s i t io n s  o f  th e  tw o  

s y e n i t e  t y p e s .  M e ta m o rp h is m  a n d  d e f o r m a t io n  c a u s e d  

u n m ix in g  o f  m e s o p e r t h i t e  i n t o  g r a n u la r  o r t h o c la s e  and  

s o d ic  p l a g i o c l a s e ,  c o n te m p o ra n e o u s  ( a c c o r d in g  t oc o n te m p o ra n e o u s



R ic h a r d s o n )  w i t h  g e n e r a t io n  o f  d i s e q u i l i b r i u m  

p y r o x e n e - h o r n b le n d e  a s s o c ia t io n s  b y  a r e d u c in g  (H2- H 2O) 

f l u i d  e n t e r in g  th e  C o m p le x  f ro m  th e  s u r r o u n d in g  

m e ta s e d im e n ts .  A c o m p re h e n s iv e  a c c o u n t  o f  th e  m a jo r  

m in e r a lo g y  o f  th e  s y e n i t e s  a n d  some m a jo r - e le m e n t  

g e o c h e m is t r y  was in c lu d e d .

V a n  B re e m e n  e t  a l .  (1 9 7 9 )  r e p o r t e d  U -P b , R b -S r  a n d  

K - A r  d a ta  f o r  r o c k s  s e le c t e d  f ro m  th e  C o m p le x ; and 

s u g g e s te d  a c r y s t a l l i s a t i o n  age  o f  456 + / -  5 Ma; t h a t  

a m p h i b o l i t e - f a c ie s  c o n d i t io n s  p e r s i s t e d  u n t i l  a b o u t  430 

Ma; a n d  t h a t  t h e  a re a  c o o le d  f r o m  500 °C t o  t h e  K - A r  

b lo c k i n g  t e m p e r a tu r e  ( a b o u t  3 0 0 °C ) i n  a b o u t  20 Ma. 

I m p o r t a n t l y ,  an  i n i t i a l  87S r / 8 6 S r  i s o t o p i c  r a t i o  o f  

0 .7 0 4 1 ,  c o m b in e d  w i t h  a f e ld s p a r  P b - is o t o p e  c o m p o s i t io n  

to o  r a d io g e n ic  t o  be  d e r iv e d  f ro m  a U - d e p le te d  s o u rc e  

( i . e . ,  g r a n u l i t e  f a c ie s  L e w is ia n  b a s e m e n t -  w h ic h  i s  

a l s o  c a p a b le  o f  p r o d u c in g  lo w  87S r / 8 8 S r  r a t i o s ) ,  w e re  

ta k e n  t o  s t r o n g l y  s u g g e s t  a m a n t le  d e r i v a t i o n .  Van 

B reem en  e t  a l .  (1 9 7 9 b )  p ro p o s e d  t h a t  G le n  D e s s a r r y  and  

th e  o t h e r  a l k a l i n e  p lu t o n s  o f  t h e  NW H ig h la n d s  w e re  

g e n e r a te d  d u r in g  t e n s io n a l  t e c t o n i c s  a t  d e p th  r e la t e d  t o  

d o m in g  due  t o  th e  c o m p re s s iv e  t e c t o n i c s  o f  s u b d u c t io n ,  

t h u s  p r o v i d i n g  c l a s s i c  c o n d i t i o n s  f o r  th e  g e n e r a t io n  o f  

" w i t h i n - p l a t e "  a l k a l i n e  m agm as. I t  s h o u ld  p e rh a p s  be 

n o te d  h e r e  t h a t  th e  g e o c h e m ic a l d a ta  t o  f o l l o w  i n d i c a t e  

t h a t  G le n  D e s s a r r y  i s  n o t  a t y p i c a l  " w i t h i n  p l a t e "  

a l k a l i n e  m e l t  (T h o m p so n  and  F o w le r ,  i n  p r e p . ) .

M o s t r e c e n t l y ,  F o w le r  (1 9 8 1 )  b r i e f l y  d e s c r ib e d  th e  

d i s t r i b u t i o n  o f  U w i t h i n  th e  s y e n i t e s  and  d is c u s s e d  i t s  

i m p l i c a t i o n s .  T h is  fo rm e d  a b a s is  f o r  t h e  p r e s e n t  w o rk  

and  w i l l  be  c o n s id e r e d  i n  f u l l  a n d  e x p a n d e d  u p o n  b e lo w .

G e o lo g ic a l  S e t t i n g  a n d  S a m p le  C o l l e c t i o n

T h e  G le n  D e s s a r r y  s y e n i t e  i s  one  o f  f o u r  m a jo r  

a l k a l i n e  p lu t o n s  e x p o s e d  i n  NW S c o t la n d .  The o t h e r  t h r e e  

(L o c h  L o y a l ,  L o c h  A i l s h  and  L o c h  B o r r o la n ;  s e e  P a rs o n s ,  

1 9 6 5 , 1 9 7 9 ) a r e  a l l  s i g n i f i c a n t l y  y o u n g e r  th a n  G le n  

D e s s a r r y  a n d  a r e  e x p o s e d  on  o r  n e a r  th e  f o r e la n d .  A l l  

h a v e  t o  d a te  e s c a p e d  a c o n c e r t e d  g e o c h e m ic a l



i n v e s t i g a t i o n ,  a l th o u g h  p e r t i n e n t  i s o t o p i c  d a ta  a re  

a v a i l a b l e  (v a n  B reem en e t  a l .  , 1 9 7 9 a , 1 9 7 9 b ) .  G le n

D e s s a r r y  h a s  b e e n  d a te d  a t  4 5 6  + / -  5 Ma ( v a n  B reem en e t  

a l . ,  1 9 7 9 a ) ,  a n d  i s  a c o m p o s ite  p lu t o n  c o m p r is in g  tw o  

t r a c t s  o f  l e u c o c r a t i c  s y e n i t e  i n t r u d i n g  an  e a r l i e r ,  

m a f ic  s y e n i t e  ( F ig .  7 . 1 ) .

H

1km

mafic syenite 

H-h-i; leucocratio syenite 

EH) pegmatite 

111111 Glen R#an xenolith 

I ) Moine 

* sample site

F ig u r e  7 . 1 :  L o c a l i t y  map o f  G le n  D e s s a r r y .

T he  r e l a t i o n s h i p s  o f  t h e  tw o  l e u c o c r a t i c  s y e n i t e  t r a c t s  

a r e  o b s c u re d  b y  d r i f t  i n  t h e  v a l l e y  o f  t h e  r i v e r  

D e s s a r r y ,  b u t  h a v e  b e e n  i n t e r p r e t e d  b o th  as one  

c o n t in u o u s  b o d y  o f  l e u c o c r a t i c  s y e n i t e  ( v a n  B reem en  e t  

a l . ,  1 9 7 9 )  a n d  as  tw o  s e p a r a te  o c c u r r e n c e s  (L a m b e r t  e t  

a l . ,  1 9 6 4 ) .  T he  c o n t a c t  b e tw e e n  t h e  m a f ic  a n d  

l e u c o c r a t i c  s y e n i t e  ty p e s  i s  i n t r u s i v e ,  w h ic h  im p l i e s  

t h a t  tw o  magma p u ls e s  o c c u r r e d  ( R ic h a r d s o n ,  1 9 6 8 ) ,  

r a t h e r  th a n  some e x tre m e  fo rm  o f  i n - s i t u  

d i f f e r e n t i a t i o n .  S h e e ts  o f  l e u c o c r a t i c  s y e n i t e  c u t  

m a f ic  s y e n i t e  c o n f i r m in g  th e  e x p e c te d  age r e l a t i o n s h i p s ;  

t h a t  t h e  fo r m e r  p o s t - d a t e s  t h e  l a t t e r .  T he  tw o ,m a s s iv e



g r a n i t i c  p e g m a t i te s  may b e  m em bers o f  a r e g i o n a l  

C a le d o n ia n  p e g m a t i t e  sw arm , w h e re a s  m o re  n u m e ro u s , 

r a t h e r  n e b u lo u s  p a tc h e s  w i t h i n  th e  s y e n i t e s  th e m s e lv e s  

a r e  p r o b a b ly  t h e  r e s u l t  o f  l o c a l  f i l t e r  p r e s s in g  

a c t i o n .  X e n o l i t h s  o f  u l t r a m a f i c  r o c k  up  t o  a b o u t  4m 

a c r o s s  a r e  m o s t common i n  t h e  m a f ic  s y e n i t e ,  and  h a v e  

b e e n  i n t e r p r e t e d  as  f ra g m e n ts  o f  e a r l y  c u m u la te s  d e r iv e d  

f ro m  a magma c h a m b e r a t  d e p th  ( R ic h a r d s o n ,  1 9 6 8 ) .  

M e ta s e d im e n ta r y  m a t e r i a l  r a n g in g  i n  s iz e  f ro m  a b o u t  500m 

( t h e  G le n  P ean X e n o l i t h )  t o  p a tc h e s  v i s i b l e  o n l y  u n d e r  

t h e  m ic r o s c o p e ,  i s  p r e s e n t  i n  t h e  m a f ic  s y e n i t e ,  a n d  

t h i s  i n c lu d e s  t h e  t h r e e  m a rb le  b o d ie s  d e s c r ib e d  b y  H a r r y  

( 1 9 5 2 ) .

T he  c o u n t r y  r o c k s  a r e  M o in ia n  p s a m m ite s  t o  

s e m i-p s a m m ite s  w h ic h  co m m o n ly  d e v e lo p  a g la s s y  t e x t u r e  

a d ja c e n t  t o  t h e  c o n t a c t .  I n  p la c e s  rh e o m o rp h is m  h a s  

g iv e n  r i s e  t o  t h e  a u t o b r e c c ia t e d  r o c k  o f  L a m b e r t  e t  a l .  

( 1 9 6 4 ) .  L o c a l l y ,  v e r y  c lo s e  t o  th e  c o n t a c t  ( w i t h i n  

a b o u t  3 m ), a p e r v a s iv e  r e d d e n in g  o f  th e  m e ta s e d im e n ts  

o c c u r s ,  i n  r e s p o n s e  t o  i n t e r a c t i o n  w i t h  t h e  

c r y s t a l l i s i n g  s y e n i t e  (s e e  l a t e r ) .

T h e  w h o le  C o m p le x  h a s  b e e n  a f f e c t e d  b y  d e f o r m a t io n ,  

a n d  w h i l e  i t s  m a c r o s c o p ic  e f f e c t s  re m a in  c o n j e c t u r a l  and  

a m a t t e r  f o r  d is c u s s io n  ( e . g . ,  v a n  B re e m e n  e t  a l . ,  

1 9 7 9 a ; R o b e r ts  e t  a l . ,  1 9 8 4 ) ,  t h e r e  i s  no d o u b t  t h a t  t h e  

l o c a l  d e v e lo p m e n t  o f  a p ro n o u n c e d  p la n a r  f a b r i c  i n  th e  

s y e n i t e s  i s  d i r e c t l y  r e l a t e d  t o  t h i s  p r o c e s s ,  r a t h e r  

t h a n  t o  f l o w  d i f f e r e n t i a t i o n  d u r in g  c o n s o l i d a t i o n  as h a s  

b e e n  s u g g e s te d  f o r  th e  L o c h  L o y a l  s y e n i t e  ( R o b e r ts o n  a n d  

P a rs o n s ,  1 9 7 4 ) .  M o s t o f  t h e  s y e n i t e s  a r e  a f f e c t e d  t o  

some e x t e n t ,  b u t  t h e  c e n t r e  o f  t h e  i n t r u s i o n  p r e s e r v e s  

t e x t u r e s  w h ic h  may be  m o re  e a s i l y  r e l a t e d  t o  

c r y s t a l l i s a t i o n  f ro m  a magma. M ore  d e t a i l  o n  t h e  

m ic r o s c o p ic  e f f e c t s  o f  d e f o r m a t io n  a re  g iv e n  l a t e r .  The 

l i n e a t i o n  d e v e lo p e d  w i t h i n  t h e  s y e n i t e s  i s  c o i n c i d e n t  

w i t h  t h a t  i n  t h e  s u r r o u n d in g  m e ta s e d im e n ts ,  w h ic h  w as 

p r o d u c e d  d u r in g  t h e  s e c o n d  p h a s e  o f  m e ta m o rp h is m  i n  th e  

a r e a  ( L a m b e r t  e t  a l .  , 1 9 6 4 ) .  T h is  s u g g e s ts  t h a t  d a t i n g  

o f  t h e  s y e n i t e  b y  t h e  U -P b  m e th o d s  u s e d  g iv e s  a ( m axim um



age  f o r  t h e  s e c o n d  f o l d  m o ve m e n ts  (v a n  B re e m e n  e t  a l . ,  

1 9 7 9 a ) .

S a m p le s  w e re  c o l l e c t e d  o f  a l l  t h e  m a in  v a r i a n t s  o f  th e  

C o m p le x  -  u l t r a b a s i c  r o c k s ,  m a f ic  s y e n i t e s ,  l e u c o c r a t i c  

s y e n i t e s  a n d  p e g m a t i t e s ,  i n  v a r y in g  s t a t e s  o f  

d e f o r m a t io n .  I n  a d d i t i o n ,  s a m p le s  o f  re d d e n e d  m a r g in a l  

m e ta s e d im e n ts ,  u n a l t e r e d  M o in e  c o u n t r y  r o c k  a n d  r e a c t io n  

r o c k s  a s s o c ia t e d  w i t h  s y e n i t e  v e in s  w e re  c o l l e c t e d  w i t h  

a v ie w  t o  c o n s id e r a t i o n  o f  t h e i r  e f f e c t s  on t h e  

l o c a l i s a t i o n  o f  U a n d  o t h e r  e le m e n ts ,  i n i t i a l l y  

i n d i c a t e d  b y  g a m m a -ra y  s c i n t i l l o m e t r y  (s e e  b e lo w ) .  

S a m p le  l o c a l i t i e s  a r e  m a rk e d  o n  F i g .  7 . 1 .

7 .3  A p p ro a c h

The f e a t u r e s  o f  th e  G le n  D e s s a r r y  s y e n i t e  w h ic h  make 

i t  an  a t t r a c t i v e  i n t r u s i o n  t o  s t u d y  f o r  t h e  p u rp o s e s  o f  

t h i s  t h e s i s  h a v e  b e e n  o u t l i n e d  a b o v e . H o w e v e r, th e  b e s t  

a p p ro a c h  t o  th e  i n v e s t i g a t i o n  o f  m e ta m o rp h ic  a n d /o r  

d e f o r m a t io n a l  e le m e n t  m o b i l i t y  w as n o t  im m e d ia te ly  

a p p a r e n t ,  s in c e  i t  c o u ld  h a v e  b e e n  m is le a d in g  t o  s im p ly  

assum e t h a t  a l l  t h e  p r e s e n t  c h e m ic a l  v a r i a t i o n s  a r e  o f  

m e ta m o rp h ic  o r i g i n .  N e v e r t h e le s s ,  some p r e l im in a r y  

p o i n t e r s  d o  e x i s t .

I t  i s  c l e a r  f ro m  t h e  f i e l d  r e l a t i o n s h i p s  t h a t  th e  

o v e r a l l  fo r m  a n d  s t r u c t u r e  o f  t h e  C o m p le x  ( F ig .  7 . 1 )  

r e t a i n  m uch o f  t h e i r  o r i g i n a l  i n t r u s i v e  c h a r a c t e r ,  w h ic h  

im m e d ia te ly  s u g g e s ts  t h a t  m a g m a tic  f a c t o r s  may s t i l l  

e x e r t  a s t r o n g  i n f l u e n c e  on  r o c k  c h e m is t r y .  S u p p o r t iv e  

e v id e n c e  f o r  t h i s  p o i n t  o f  v ie w  was d e r iv e d  f ro m  th e  u se  

o f  a t o t a l  g a m m a -ra y  s c i n t i l l o m e t e r  i n  t h e  f i e l d  (s e e  

a p p e n d ix ) ,  w h ic h  a l lo w e d  a q u a l i t a t i v e  a s s e s s m e n t o f  th e  

m a jo r  f e a t u r e s  c o n t r o l l i n g  r a d io e le m e n t  d i s t r i b u t i o n  on  

th e  s c a le  o f  an  o u t c r o p .  T h e s e  f a c t o r s  in c lu d e  t h e  

f o l l o w i n g :

i) Differences between leucocratic syenite, mafic 
syenite and pegmatite.
ii) Magmatic assimilation of metasedimentary material.
i i i )  L o c a l  r e a c t io n s  o f  i n t r u s i v e  s y e n i t e  v e in s  in v a d in g  

m e ta s e d im e n ta r y  r a f t s .
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i v )  L o c a l  m e ta s o m a tis m  o f  th e  c o u n t r y  r o c k  h o s t  

im m e d ia t e ly  a d ja c e n t  t o  th e  c o n t a c t  w i t h  t h e  s y e n i t e .  

T h e s e  a re  a l l  o f  m a g m a tic  r a t h e r  th a n  m e ta m o rp h ic  o r i g i n  

a n d  n o  o b v io u s  c o r r e l a t i o n  o f  r a d io e le m e n t  a b u n d a n c e  

w i t h  d e g re e  o f  d e f o r m a t io n  was d e t e c t e d .  N e v e r t h e le s s ,  

t h e  in t e n s e  l o c a l  d e f o r m a t io n  w h ic h  p ro d u c e d  

s t r o n g l y - f o l i a t e d ,  m e ta m o rp h ic  r o c k s  f ro m  t h e  p r e c u r s o r  

ig n e o u s  l i t h o l o g i e s  may h a v e  p r o f o u n d ly  m o d i f ie d  th e  

o r i g i n a l  e le m e n t  d i s t r i b u t i o n  w i t h i n  t h e  w h o le - r o c k  

s y s te m .

A c c o r d in g ly ,  an  e a r l y  " p i l o t "  s t u d y  was d i r e c t e d  

s o l e l y  a t  a c o n s id e r a t i o n  o f  t h e  a b u n d a n c e  a n d  

d i s t r i b u t i o n  o f  U i n  v a r ia b ly - d e f o r m e d  s a m p le s  o f  t h e  

l e u c o c r a t i c  s y e n i t e  ( F o w le r ,  1 9 8 1 ) .  T h is  u s e d

f i s s i o n - t r a c k  a n d  d e la y e d  n e u t r o n  a n a l y t i c a l  t e c h n iq u e s  

f o r  U , c o m b in e d  w i t h  t e x t u r a l  i n t e r p r e t a t i o n  o f  some o f  

t h e  u r a n i f e r o u s  a c c e s s o r y  m in e r a ls ,  t o  p r o v id e  e v id e n c e  

f o r  t h e  e x is t e n c e  o f  U and  R E E -b e a r in g  f l u i d s  w i t h i n  t h e  

s y e n i t e s ,  w h ic h  w e re  show n t o  h a v e  m o d i f i e d  th e  p r im a r y  

d i s t r i b u t i o n  o f  th e s e  e le m e n ts .  H o w e v e r, s e v e r a l  f u r t h e r  

q u e s t io n s  w e re  r a i s e d :

" ( i )  T he  e x t e n t  t o  w h ic h  p r o c e s s e s  d e m o n s t r a te d  b y  

f i s s i o n - t r a c k  r a d io g r a p h y  r e s u l t  d i r e c t l y  f ro m

a m p h i b o l i t e - f a c i e s  m e ta m o rp h is m , ( i i )  T he  s o u r c e  o f  t h e  

s e c o n d a ry  u r a n iu m  a n d  i t s  p o s s ib le  t r a n s p o r t  b y  an  

i n t e r g r a n u l a r  f l u i d  p h a s e .  ( i i i )  The c h e m ic a l  

c o m p o s i t io n  o f  t h e  f l u i d  a n d  s p e c i a t io n  o f  t h e  u ra n iu m ,  

( i v )  T he  e x t e n t  t o  w h ic h  th e  d e v e lo p m e n t  o f  h ig h  u ra n iu m  

z o n e s  i n  s p h e n e  w as an  is o c h e m ic a l  p r o c e s s . "

T he  f o l l o w i n g  c h a p te r s  d e s c r ib e  r e s u l t s  o f  th e  w o rk  

u n d e r ta k e n  b y  t h e  a u t h o r  i n  p u r s u i t  o f  t h e  a n s w e rs .  I n  

t h e  l i g h t  o f  t h e  p r e l i m i n a r y  e v id e n c e ,  i t  was d e c id e d  

t h a t  t h e  b e s t  a p p ro a c h  w o u ld  b e  t o  d e l i n e a t e  a n y  

r e m a in in g  m a g m a tic  c o n t r o l s  on  e le m e n t  a b u n d a n c e s  a n d  

d i s t r i b u t i o n ,  b e f o r e  e m b a rk in g  on  a s tu d y  o f  s u b s e q u e n t  

m e ta m o rp h ic  o r  d e f o r m a t io n a l  r e d i s t r i b u t i o n .

/
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7 . 4  P r e s e n t a t io n  o f  R e s u l t s

I n  a c c o r d  w i t h  t h e  a p p ro a c h  d e t a i l e d  a b o v e , t h e  

r e s u l t s  a r e  p r e s e n te d  i n  th e  f o l l o w i n g  m a n n e r. The n e x t  

c h a p t e r  d e a ls  i n  some d e t a i l  w i t h  t h e  c o n s t r u c t i o n  o f  a 

m a g m a g e n e tic  schem e i n v o l v i n g  f r a c t i o n a l

c r y s t a l l i s a t i o n ,  c r u s t a l  c o n t a m in a t io n  and  r e a c t io n s  

w i t h  c o u n t r y  r o c k s  d u r in g  e m p la c e m e n t,  so  t h a t  t h e  

e x t e n t  t o  w h ic h  e le m e n t  a b u n d a n c e  v a r i a t i o n s  m ig h t  s t i l l  

r e f l e c t  s u c h  m a g m a tic  f a c t o r s  c a n  b e  a s c e r t a in e d .  S in c e  

t h i s  i n v o l v e s  m o d e l l in g  t r a c e - e le m e n t  v a r i a t i o n s  i n  

te rm s  o f  t h e o r e t i c a l  m in e r a l - m e l t  p a r t i t i o n i n g  

b e h a v io u r ,  i f  t h e  m a g m a tic  schem e p r o v e s  v i a b l e ,  i t  

p r o v id e s  an  e s t im a t e  o f  t h e  p r im a r y  m in e r a lo g ic a l  

d i s t r i b u t i o n  o f  i n c o m p a t ib le  e le m e n ts .  A n y  s u b s e q u e n t  

r e m o b i l i s a t i o n  c a n  th e n  be  s t u d ie d  b y  a n a ly s i s  o f  

s a m p le s  e x h i b i t i n g  p r o fo u n d  s e c o n d a r y  t e x t u r e s ,  and  t h i s  

f a l l s  w i t h i n  th e  s c o p e  o f  t h e  f o l l o w i n g  tw o  c h a p te r s .  

T h e  f i r s t  d e a ls  w i t h  b u lk  ( i . e . ,  w h o le - r o c k )  c h e m ic a l  

c h a n g e s  a c c o m p a n y in g  d e f o r m a t io n ,  a n d  th e  s e c o n d  w i t h  

m ic r o s c o p ic  e le m e n t  m o b i l i t y  and  i t s  r e l a t i o n s h i p s  w i t h  

m a g m a tic  a n d  d e f o r m a t io n a l  p r o c e s s e s  as p r e v i o u s l y  

d e s c r ib e d .

i



CHAPTER EIGHT

MINERALOGY AND PETROGRAPHIC VAR IATIO N S

8 . 1  M in e r a lo g y

R ic h a r d s o n  (1 9 6 8 )  g a ve  a c o m p re h e n s iv e  and  

d e t a i l e d  a c c o u n t  o f  t h e  m a jo r  m in e r a l  p h a s e s  i n  t h e  

s y e n i t e s  w h ic h  c l e a r l y  fo rm s  an  im p o r t a n t  b a s is  f o r  t h i s  

s t u d y .  A c c o r d in g ly ,  a sum m ary o f  h i s  f i n d i n g s  i s

i n c lu d e d  b e lo w ,  w i t h  a d d i t i o n a l  new  m in e r a l - c h e m ic a l  

d a ta  w h ic h  w i l l  b e  r e q u i r e d  t o  a s s e s s  th e  v i a b i l i t y  o f  

f r a c t i o n a l  c r y s t a l l i s a t i o n  a s  an e v o l u t io n a r y  

m e c h a n is m . O f e q u a l  im p o r ta n c e  t o  th e  p r e s e n t  s t u d y ,  

a n d  n o t  d e a l t  w i t h  i n  s u c h  d e t a i l  b y  R ic h a r d s o n  ( 1 9 6 8 ) ,  

a r e  t h e  m in o r  and  a c c e s s o r y  m in e r a l  p h a s e s  w h ic h  p r o v id e  

l a t t i c e  s i t e s  f o r  m any o f  t h e  e le m e n ts  c o n s id e r e d  i n  

t h i s  t h e s i s .

F e ld s p a r s .

T h e  f e ld s p a r s  f ro m  t h e  C o m p le x  d i s p l a y  v a r y in g  d e g re e s  

o f  u n m ix in g  f ro m  a s i n g l e  h y p e r s o lv u s  p e r t h i t e  t o  

s e p a r a te  o r t h o c la s e  a n d  p l a g i o c l a s e  m e m b e rs . T h is

p r o c e e d s  th r o u g h  b r o a d e n in g  o f  t h e  la m e l la e  a n d  a 

te n d e n c y  to w a r d s  p a tc h y  d e v e lo p m e n t  o f  a tw in n e d  

p l a g i o c l a s e  g u e s t  i n  a h o m o g e n e o u s  K - f e ld s p a r  h o s t .  

F u r t h e r  u n m ix in g  r e s u l t s  i n  r a t h e r  ra g g e d  K - f e ld s p a r  

e n c lo s in g  s c a t t e r e d  a r e a s  o f  p l a g i o c l a s e  s t i l l  i n  

o p t i c a l  c o n t i n u i t y .  U n tw in n e d ,  g r a n u la r  K - f e ld s p a r  

e v e n t u a l l y  fo rm s  e q u a n t  g r a i n s  a s s o c ia t e d  w i t h

p la g i o c l a s e  o f  s i m i l a r  t e x t u r e  b u t  o f t e n  tw in n e d .  

R ic h a r d s o n  (1 9 6 8 )  p r o v id e d  a c o n to u r e d  map o f  t h e  

p r o p o r t i o n  o f  l a r g e  p e r t h i t e  c r y s t a l s ,  w h ic h  s u g g e s ts  a 

g e n e r a l l y  i n c r e a s in g  p e r c e n ta g e  to w a r d s  th e  l e u c o c r a t i c  

s y e n i t e  c o r e  o f  t h e  i n t r u s i o n ,  a n d  was i n t e r p r e t e d  as  a 

m e ta m o rp h ic  e f f e c t  r e l a t e d  t o  t h e  p r e s e n t  fo rm  o f  t h e  

p l u t o n ,  im p o s e d  a f t e r  c r y s t a l l i s a t i o n  o f  t h e  ig n e o u s  

r o c k s .  New e le c t r o n - p r o b e  a n a ly s e s  o f  t h e  p e r t h i t i c  

f e ld s p a r s  f ro m  m a f ic  a n d  l e u c o c r a t i c  s y e n i t e s  a r e  g iv e n  

i n  T a b le  8 . 1 .



GD30 MJ008
( 6 ) ( 6 )

S i0 2 6 4 .2 7 6 3 .8 1

a 12 °3 2 0 .0 3 1 9 .6 9
CaO 0 .7 9 0 .5 1
BaO 0 .3 8 0 .7 2
N a20 5 .6 6 3 .7 6
k 2o 8 .2 8 11.12
T o t a l 9 9 .4 3 9 9 .6 0

S i 1 1 .7 0 3 1 1 .7 3 5
A1 4 .2 9 7 4 .2 6 5
A1 0.002 0.002
Ca 0 .1 5 4 0.100
Ba 0 .0 2 7 0 .0 5 2
Na 2.000 1 .3 4 1
K 1 .9 2 3 2 .6 0 9

AB 4 8 .7 3 3 2 .6 9
AN 3 .7 5 2 .4 3
OR 4 7 .5 3 6 4 .8 7

T a b le  8 . 1 ;  A v e ra g e  p e r t h i t e  a n a ly s e s  f ro m  G le n  b e s s a r r y

m a f ic  a n d  l e u c o c r a t i c  s y e n i t e s .

(GD30= m a f ic  s y e n i t e ,  M J008= l e u c o c r a t i c  s y e n i t e ) .

P y ro x e n e s  a n d  A m p h ib o le s .

P y ro x e n e  o c c u r s  w i t h  and  w i t h o u t  a m p h ib o le  i n  b o th  

s y e n i t e  v a r i a n t s  a n d  i s  a p a le  g r e e n ,  s o m e tim e s  

z o n e d  a e g e r in e - a u g i t e .  E le c t r o n - p r o b e  a n a ly s e s  f ro m  

e u h e d r a l  c r y s t a l s  a r e  g iv e n  i n  T a b le  8 . 2 .  T h e y  a r e  

c l e a r l y  m a g m a tic  a n d  a r e  o f t e n  i n t e r g r o w n  w i t h  b i o t i t e .  

I n  m any o f  t h e  s y e n i t e  s a m p le s  p y r o x e n e s  show v a r y in g  

d e g re e s  o f  r e p la c e m e n t  b y  a d a r k  g re e n  e d e n i t i c  

a m p h ib o le ,  o f t e n  a lo n g  t h e  c le a v a g e  d i r e c t i o n s  a n d  

e d g e s ,  a n d  s h a r in g  th e  z c r y s t a l l o g r a p h i c  o r i e n t a t i o n  

( R ic h a r d s o n ,  1 9 6 8 ) . T y p i c a l  e l e c t r o n - p r o b e  a n a ly s e s  o f  

t h e  a m p h ib o le s  a r e  a l s o  p r e s e n te d  i n  T a b le  8 . 2 .

R ic h a r d s o n  (1 9 6 8 )  p r o v id e d  a d i s t r i b u t i o n  map o f  m o d a l 

p y r o x e n e / ( p y r o x e n e  + h o r n b le n d e )  w h ic h ,  l i k e  th e  

f e l d s p a r  e x s o l u t i o n  d a ta ,  s u g g e s ts  a b ro a d  c o r r e l a t i o n  

w i t h  t h e  p r e s e n t  o u t c r o p  m o r p h o lo g y .  He t h e r e f o r e  

a d v a n c e d  th e  h y p o th e s is  t h a t  t h e  ig n e o u s  p y ro x e n e s  w e re  

r e p la c e d  b y  m e ta m o rp h ic  h o r n b le n d e  due  t o  th e  i n f l u x  o f  

a r e d u c in g ,  h y d r o u s  f l u i d  p h a s e  f ro m  th e  s u r r o u n d in g



GD48
Pyroxenes

GD30 MJ008
(8 ) (8) (8)

S i°2 50.74 52.06 51.85
T i0 2 0 .72 0.00 0.00
A l2°3 3.18 1.24 1.06
FeO 7.70 11.17 13.01
MrO 0.25 0.61 0.94
MgO 12.94 11.08 9.65
CaO 22.57 22.20 20.62
Na20 1.45 1.62 2.24
T o ta l 99.56 99.97 99.37

S i 1.906 1.977
A1 0.094 0.023
A1 0.047 0.032
T i 0.020 -
Fe 0.242 0.355
Mn 0.008 0.020
Mg 0.725 0.627
Ca 0.908 0.903
Na 0.105 0.120

A nph ibo les
GD48 GD30 MJ008
(5) (8) (8 )

si02 45.43 43.22 42.27

a12°3 8.34 9.11 9.33
FeO 10.90 16.23 17.17
FeoO-a 2.45 3.08 2.86
MgO 14.06 10.03 9.17
MnO 0.34 0 .4 8 0.71
TiOo 0.60 0.59 0.59
CaO 11.87 11.31 11.07
Na20 2.10 2.04 2.20
k2o 0.85 1.27 1.38
T o ta l 96.94 97.35 96.74

S i 6.745 6.595 6.542
A1 1.255 1.405 1.458
A1 0.204 0 .234 0 .244
T i 0.067 0.068 0.069
Fe3 0.271 0.345 0.320
Mg 3.111 2.281 2.115
Fe2 1.347 2.072 2.236
Fe2 0.009 0.008 —
Mn - - 0.017
Mn 0.043 0.062 0.076
Ca 1.888 1.849 1.836
Na 0.060 0.081 0.088
Na 0.545 0.523 0.572
K 0.161 0.274 0.273

T a b le  8 . 2 ;  A v e ra g e  p y r o x e n e  a n d  a m p h ib o le  a n a ly s e s  f ro m  

th e  G le n  D e s s a r r y  s y e n i t e .

(GD48= u l t r a m a f i c  c u m u la te ,  GD30= m a f ic  s y e n i t e ,  M J008=

l e u c o c r a t i c  s y e n i t e . )

m e ta s e d im e n ta r y  e n v e lo p e .  An i n v e s t i g a t i o n  o f  Mg, T i  

a n d  Mn d i s t r i b u t i o n  b e tw e e n  t h e  p h a s e s  s u g g e s te d  t h a t  

t h e  p y r o x e n e - a m p h ib o le  in t e r g r o w t h s  r e p r e s e n t  a 

d i s e q u i l i b r i u m  a s s e m b la g e .  The r e q u i r e m e n t  f o r  an  

e x t e r n a l  f l u i d  t o  b r i n g  a b o u t  t h e  o b s e rv e d  

p y r o x e n e /h o r n b le n d e  a s s o c i a t i o n  w i l l  b e  d is c u s s e d  a t  

s e v e r a l  p la c e s  i n  t h e  f o l l o w i n g  t e x t ,  s in c e  t h e r e  a r e  

o t h e r  p o s s i b i l i t i e s  w h ic h  t h e  p r e s e n t  a u t h o r  f i n d s  

d i f f i c u l t  t o  d is m is s .  F o r  e x a m p le , t h e  s o u r c e  o f  

h y d r a t i n g  p o s tm a g m a tic  f l u i d s  may h a v e  b e e n  i n t e r n a l ;  

a l t e r n a t i v e l y  a m p h ib o le  may h a v e  c r y s t a l l i s e d  d i r e c t l y  

f r o m  a magma w i t h  pB^O p r o g r e s s i v e l y  i n c r e a s in g  d u r in g  

c r y s t a l l i s a t i o n ,  w i t h  t h e  f l u i d  d i s t r i b u t i o n  c o n s t r a in e d  

b y  t h e  p h y s i c a l  m o rp h o lo g y  o f  t h e  magma r e s e r v o i r .  The 

o r i g i n  o f  t h e  a m p h ib o le s  c l e a r l y  a f f e c , t s an



u n d e r s ta n d in g  o f  t h e  m e ta m o rp h is m  o f  th e  p lu t o n ,  b u t  a 

m ore  d e t a i l e d  d i s c u s s io n  w i l l  b e  d e f e r r e d  u n t i l  a l a t e r  

s e c t i o n .

B i o t i t e s .

B i o t i t e  i s  common i n  a l l  t h e  s y e n i t e  v a r i a n t s  -  f r o m  

a c c e s s o r y  a m o u n ts  i n  some u l t r a b a s i c  c u m u la te s  a n d  

p e g m a t i t e s ,  t o  common m a g m a tic  i n t e r g r o w t h s  w i t h  

p y ro x e n e  ( w i t h  p e r p e n d ic u la r  c a x e s ;  R ic h a r d s o n ,  1 9 6 8 ) 

i n  th e  l e u c o c r a t i c  a n d  m a f ic  s y e n i t e  t y p e s .  

E le c t r o n - p r o b e  a n a ly s e s  a r e  g iv e n  i n  T a b le  8 . 3 .  R a r e ly ,  

i t  i s  a l t e r e d  t o  c h l o r i t e  a n d  o p a q u e s
GD48 GD30 M J008

( 6 ) ( 6 ) ( 6 )
S i0 2 3 6 .8 1 3 7 .0 3 3 6 .8 8
T i 0 2 2 .0 6 2 .2 4 2 .1 7
a 12 °3 1 4 .1 2 1 3 .7 5 1 3 .1 3
FeO 1 4 .5 3 1 9 .1 1 1 9 .0 8
MnO 0 .1 8 0 .3 2 0 .4 9
MgO 1 6 .3 4 1 2 .3 8 1 2 .5 4
CaO 0 .1 6 0 .2 8 0 .0 5
Na2 0 0 .5 3 0 .5 1 0 .4 6
k 20 9 .8 2 8 .9 5 9 .8 1
h 2o 3 .9 6 3 .8 9 3 .8 7
T o t a l 9 8 .5 1 9 8 .4 6 9 8 .4 7

S i 5 .5 7 3 5 .6 9 9 5 .7 1 2
A1 2 .4 2 7 2 .3 0 1 2 .2 8 8
A1 0 .0 9 2 0 .1 9 3 0 .1 0 9
T i 0 .2 3 5 0 .2 5 9 0 .2 5 2
Fe 1 .8 4 0 2 .4 5 9 2 .4 7 1
Mn 0 .0 2 3 0 .0 4 1 0 .0 6 4
Mg 3 .6 8 7 2 .8 4 0 2 .8 9 4
Ca 0 .0 2 7 0 .0 4 6 0 .0 0 9
Na 0 .1 5 4 0 .1 5 1 0 .1 3 8
K 1 .8 9 7 1 .7 5 6 1 .9 3 7

3 :  A v e ra g e b i o t i t e a n a ly s e s f ro m  •

D e s s a r r y  s y e n i t e .

(GD48= u l t r a m a f i c  c u m u la te ,  GD30= m a f ic  s y e n i t e ,  M J008=

l e u c o c r a t i c  s y e n i t e ) .
Accessory Minerals.

F is s io n  t r a c k  i n v e s t i g a t i o n s  ( F o w le r ,  1 9 8 1 ) h a v e  show n 

t h a t  th e  d i v e r s e  s u i t e  o f  a c c e s s o r y  m in e r a ls  i n  th e  

s y e n i t e s  i s  im p o r t a n t  i n  c o n t r o l l i n g  t h e  a b u n d a n c e  o f  U, 

a n d  f u r t h e r  w o rk  h a s  i n d i c a t e d  t h a t  t h i s  i s  a l s o  t r u e  o f  

m any o t h e r  e le m e n ts  w i t h  w h ic h  t h i s  t h e ,s is  i s



p a r t i c u l a r l y  c o n c e r n e d .  A c c o r d in g ly ,  a d e t a i l e d  s tu d y  o f  

t h e  a c c e s s o r y  s u i t e  h a s  b e e n  c o n d u c te d  t h e  im p o r ta n c e  o f  

w h ic h  i s  s u c h  t h a t  i t  w i l l  be  t r e a t e d  a t  l e n g t h  l a t e r .  

F o r  t h e  p r e s e n t ,  o n l y  a fe w  b r i e f  com m ents  a r e  m ade.

T h e  o p a q u e  m in e r a ls  p r e s e n t  i n  t h e  s y e n i t e s  c o m p r is e  

e s s e n t i a l l y  m a g n e t i te  a n d  l o c a l  p y r i t e  ( e . g . ,  

s y e n i t e - v e i n / x e n o l i t h  r e a c t i o n s ) .  A p a t i t e  i s  a common 

m in o r  p h a s e ,  a s  a r e  s p h e n e  and  a l l a n i t e  w i t h  b o th  

p r im a r y  a n d  s e c o n d a r y  r e l a t i o n s h i p s .  Z i r c o n  i s  an 

u b iq u i t o u s  a c c e s s o r y  as  p a r t i a l l y  r e s o r b e d  ig n e o u s  

c r y s t a l s  ( v a n  B re e m e n  e t  a l . ,  1 9 7 9 ) a n d  m o n a z i te ,  

e p id o t e ,  q u a r t z ,  c a l c i t e  a n d  s t r o n t i a n i t e  h a v e  a m o re  

l o c a l i s e d  o c c u r r e n c e  (s e e  R ic h a r d s o n ,  1 9 6 8 ) .  An 

a d d i t i o n a l ,  w i d e ly  d i s t r i b u t e d  a c c e s s o r y  o f t e n  fo u n d  as

i n c l u s i o n s  i n  p e r t h i t e  c r y s t a l s  i s  a r a r e l y  r e p o r t e d

Z r - T i o x id e -  z i r c o n o l i t e , i d e n t i f i e d  as a r e s u l t  o f

Z ir c o n o l i te A l la n i t e M onazite Sphene
LS 1^ MS 1^

(4) (3) (8) (5 ) (6)
Z r°2 31.53 S i02 32.81 33.39 La2°3 15.42 S i°2 29.72
T i0 2 28.80 T i02 0.57 0.46 Ce2°3 26.86 TiOo 35.73
CaO 9.05 A I2O3 15.01 17.97 ProOq 2.87 CaO 27.54
FeO 7.70 La203 7.30 5.45 n a 2o3 9 .2 8 Ce2°3 1.47
ThC^ 8.22 Ce2°3 8.87 8.02

y 2°3 1.43 Nd203 0.75
uo2 2.86 t a 2°3 1.27 0.61 Th09 11.22 AloOo 1.18
La2°3 0.91 FeO 15.36 14.66 U02 0.60 FeO 1.95
Ce2°3 3.25 MnO 0.47 - CaO 1.76 Na20 0.20
P r2°3 0.28 MgO 0.87 0 .78 p2°5 29.79 T o ta l 98.54
Nd?CH 1.36 CaO 13.29 14.67 T o ta l 99.23
Sm203 0.39 H2P 1.57 1.63
Eu203 0.15 T o ta l 97.40 97.65 A p a t ite
Gd2°3 0.47
Yb2°3 0.09 (3)
Y2°3 0.67 CaO 54.00
Ta2°5 0 .26

P2°5 41.03
Nb2°5 2.71 S102 0.57
HfO j 0.31 Na90 0.24
P to2 0.29 SrO 0.82
BaO 0.5 4 S02 0.92
T o ta l 99.84 T o ta l 97.58

T a b le  8 . 4 :  A v e ra g e  a n a ly s e s  o f  m in o r  o r  a c c e s s o r y  

m in e r a ls  f r o m  th e  G le n  D e s s a r r y  s y e n i t e .

(L S =  l e u c o c r a t i c  s y e n i t e ,  MS= m a f ic  s y e n i t e . )



1 2 0

f i s s i o n - t r a c k  a n a ly s i s  ( F o w le r ,  1981 and see b e lo w ) .  O f 

p a r t i c u l a r  im p o r ta n c e  t o  t h i s  s tu d y  a r e  th o s e  common 

a c c e s s o r y  p h a s e s  w h ic h  p r o v id e  l a t t i c e  s i t e s  f o r  m any 

H F S E s: z i r c o n o l i t e ,  s p h e n e , a l l a n i t e ,  a p a t i t e ,  z i r c o n

a n d  m o n a z i te ,  a n d  T a b le  8 . 4  l i s t s  r e p r e s e n t a t i v e  

a n a ly s e s  ( e x c e p t  f o r  z i r c o n ) .

8 . 2  P e t r o g r a p h ic  V a r i a t i o n s

T h is  s e c t io n  i s  n o t  in t e n d e d  t o  be  a c o m p re h e n s iv e  

d e s c r i p t i o n  o f  a l l  t h e  p e t r o g r a p h ic  v a r i a t i o n s  t h a t  

e x i s t  w i t h i n  t h e  C o m p le x , b u t  r a t h e r  t o  b r i e f l y  d e s c r ib e  

t h o s e  v a r i a t i o n s  w i t h i n  t h e  a u t h o r 's  s a m p le  s u i t e ,  w h ic h  

w a s  c o l l e c t e d  s p e c i f i c a l l y  f o r  g e o c h e m ic a l a n a ly s i s  

a lo n g  tw o  t r a v e r s e s  a c r o s s  t h e  C o m p le x . T h e r e f o r e  i t s  

p u r p o s e  i s  t o  s e t  t h e  p e t r o g r a p h i c  fra m e w o rk  w i t h i n  

w h ic h  t h e  g e o c h e m ic a l v a r i a t i o n s  s h o u ld  b e  i n t e r p r e t e d .  

T h e  s a m p le s  s p e c i f i c a l l y  d e s c r ib e d  h e re  h a v e  b e e n  c h o s e n  

f o r  t h e i r  r e l a t i v e l y  lo w  d e g re e  o f  s t r a i n ,  s in c e  th e  

p r o c e s s e s  o f  d e f o r m a t io n  a r e  d is c u s s e d  l a t e r .  The 

v a r i a t i o n s  o f  c o n c e rn  t o  t h i s  s e c t io n  may t h e r e f o r e  be  

r e l a t e d  t o  a p r e - d e f o r m a t io n  e p is o d e .

C u m u la te s .

R ic h a r d s o n  (1 9 6 8 )  n o te s  t h e  p r e s e n c e  o f  u l t r a m a f i c  

r o c k s  w h ic h  a r e  v i r t u a l l y  f e l d s p a r - f r e e  ( a l t h o u g h  some 

p o o r l y  f e ld s p a r - b e a r in g  e x a m p le s  o c c u r )  and  i n t e r p r e t s  

th e m  a s  f r a g m e n ts  o f  c u m u la te  b o d ie s  c a u g h t  up  i n  t h e  

m a f ic  s y e n i t e s  d u r in g  i n t r u s i o n .  S e v e r a l  s a m p le s  o f  

s u c h  u l t r a m a f i c  b o d ie s  w e re  c o l l e c t e d  f o r  t h i s  s tu d y ,  t o  

i l l u s t r a t e  t h e  ra n g e  i n  t h e i r  c o m p o s i t io n  a n d  

m in e r a lo g y .  Two (G D I5 a n d  GD49) a r e  p y r o x e n e - r i c h ,  

co m p o s e d  o f  l a r g e ,  i n t e r l o c k i n g  s u b h e d r a l  p y ro x e n e s  

w h ic h  show  i n c i p i e n t  i n t e r g r o w t h  w i t h  a m p h ib o le  a n d  

c o n t a i n  s m a l l  i n c lu s io n s  o f  s p h e n e  and  r a r e  m a g n e t i t e .  

M a r g in a l  t o  p y r o x e n e ,  l a r g e  s u b h e d r a l  t o  e u h e d r a l  

a p a t i t e s  a r e  common, n o t  i n f r e q u e n t l y  a s s o c ia t e d  w i t h  a 

t h i n ,  d is c o n t in u o u s  m a n t le  o f  a l l a n i t e .  B i o t i t e  i s  r a r e  

a n d  f e ld s p a r  g e n e r a l l y  a b s e n t .



An i n t e r e s t i n g  (a n d  p e rh a p s  im p o r t a n t )  f e a t u r e  o f  

s a m p le  GD49 i s  a " p o c k e t "  o f  a m p h ib o le -  a n d  

f e l d s p a r - r i c h  m a t e r i a l  s e v e r a l  c e n t im e t r e s  a c r o s s .  As 

t h i s  i s  a p p ro a c h e d ,  t h e  p r o p o r t i o n  o f  a m p h ib o le  r e l a t i v e  

t o  p y ro x e n e  r a p i d l y  in c r e a s e s ,  u n t i l  a m p h ib o le  i s  th e  

m a in  fe r r o m a g n e s ia n  p h a s e .  A c o n c o m ita n t  in c r e a s e  

o c c u r s  i n  th e  p r o p o r t i o n  o f  i n c o m p a t ib le - e le m e n t - r i c h  

a c c e s s o r y  p h a s e s ,  s p h e n e , a p a t i t e ,  z i r c o n  and a l l a n i t e .  

T h e  l a t t e r  now e x i s t s  as  in d e p e n d e n t ,  e u h e d r a l  c r y s t a l s ,  

n o t  n e c e s s a r i l y  a s s o c ia t e d  w i t h  a p a t i t e ,  w h ic h  i t s e l f  

show s a b u n d a n t ,  l a r g e  a n d  a p p a r e n t ly  p r im a r y  f l u i d  

i n c l u s i o n s .  F e ld s p a r s  fo rm  a m a t r i x  i n t o  w h ic h  th e  

a m p h ib o le s  a p p e a r  t o  h a v e  g ro w n . One i n t e r p r e t a t i o n  o f  

t h i s  a s s o c i a t io n  i s  as  th e  c r y s t a l l i s e d  p r o d u c ts  o f  

t r a p p e d  i n t e r s t i t i a l  m e l t ,  w i t h  PH2O h ig h  e n o u g h  t o  

c a u s e  t h e  c r y s t a l l i s a t i o n  o f  a m p h ib o le  in s t e a d  o f  

p y r o x e n e .  T he  in c o m p a t ib le  e le m e n ts ,  w h ic h  h a v e  b e e n  

c o n c e n t r a t e d  i n  t h e  m e l t  a s  a r e s u l t  o f  e a r l i e r  m a f ic  

p h a s e  c r y s t a l l i s a t i o n ,  a r e  th u s  f o r c e d  t o  e n t e r  o r  fo rm  

t h e  a b u n d a n t  a c c e s s o r y  p h a s e s .  I t  i s  t e m p t in g  t o  v ie w  

t h i s  as an i s o l a t e d  m im ic  o f  t h e  c r y s t a l l i s a t i o n  t r e n d s  

o f  th e  s y e n i t e s  th e m s e lv e s ,  w h ic h  may a ls o  h a v e  

c r y s t a l l i s e d  a m p h ib o le  w hen p I^ O  h a d  r i s e n  s u f f i c i e n t l y .

T h e  s e c o n d  t y p e  o f  c u m u la te  i s  r e p r e s e n t e d  b y  s a m p le  

GD48, w h ic h  i s  e s s e n t i a l l y  a p o l y m in e r a l i c  a g g re g a te  o f  

p y r o x e n e ,  b i o t i t e ,  a p a t i t e ,  F e - T i  o x id e s ,  s p h e n e , z i r c o n  

a n d  a m p h ib o le ;  a n d  m ig h t  b e  r e l a t e d  t o  a l a t e r  s ta g e  i n  

t h e  l o w - l e v e l  e v o l u t i o n  o f  t h e  p a r e n t  m e l t .

Mafic syenites.
T h e re  a r e  c o n s id e r a b le  v a r i a t i o n s  i n  th e  

p e t r o g r a p h y  o f  t h e  m a f ic  s y e n i t e s ,  i n  a d d i t i o n  t o  th o s e  

d u e  t o  th e  s u p e r im p o s e d  d e f o r m a t io n .  T h e y  a r e  

e s s e n t i a l l y  th e  r e s u l t  o f  v a r y in g  t h e  c o n s t i t u e n t  

a m o u n ts  o f  t h e  m a jo r  a n d  m in o r  m in e r a l  p h a s e s  d e s c r ib e d  

a b o v e .  F o r  e x a m p le ,  s a m p le s  M J012 a n d  M J025 a r e  

p y r o x e n e  a n d  b i o t i t e - r i c h ,  w i t h  a c o n s e q u e n t ly  lo w e r  

m o d a l a b u n d a n c e  o f  f e ld s p a r s .  The p y r o x e n e s  a re  

e u h e d r a l  t o  s u b h e d r a l  a n d  o f t e n  s l i g h t l y  zo n e d , a t  th e



e d g e s , w i t h  i n c lu s io n s  o f  b i o t i t e ,  m a g n e t i t e ,  a p a t i t e  

a n d  r a r e  z i r c o n ,  a l l a n i t e  and s p h e n e . A m p h ib o le  i s  

m in o r .  L a r g e  p la t e s  o f  g re e n  t o  b ro w n  p le o c h r o i c  

b i o t i t e  a r e  a s s o c ia t e d  w i t h  a b u n d a n t  a c c e s s o r y  s p h e n e , 

a p a t i t e  a n d  a l l a n i t e .  O n ly  a fe w  r e l i c t  b r a i d -  o r  

p a t c h - p e r t h i t e s  a r e  p r e s e n t .

On t h e  o t h e r  h a n d , some s a m p le s  h a v e  m any la r g e  

p h e n o c r y s ts  o f  n o w - p e r t h i t i c  a l k a l i - f e l d s p a r  ( e . g . ,  GD30 

a n d  G D 4 4 ), s u g g e s t in g  t h a t  f e ld s p a r  a c c u m u la t io n  may 

h a v e  b e e n  l o c a l l y  im p o r t a n t .  T h e s e  tw o  s a m p le s  show 

e x t e n s iv e  ( a l t h o u g h  n o t  c o m p le te )  r e p la c e m e n t  a n d /o r  

o v e r g r o w th  o f  p y ro x e n e  b y  a m p h ib o le .  B i o t i t e  i s  common 

a s  a r e  a c c e s s o r y  s p h e n e , a p a t i t e ,  a l l a n i t e ,  z i r c o n  a n d  

m a g n e t i t e .

T he  c o a r s e s t - g r a in e d  o f  t h e  a u t h o r 's  s a m p le  s u i t e  a re  

m a f ic  s y e n i t e s  i n  w h ic h  a m p h ib o le  i s  t h e  d o m in a n t  

(s o m e tim e s  s o le )  fe r r o m a g n e s ia n  p h a s e .  T h e s e  com m o n ly  

c o n t a in  l a r g e  t a b l e t s  o f  p a r t i a l l y  e x s o lv e d  a l k a l i  

f e l d s p a r ,  l i t t l e  b i o t i t e  b u t  m uch s p h e n e , a l l a n i t e  a n d  

a p a t i t e ,  w i t h  a c c e s s o r y  z i r c o n  a n d  m a g n e t i t e .  The 

a s s o c ia t io n  o f  m o re  th a n  90% m a f ic s  as  a m p h ib o le  w i t h  

l a r g e  f e l d s p a r  t a b l e t s  s u g g e s ts  t h a t  t h e r e  i s  l i t t l e  

c o r r e l a t i o n  b e tw e e n  a m p h ib o le  a b u n d a n c e  a n d  t h e  d e g re e  

o f  d e f o r m a t io n  ( c . f . ,  R ic h a r d s o n ,  1 9 6 8 ) .

L a s t l y ,  f i n e r - g r a i n e d ,  a m p h ib o le - r i c h  m a f ic  s y e n i t e s  

e x i s t  w h ic h  sh o w  no  o b v io u s  e v id e n c e  o f  o n c e  c o n t a in in g  

la r g e  a l k a l i - f e l d s p a r  p h e n o c r y s ts  ( e . g . ,  M J 0 2 6 ) .  L i t t l e  

p y r o x e n e  r e m a in s  a n d  th e  f e ld s p a r s  a r e  n e a r l y  a l l  

K - f e ld s p a r  o r  p l a g i o c l a s e .  B i o t i t e  p l a t e s  a r e  common 

a n d  e p id o t e  fo rm s  e u h e d r a l  t o  s u b h e d r a l  r im s  on  a l l a n i t e  

o r  l a r g e r  g r a in s  o f  i t s  ow n. A p a t i t e  i s  now r e l a t i v e l y  

r a r e ,  b u t  s p h e n e  a n d  z i r c o n  a r e  s t i l l  a b u n d a n t .  R a r e ly ,  

q u a r t z  fo rm s  a m y r m e k i t ic  i n t e r g r o w t h  w i t h  f e ld s p a r .

T h e  p e g m a t i t e s  o u g h t  p e rh a p s  t o  b e  d e a l t  w i t h  h e r e ,  

s in c e  t h e y  r e p r e s e n t  t h e  r e s i d u a l  f l u i d s  f r o m  l o c a l  

f i l t e r - p r e s s  a c t i o n  ( R ic h a r d s o n ,  1 9 6 8 ) i n  t h e  m a f ic  

s y e n i t e s .  T h e y  a r e  i n t r i n s i c a l l y  r a t h e r  v a r i a b l e ,  b u t  

e s s e n t i a l l y  c o n s i s t  o f  an  a g g r e g a te  o f  f e ld s p a r  and  

q u a r t z ,  w i t h  m in o r  m a f ic  p h a s e s  ( p y ro x e n e s  o r  s o m e t im e s -



f i b r o u s  s o d ic  a m p h ib o le ,  o f  w h ic h  th e  l a t t e r  i s  m ore  

n o r m a l ( H a r r y ,  1 9 5 2 ) ,  s p a rs e  c h l o r i t e  a n d  b i o t i t e )  and  

l o c a l l y  a b u n d a n t  a c c e s s o r ie s  s u c h  a s  s p h e n e , z i r c o n ,  

a l l a n i t e  a n d  e p id o t e .  R ic h a r d s o n  (1 9 6 8 )  h a s  g iv e n  an  

a c c o u n t  o f  t h e i r  d i s t r i b u t i o n ,  f i e l d  r e l a t i o n s h i p s  and  

m in e r a lo g y .  He s u g g e s ts  t h a t  p e g m a t i t i c  m a t e r i a l  was 

a v a i l a b l e  u n t i l  t h e  f i n a l  s ta g e s  o f  d e f o r m a t io n .

L e u c o c r a t i c  s y e n i t e s .

T h e re  i s  a p p a r e n t ly  som ew hat l e s s  v a r i a t i o n  w i t h i n  th e  

l e u c o c r a t i c  s y e n i t e s ,  a n d  n o n e  o f  t h e  a u t h o r 's  s u i t e  

r e a c h e s  t h e  g r a i n - s i z e  o f  th e  c o a r s e s t  m a f ic  s y e n i t e s .  

Some h a v e  la r g e  a l k a l i - f e l d s p a r  p h e n o c r y s ts  ( e . g . ,  M J010 

a n d  M J0 1 1 ) a s s o c ia t e d  w i t h  m a f ic  p h a s e s  d o m in a te d  b y  

p y r o x e n e ,  b u t  w i t h  some a m p h ib o le  r e p la c e m e n t  a n d / o r  

o v e r g r o w th .  T h e  a c c e s s o r y  p h a s e s  a r e  s i m i l a r  t o  th o s e  

fo u n d  i n  t h e  m a f ic  s y e n i t e .

T he  s a m p le s  f o r m in g  th e  w e s te r n m o s t  t r a c t  o f  

l e u c o c r a t i c  s y e n i t e  ( e . g . ,  M J001 a n d  M J002) a re

a p p a r e n t ly  d i s t i n c t i v e ,  h a v in g  a m p h ib o le  as th e  m a in  

fe r r o m a g n e s ia n  p h a s e ,  w i t h  m in o r  b i o t i t e  a n d  l i t t l e  

p y r o x e n e .  P y ro x e n e  may o n c e  h a v e  b e e n  m o re  a b u n d a n t  

s in c e  some o f  t h e  a m p h ib o le s  fo rm  s y m p le c t i t e s  w i t h  

q u a r t z  w h ic h  may r e p r e s e n t  th e  p r o d u c t s  o f  a p y ro x e n e  

h y d r a t i o n  r e a c t i o n .  O th e r  a m p h ib o le s  a r e  d u s te d  w i t h  

o p a q u e s , w h ic h  a l s o  s o m e tim e s  fo rm  a t  t h e  r im s  o f  

s p h e n e . R e l i c t  p e r t h i t e  i s  r a r e ,  a n d  la r g e  p l a t e s  o f  

s o m e tim e s  e u h e d r a l  K - f e ld s p a r  a n d  p l a g i o c l a s e  a r e  m o re  

com mon, o f t e n  g r a n u la t e d  a t  th e  e d g e s .

M e ta s e d im e n ta r y  x e n o l i t h s .

As h a s  b e e n  s t a t e d  a b o v e , th e s e  e x i s t  i n  th e  m a f ic  

s y e n i t e  i n  a ra n g e  o f  s iz e s .  T h o s e  d e s c r ib e d  b e lo w  a r e  

f ro m  t h e  s m a l l e s t ,  v i s i b l e  i n  h a n d  s p e c im e n  and  u n d e r  

t h e  m ic r o s c o p e .  T h e y  fo rm  g e n e r a l l y  ro u n d e d  i n c lu s io n s  

o f  p s a m m it ic  -  s e m ip s a m m it ic  m a t e r i a l ,  a n d  th e  l a r g e r  

e x a m p le s  a r e  p e t r o g r a p h i c a l l y  s i m i l a r  t o  th e  s u r r o u n d in g  

M o in e  m e ta s e d im e n ts .  The l a t t e r  h a v e  b e e n  d e s c r ib e d  b y  

L a m b e r t  e t  a l .  (1 9 6 4 )  a n d  fo rm  m e d iu m -g r a in e d  f o l i a t e d



r o c k s  co m p o se d  e s s e n t i a l l y  o f  q u a r t z ,  f e ld s p a r  a n d  

b i o t i t e  w i t h  a c c e s s o r y  s p h e n e , z i r c o n ,  F e - T i  o x id e s .  

M u s c o v i te  i s  l o c a l l y  im p o r t a n t .  Some x e n o l i t h s  ( e . g . ,  

i n  s a m p le s  G D17, G D43) r e t a i n  a s i m i l a r  m in e r a lo g y ,  b u t  

s i l l i m a n i t e  a n d  s t a u r o l i t e  a r e  a ls o  im p o r t a n t ,  p e rh a p s  

i n d i c a t i v e  o f  d e s i l i c a t i o n .  A c c e s s o ry  s p h e n e  a n d  z i r c o n  

a r e  s t i l l  p r e s e n t .  A t  t h e  j u n c t i o n  w i t h  th e  s y e n i t e ,  a 

b i o t i t i c  r i n d  i s  o f t e n  fo rm e d ,  a n d  f e ld s p a r s  c o n t a in  

i n c l u s i o n  t r a i l s  s i m i l a r  t o  th o s e  s e e n  i n  t h e  s y e n i t e  

i t s e l f .  As t h e  x e n o l i t h s  becom e p r o g r e s s i v e l y  

i n c o r p o r a t e d  i n t o  t h e  magma, o n ly  c l o t s  o f  

F e - A l  s i l i c a t e s ,  b i o t i t e  and  F e - T i  o x id e s  r e m a in .  

A c c e s s o r y  p h a s e s  s u c h  a s  z i r c o n  a n d  sp h e n e  d is a p p e a r  

f a i r l y  e a r l y  i n  th e  p r o c e s s ,  w h ic h  m ig h t  h a v e  im p o r t a n t  

c o n s e q u e n c e s  f o r  t h e  i n c o r p o r a t i o n  o f  s p e c i f i c  t r a c e  

e le m e n ts  i n t o  t h e  m e l t ,  s u c h  as t h e  REEs, U a n d  T h . The 

s u b s t a n t i a l  e f f e c t s  on t h e  c h e m is t r y  o f  th e  magma w i l l  

b e  o u t l i n e d  l a t e r ,  b u t  t h e  m in e r a lo g y  o f  t h e  a s s o c ia t e d  

s y e n i t e s  re m a in s  e s s e n t i a l l y  t h e  sam e, as w o u ld  b e  

t h e o r e t i c a l l y  p r e d i c t e d  a n d  as h a s  b e e n  r e c o r d e d  d u r in g  

m e ta s e d im e n t  a s s i m i l a t i o n  e ls e w h e r e  ( e . g . ,  K i t c h e n ,  

1 9 8 4 ) .  N e v e r t h e le s s ,  some m in e r a l - c h e m ic a l  v a r i a t i o n s  

m ig h t  be  in d u c e d ,  w h ic h  c o u ld  fo r m  a l e g i t i m a t e  s tu d y  o f  

t h e i r  ow n, a n d  w i l l  n o t  b e  p u rs u e d  h e r e .

S y e n i t e  -  h o s t  r o c k  r e a c t i o n s .

Two t y p e s  o f  r e a c t i o n  c a u s e  o b s e r v a b le  p e r t u r b a t i o n s  

i n  r a d io e le m e n t  a b u n d a n c e  (a s  i n d i c a t e d  b y  g a m m a -ra y  

s c i n t i l l o m e t r y ) :  m a r g in a l  f e n i t i s a t i o n  o f  M o in e  and  

l o c a l  r e a c t i o n  o f  s y e n i t e  v e in s  w i t h  t h e  G le n  Pean 

X e n o l i t h .

T h e  te r m  " f e n i t e "  h a s  b e e n  u s e d  i n  th e  l i t e r a t u r e  t o  

d e s c r ib e  a m u l t i t u d e  o f  m e ta s o m a t ic  a l t e r a t i o n s  o f  

c o u n t r y  r o c k s  i n t o  w h ic h  a l k a l i n e  ig n e o u s  r o c k s  h a v e  

b e e n  e m p la c e d , r e l a t e d  t o  i t s  o r i g i n a l  d e f i n i t i o n  

( B r o g g e r ,  1 9 2 1 ) .  M c K ie  (1 9 6 6 )  s u g g e s te d  t h a t  

f e n i t i s a t i o n  a c c o m p a n ie s  c a r b o n a t i t e  i n t r u s i o n  m ore  

f r e q u e n t l y  t h a n  t h a t  o f  a l k a l i n e  s i l i c a t e  p l u t o n s ,  so  

t h o s e  a t  G le n  D e s s a r r y  fo rm  e x a m p le s  o f  t h e  l a t t e r ,



r a t h e r  r a r e r  a s s o c i a t io n .  I n  f a c t  th e y  a re  much m o re  

e a s i l y  c o m p a ra b le  w i t h  th e  r e s t r i c t e d  f e n i t i s a t i o n  

e f f e c t s  a ro u n d  th e  M o n c h iq u e  a l k a l i n e  c o m p le x ,  as  

d e s r ib e d  b y  R ock (1 9 7 6 )  r a t h e r  th a n  th e  c l a s s i c  

l o c a l i t i e s  s u c h  as F e n . R e c e n t ly ,  f e n i t i s a t i o n  r e l a t e d  

t o  ( ? )  c a r b o n a t i t e  i n t r u s i o n  d e e p  i n t o  t h e  G r e a t  G le n  

F a u l t  h a s  b e e n  d e s c ib e d  (G a rs o n  e t  a l .  , 1 9 8 4 ) 

a p p r o x im a t e ly  c o e v a l  w i t h  t h e  e m p la c e m e n t o f  t h e  G le n  

D e s s a r r y  p l u t o n .

S a m p le s  o f  t h e  f e n i t e s  w e re  c o l l e c t e d  on  t h e  s o u th e r n  

F o r e s t r y  ro a d  a t  t h e  e a s t e r n  c o n t a c t  o f  th e  i n t r u s i o n  

w i t h  t h e  M o in e ,  f r o m  a n a r r o w  z o n e  ( le s s  th a n  2m) o f  

p i n k ,  a l t e r e d  m e ta s e d im e n t  w h ic h  show s a d i s t i n c t l y  

p a t c h y  d e v e lo p m e n t  i n  t h e  f i e l d .  F e n i t i s a t i o n  p ro c e e d s  

b y  f e l d s p a t h i s a t i o n  o f  q u a r tz ?  d e v e lo p m e n t  o f  a l k a l i  

a m p h ib o le s  a n d  l o c a l l y  e p id o t e  a n d  c h l o r i t e ;  and  t h e  

i n t r o d u c t i o n  o f  a v a r ie d  s u i t e  o f  m in o r  a n d  a c c e s s o r y  

m in e r a ls  d o m in a te d  b y  s p h e n e  a n d  a l l a n i t e ,  s i m i l a r  t o  

t h a t  o f  th e  s y e n i t e  i t s e l f .

V e in s  o f  m a f ic  s y e n i t e  i n t r u d e  t h e  G le n  P ean X e n o l i t h  

( F ig  7 .1 )  a n d  g iv e  r i s e  t o  a c h a r a c t e r i s t i c  p e g m a to id  

r e a c t i o n  z o n e  b e tw e e n  th e  tw o .  Due t o  d i f f i c u l t i e s  i n  

s a m p l in g ,  a c o m p le te  t r a v e r s e  a c r o s s  a s i n g l e  r e a c t io n  

z o n e  was n o t  p o s s i b l e ,  b u t  a c o m p o s ite  o f  tw o  i s  t h o u g h t  

t o  p r o v id e  a c lo s e  a p p r o x im a t io n .  M i n e r a l o g i c a l l y , t h e  

r e a c t i o n  z o n e  i s  a c o a r s e - g r a in e d ,  v a r i a b l e  a g g r e g a te  o f  

q u a r t z ,  f e ld s p a r  a n d  b i o t i t e  w i t h  a c c e s s o r y  a l l a n i t e ,  

z i r c o n ,  m o n a z ite  a n d  p y r i t e ,  t h e  l a t t e r  l o c a l l y  

h a e m a t is e d .  C h e m ic a l a s p e c ts  o f  th e s e  l o c a l  f e a t u r e s  

w i l l  b e  d e s c r ib e d  l a t e r .

8 .3  T he  O r i g i n  o f  A m p h ib o le

A t  s e v e r a l  p la c e s  i n  t h e  p r e c e e d in g  t e x t  th e  

m e ta m o rp h ic  o r i g i n  o f  a m p h ib o le  p ro p o s e d  b y  R ic h a r d s o n  

(1 9 6 8 )  h a s  b e e n  q u e s t io n e d .  T h e  o b v io u s  im p o r ta n c e  o f  

i t s  s t a t u s  t o  a n  u n d e r s ta n d in g  o f  th e  m e ta m o rp h is m  o f  

t h e  C o m p le x  r e q u i r e s  t h a t  t h e  p r o b le m  now b e  a d d re s s e d  

m o re  s p e c i f i c a l l y .



R ic h a r d s o n  (1 9 6 8 )  a d v a n c e d  th e  m e t a m o r p h ic - o r ig in  

h y p o t h e s is  o n  th e  t e x t u r a l  g ro u n d s  t h a t  a m p h ib o le  

r e p la c e s  p y ro x e n e  w i t h  a d i s t r i b u t i o n  a p p a r e n t ly  

c o n t r o l l e d  b y  th e  p r e s e n t  sh a p e  o f  th e  o u t c r o p .  As h a s  

b e e n  i n t i m a t e d  a b o v e , t h e  t im e  a t  w h ic h  t h i s  o c c u r e d  and 

t h e  p r o c e s s e s  w h ic h  c o n t r o l l e d  i t  a r e  o p e n  t o  

a l t e r n a t i v e  i n t e r p r e t a t i o n .  The d i f f i c u l t i e s  o f  

t e x t u r a l  i n t e r p r e t a t i o n s  i n  s u c h  s y s te m s  h a v e  r e c e n t l y  

b e e n  e m p h a s is e d  b y  O t t e n  (1 9 8 4 )  a n d  a re  m a n i f e s t  b y  th e  

o p p o s i t e  v ie w s  on  f e ld s p a r  e x s o l u t i o n  o r  

p o r p h y r o b la s t e s i s  o f  R ic h a r d s o n  (1 9 6 8 )  a n d  H a r r y  

( 1 9 5 2 ) .  I n  many o f  th e  a u t h o r 's  s a m p le  c o l l e c t i o n  

a m p h ib o le  m a n t le s  p y ro x e n e  i n  p e r f e c t  o p t i c a l  c o n t i n u i t y  

t h r o u g h o u t ,  a n d  o f t e n  t h i s  e x te n d s  t o  in t e r g r o w n  

a m p h ib o le  w i t h i n  t h e  p y ro x e n e  i t s e l f .  A l t e r n a t i v e l y ,  

p y r o x e n e  h a s  c l e a r l y  b e e n  r e p la c e d  b y  a s y m p le c t ic  

i n t e r g r o w t h  o f  a m p h ib o le  and q u a r t z  ( P la t e  8 .1 a  and  b )  . 

S u ch  r e l a t i o n s h i p s  may be  d e r iv e d  e i t h e r  b y  

c r y s t a l l i s a t i o n  f ro m  a m e l t  o r  b y  e p i t a x i a l  o v e r g r o w th  

a n d  r e a c t i o n  due  t o  s u b - s o l id u s  h y d r a t i o n ,  as  s u g g e s te d  

b y  R ic h a r d s o n  ( 1 9 6 8 ) .  M any s a m p le s  show no  o b v io u s  s ig n  

o f  r e a c t i o n  ( P la t e  8 . 1 c ) ,  o r  e v e n  no s ig n  o f  th e  fo r m e r  

p r e s e n c e  o f  p y r o x e n e  ( P la t e  8 . I d )  a n d  a fe w  s a m p le s  

( e . g . , GD43 a n d  G D45) h a v e  r a r e  a m p h ib o le  c r y s t a l s  w h ic h  

a r e  e u h e d r a l  ( P la t e  8 .1 e  a n d  f ) .  H o w e v e r, i n  m o s t 

s a m p le s  t h e y  a r e  a n h e d r a l ,  b u t  e v e n  i n  u n d e fo rm e d  

p l u t o n s  t h e  l a t t e r  h a s  b e e n  r e g a r d e d  a s  n o t  o u t  o f  

c o n t e x t  w i t h  a m a g m a tic  o r i g i n  ( J o n e s ,  1 9 8 4 ) .  As w i l l  

becom e a p p a r e n t  b e lo w ,  m a g m a tic  r e a c t io n  r e l a t i o n s h i p s  

i n  v a r y in g  d e g re e s  o f  c o m p le x i t y  a r e  b y  no m eans 

uncom m on b e tw e e n  a m p h ib o le s  and  o t h e r  m a f ic  s i l i c a t e s  i n  

a l k a l i n e  o r  s u b - a l k a l i n e  p l u t o n i c  c o m p le x e s  ( e . g . ,  

S te p h e n s o n ,  1972? R o b e r ts o n  a n d  P a rs o n s ,  1974? L a r s e n ,  

1975? P o w e l l ,  1978? M i t c h e l l  a n d  P l a t t ,  1978? S y lv e s t e r  

e t  a l . ,  1978?  A n d e rs o n ,  1980? P a rs o n s ,  1981? W ils o n  e t  

a l .  , 1981? R o c k , 1982? S te p h e n s o n  a n d  U p to n ,  1982? 

A n d e rs o n ,  1 9 8 4  a n d  J o n e s ,  1 9 8 4 ) .  P e rh a p s  th e  m o s t 

c o m p le te  d e s c r i p t i o n  o f  a m p h ib o le  r e a c t i o n  r im s  a ro u n d  

p y r o x e n e  f r o m  t h e  a b o v e  a u t h o r s ,  i s  g iv e n  b y  S te p h e n s o n
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a n d  U p to n  ( 1 9 8 2 ) ,  f r o m  t h e  K u n g n a t F j e l d  g a b b r o - s y e n i t e  

c o m p le x .  In d e e d ,  p lu t o n s  f ro m  th e  G a rd a r  P r o v in c e  

g e n e r a l l y  show  s u c h  r e l a t i o n s h i p s  (S te p h e n s o n ,  1 9 7 2 ; 

L a r s e n ,  1 9 7 6 ) ,  p e rh a p s  d u e  t o  f a l l i n g  t e m p e r a tu r e  a n d  

f 02 c o m b in e d  w i t h  in c r e a s in g  p ^ O  i n  t h e  m e l t  

(S te p h e n s o n  a n d  U p to n ,  1 9 8 2 ) .

C h e m ic a l c o m p a r is o n s  w i t h  ig n e o u s  a n d  m e ta m o rp h ic  

a m p h ib o le s .

A r e c e n t  r e v ie w  o f  a m p h ib o le s  i n  th e  ig n e o u s  

e n v ir o n m e n t  was g iv e n  b y  W ones a n d  G i l b e r t  ( 1 9 8 1 ) .  T h e y  

a r e  r e p r e s e n te d  b y  a ra n g e  o f  c o m p o s i t io n s  f ro m  

i ro n -m a g n e s iu m  r i c h  v a r i e t i e s  s u c h  as  c u m m in g to n ite  

(K u n o , 1 9 3 8 )  t h r o u g h  m uch m o re  common c a l c i c  t y p e s  t o  

a l k a l i n e  v a r i e t i e s  i n  e v o lv e d  r o c k s .  The G le n  D e s s a r r y  

a m p h ib o le  c o m p o s i t io n s  a r e  g e n e r a l l y  m a g n e s io -  

h a s t i n g s i t i c  h o r n b le n d e ,  e d e n i t i c  h o r n b le n d e ,  

f e r r o e d e n i t e  a n d  e d e n i t e .  S p e e r  e t  a l .  (1 9 8 0 )  d o c u m e n te d  

v a r i a t i o n s  i n  " p l u t o n i c "  a m p h ib o le  c o m p o s i t io n s  f ro m  a 

s i n g l e  t e c t o n i c  p r o v in c e  ( o f t e n  th e  a m p h ib o le s  m a n t le d  

p y r o x e n e ) ,  w h ic h  w e re  m o s t ly  e d e n i te s  a n d  e d e n i t i c  

h o r n b le n d e s , a ls o  s h o w in g  a c lo s e  s i m i l a r i t y  w i t h  th o s e  

f r o m  G le n  D e s s a r r y .

M any m o r e - s p e c i f i c  s t u d ie s  o f  a m p h ib o le  c h e m is t r y  h a v e  

a p p e a re d  i n  th e  r e c e n t  l i t e r a t u r e ,  i n  a d d i t i o n  t o  t h o s e  

a l r e a d y  m e n t io n e d .  T h e  M o n c h iq u e  a l k a l i n e  c o m p le x  (R o c k , 

1 9 8 2 )  show s a t r e n d  t h r o u g h  k a e r s u t i t e  a n d  p a r g a s i t e  t o  

h a s t i n g s i t e , e d e n i te  o r  k a t o p h o r i t e ,  o f t e n  e x h i b i t i n g  

c o m p le x  r e a c t i o n  r e l a t i o n s h i p s  w i t h  o t h e r  m a f ic  p h a s e s .  

He s u g g e s ts  t h a t  lo w e r  Mg /  Mg+Fe a n d  h ig h e r  Na /  Na+Ca 

i n  a m p h ib o le s  r e l a t i v e  t o  t h e i r  p y r o x e n ic  c o r e s  may 

s u g g e s t  l o c a l  r e a c t i o n  o f  e a r l y - f o r m e d  p y r o x e n e s  w i t h  

l a t e r ,  m o re  v o l a t i l e - r i c h  i n t e r s t i t i a l  l i q u i d s .  S u ch  

e le m e n t a l  r e l a t i o n s h i p s  a r e  a l s o  fo u n d  b e tw e e n  G le n  

D e s s a r r y  a m p h ib o le s  a n d  p y r o x e n e s .  T he  M o t z f e l d t  C e n t r e  

n e p h e l in e  s y e n i t e s  ( J o n e s ,  1 9 8 4 )  c o n t a in  p y r o x e n e s  

m a n t le d  b y  a n h e d r a l  a m p h ib o le s ,  f ro m  h a s t i n g s i t e  t h r o u g h  

f e r r o e d e n i t e  t o  a r v e d s o n i t e  i n  c o m p o s i t io n .  T he  K lo k k e n  

la y e r e d  g a b b r o - s y e n i t e  c o m p le x ,  a g o o d  e x a m p le  o f



i n - s i t u  d i f f e r e n t i a t i o n ,  c o n t a in s  a m p h ib o le s  o f  

f e r r o e d e n i t i c  c o m p o s i t io n ,  a n d  h a s t i n g s i t e  r e p la c in g  

p y r o x e n e  i n  t h e  la m in a te d  s y e n i t e  ( P a r s o n s ,  1 9 8 1 ) .  

F i n a l l y ,  t h e  W o l f  R iv e r  m o n z o n ite  ( A n d e rs o n ,  1 9 8 0 )  a l s o  

h a s  a m p h ib o le  d i s p l a y i n g  t h e  o b v io u s ly  common 

r e p la c e m e n t  r e l a t i o n s h i p s  w i t h  p y r o x e n e ,  o f  e d e n i t i c  t o  

f e r r o e d e n i t i c  c o m p o s i t io n .  I t  seem s c l e a r ,  e v e n  f ro m  

t h i s  n e c e s s a r i l y  b r i e f  sum m ary, t h a t  a m p h ib o le s  s h o w in g  

c l o s e l y  s i m i l a r  c o m p o s i t io n s  a n d  t e x t u r e s  t o  t h o s e  a t  

G le n  D e s s a r r y  a r e  n o t  uncommon i n  p l u t o n i c  r o c k s  

e ls e w h e r e ,  a n d  t h a t  m any a u t h o r s  h a v e  n o t  f e l t  i t  

n e c e s s a r y  t o  in v o k e  s p e c i a l ,  m e ta m o rp h ic  c o n d i t i o n s  f o r  

t h e i r  g e n e s is ,  p r e f e r r i n g  in s t e a d  a m a g m a tic  o r i g i n .

On th e  o t h e r  h a n d ,  a c c o u n ts  o f  m e ta m o rp h ic  a m p h ib o le s  

i n  o r i g i n a l l y  i n t r u s i v e  r o c k s  a ls o  e x i s t ,  r e c e n t l y  t h a t  

o f  O t te n  (1 9 8 4 )  f o r  e x a m p le , r e c o r d in g  h y d r a t i o n  o f  

p y r o x e n e  i n  a g a b b ro  d u r in g  m e ta m o rp h is m . A m p h ib o le s  

fo rm e d  b y  r e t r o g r a d e  r e - e q u i l i b r a t i o n  o f  L e w is ia n  

m e t a t o n a l i t e s  m ay a l s o  be  e d e n i t i c  o r  f e r r o e d e n i t i c  (s e e  

a b o v e )  o r  o f  c l o s e l y  s i m i l a r  c o m p o s i t io n  ( S i l l s ,  1 9 8 3 ) .  

T h u s ,  a l th o u g h  a s im p le  c h e m ic a l  c o m p a r is o n  p r o v id e s  

e v id e n c e  w h ic h  i s  i n c o n c lu s i v e  i n  i t s e l f ,  i t  d o e s  

d e m o n s t r a te  th e  f e a s i b i l i t y  o f  an ig n e o u s  o r i g i n .

O x y g e n  i s o t o p e s .

S in c e  t h e  i n c e p t i o n  o f  o x y g e n - is o t o p e  a n a ly s i s  i n  th e  

e a r l y  1 9 6 0 s , i t  h a s  b e e n  a m p ly  d e m o n s t r a te d  t h a t  t h e  

518o v a lu e s  o f  r o c k s  a n d  t h e i r  c o n s t i t u e n t  m in e r a ls  a r e  

s e n s i t i v e  i n d i c a t o r s  o f  i n t e r a c t i o n s  w i t h  h y d r o u s  o r  

c a r b o n ic  f l u i d s  ( e . g . ,  T a y lo r  a n d  F o r r e s t e r ,  1 9 7 1 ; 

C o le m a n  e t  a l . ,  1 9 8 2 ) .  F o r  t h i s  r e a s o n ,  a b r i e f  o x y g e n  

i s o t o p e  s tu d y  o f  th e  G le n  D e s s a r r y  s y e n i t e s  was 

i n i t i a t e d  i n  o r d e r  t o  t e s t  t h e  h y p o t h e s is  ( R ic h a r d s o n ,  

1 9 6 8 )  t h a t  t h e  C o m p le x  h a s  p a r t i a l l y  e q u i l i b r a t e d  w i t h  

r e d u c in g  f l u i d s  d e r iv e d  f ro m  t h e  M o in ia n  h o s t  r o c k s .  An 

u n a m b ig u o u s  r e s u l t  re a c h e d  s im p ly  b y  a n a ly s i s  o f  

a m p h ib o le  w o u ld  r e l y  on  th e  e x is t e n c e  o f  a s i g n i f i c a n t  

d i f f e r e n c e  b e tw e e n  th e  o x y g e n  is o t o p e  c o m p o s i t io n  o f  

m e ta m o rp h ic  a m p h ib o le  d e r iv e d  f r o m  a f l u i d  o r i g i n a l l y  i n



e q u i l i b r i u m  w i t h  th e  M o in e  m e ta s e d im e n ts ,  a n d  t h a t  

p r e c i p i t a t e d  d i r e c t l y  f ro m  a s i l i c a t e  m e l t .  

U n f o r t u n a t e l y ,  e v e n  a c u r s o r y  i n s p e c t io n  o f  t h e  s p a rs e  

l i t e r a t u r e  d a ta  f o r  o x y g e n  i s o t o p i c  c o m p o s i t io n s  o f  

ig n e o u s  a n d  m e ta m o rp h ic  a m p h ib o le s  ( e . g . ,  F o la n d  and  

F r ie d m a n ,  1 9 7 7 ;  T a y lo r  and  E p s t e in ,  1 9 6 2 ) ,  s u g g e s ts  t h a t  

a r e s o l v a b le  d i f f e r e n c e  m ig h t  n o t  e x i s t  ( T a b le  8 . 5 ) .  F o r  

t h e  r e c o r d ,  a n a ly s e s  o f  tw o  a m p h ib o le  s e p e r a te s  f ro m  

m a f ic  s y e n i t e  s a m p le s  GD29 a n d  M J015 g i v e  an  a v e ra g e  

v a lu e  o f  + 6 .4 %  ( ra n g e  0 . 2 7 ) .  T h is  l i e s  a t  t h e  u p p e r  end  

o f  t h e  ra n g e  f o r  ig n e o u s  a m p h ib o le s  b u t  i s  a l s o  

t h e o r e t i c a l l y  c o m p a t ib le  w i t h  a m e ta m o rp h ic  o r i g i n .

Igneous

+ 6 . 4 1 + 3 .1
+ 6 .5 * + 5 .2
+ 6 . 61 + 5 .0
+ 6 . 9 * + 5 .1
+ 6 . 9 1 + 5 .6
+ 5 .9 ^

M e ta m o rp h ic

+ 7 . 0 1 
+6 . 8 *  
+ 8 . 3 1 
+ 9 . 0 1 

+ 1 0 . 8 1

T a b le  8 . 5 ;  C o m p a r is o n  o f  5 ^ 0  v a i u e s f o r  a m p h ib o le  

d e r iv e d  f r o m  a n  a q u e o u s  f l u i d  w i t h  t h a t  p r e c i p i t a t e d

f ro m  a s i l i c a t e  m e l t .

(1 =  T a y lo r  a n d  E p s t e in ,  1962? 2 -  F o la n d  a n d  F r ie d m a n ,

1 9 7 7 ) .

H o w e v e r, a n o th e r  a p p ro a c h  w h ic h  m ig h t  p r o v id e  u s e f u l  

i n f o r m a t io n  i s  t h e  a n a ly s i s  o f  w h o le - r o c k  s a m p le s .  D a ta  

f o r  r e p r e s e n t a t i v e s  s p a n n in g  t h e  c o m p o s i t io n a l  ra n g e  

o b s e rv e d  ( s e e  b e lo w )  a r e  p l o t t e d  a g a in s t  S iC>2 i n  F ig .

8 . 3 .  A v e ra g e  v a lu e s  a r e  a s  f o l l o w s :  c u m u lu s  p y r o x e n i t e  

+ 7 . 1 ;  m a f ic  s y e n i t e  + 8 . 1 ;  l e u c o c r a t i c  s y e n i t e  + 8 . 5 ;  a n d  

p e g m a t i te  + 8 .9 % . An a p p r o x im a te  e a r l y  m e l t  c o m p o s i t io n  

c a n  b e  c a l c u l a t e d  f ro m  t h a t  o f  t h e  c u m u lu s  p y r o x e n i t e ,  

u s in g  a s u i t a b l e  p y r o x e n e - m e l t  f r a c t i o n a t i o n  f a c t o r



( + 0 .2 5 ,  a f t e r  T u r i  a n d  T a y lo r ,  1 9 7 6 ; T a y lo r  e t  a l . ,  

1 9 7 9 ; K y s e r  e t  a l . ,  1982 a n d  T a y lo r  e t  a l . , 1 9 8 4 ) .  T h is  

g iv e s  an  e s t im a t e  o f  +7.35% *, to w a r d s  th e  to p  o f  t h e  

ra n g e  o f  a c c e p te d  m a n t le  v a lu e s  ( + 5 .5  t o  + 7 .5  a c c o r d in g  

t o  T a y lo r  e t  a l . ,  1 9 8 4 ) ,  a n d  th e n c e  t h e r e  a p p e a rs  t o  b e  

a g r a d u a l  in c r e a s e  i n  c o r r e l a t e d  w i t h  m e l t

(h =  a m p h ib o le ,  p =  c u m u la te  p y r o x e n i t e  GD49, o p e n  

d ia m o n d s =  m a f ic  s y e n i t e s ,  o p e n  c i r c l e s =  l e u c o c r a t i c  

s y e n i t e s ,  c lo s e d  c i r c l e s =  p e g m a t i t e s . )

e v o l u t i o n .  F r a c t i o n a l  c r y s t a l l i s a t i o n  i n v o l v i n g  ^ ® 0 -p o o r  

m a f ic  p h a s e s  s u c h  as  b i o t i t e ,  m a g n e t i t e  and  a m p h ib o le  

c o u ld  g e n e r a te  s u c h  a t r e n d  a n d  ra n g e  ( 1 . 5  t o  2 . 0%,), i n  

w h ic h  c a s e  i t  i s  d i f f i c u l t  t o  e n v is a g e  how  a s u b s e q u e n t  

i n f l u x  o f  l a r g e  v o lu m e s  o f  h ig h  *®0 - m e ta m o r p h ic  f l u i d  

c o u ld  c a u s e  n o  o b v io u s  d is t u r b a n c e  o f  t h e  o b s e rv e d  

r e l a t i o n s h i p .  An o x y g e n  i s o t o p e  s t u d y  o f  th e  a l k a l i n e  

p lu t o n s  o f  t h e  Red H i l l  C o m p le x , New H a m p s h ire  ( F o la n d  

a n d  F r ie d m a n ,  1 9 7 7 ) ,  i n  w h ic h  t h e  s y e n i t e s  show  

a p p a r e n t ly  s i m i l a r  a m p h ib o le - p y r o x e n e  r e l a t i o n s h i p s  t o  

th o s e  a t  G le n  D e s s a r r y ,  h a s  d e m o n s t r a te d  a s i m i l a r  t o t a l  

ra n g e  o f  w h o le - r o c k  v a lu e s  ( + 6 .2  t o  + 9 .3 % ,), a n d  a 

s i m i l a r  w h o le - r o c k  /  a m p h ib o le  f r a c t i o n a t i o n  o f  2 . 4 ,  

c o m p a re d  w i t h  1 .7  a t  G le n  D e s s a r r y .  F u r th e r m o r e ,  C h iv a s  

e t  a l .  (1 9 8 2 )  a n d  M a ts u h is a  (1 9 7 9 )  h a v e  d o c u m e n te d  

s i g n i f i c a n t  o x y g e n  is o t o p e  f r a c t i o n a t i o n  as  a r e s u l t  o f



f r a c t i o n a l  c r y s t a l l i s a t i o n ;  p r o d u c in g  a ra n g e  o f

1.8%« w i t h  a  s lo p e  o f  0 .0 6 % o /  % Si02 « A l th o u g h  th e s e

o b v io u s ly  d e p e n d  on  th e  c r y s t a l l i s i n g  m in e r a l  a s s e m b la g e  

a n d  t e m p e r a tu r e ,  t h e y  a r e  c o m p a ra b le  w i t h  th e  ra n g e  and  

s lo p e  a t  G le n  D e s s a r r y  ( 1 .5  -  2.0%», c .  , 0 .0 8

r e s p e c t i v e l y ) .

H o w e v e r, F i g .  8 .1  i s  n o t  s o  r e a d i l y  e x p l i c a b l e  i n  

te r m s  o f  a p a r t i a l  o r  c o m p le te  r e - e q u i l i b r a t i o n  w i t h  

r e l a t i v e l y  h ig h  f l u i d s .  S u ch  a p r o c e s s  w o u ld  b e

r e q u i r e d  t o  b e  p e c u l i a r l y  s e l e c t i v e  w i t h  r e s p e c t  t o  r o c k  

t y p e ,  s u c h  t h a t  i s o t o p i c  e x c h a n g e  to o k  p la c e  w i t h  th e  

p e g m a t i t e s  a n d  t h e  l e u c o c r a t i c  s y e n i t e s ,  i n  p r e f e r e n c e  

t o  th e  m a f ic  s y e n i t e s  a n d  u l t r a b a s i c  r o c k s .  I n  v ie w  o f  

t h e  f a c t  t h a t  a M o in e - d e r iv e d  f l u i d  w o u ld  n e e d  t o  p a s s  

th r o u g h  t h e  m a f ic  s y e n i t e  e n v e lo p e  t o  r e a c h  th e  

l e u c o c r a t i c  s y e n i t e ,  t h i s  seem s i n h e r e n t l y  u n l i k e l y .
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T h e  p r e v io u s  c h a p te r  h a s  b r i e f l y  d e m o n s tr a te d  th e  

c o n s id e r a b le  p e t r o g r a p h ic  (a n d  t h e r e f o r e  c h e m ic a l )  

d i v e r s i t y  w i t h i n  t h e  e x p o s e d  s y e n i t e s ,  o v e r  and  a b o v e  

t h a t  o b v io u s ly  c a u s e d  b y  th e  v a r y in g  s t a t e  o f  s t r a i n  i n  

t h e  C o m p le x . T h is  c h a p te r  i s  in te n d e d  t o  t e s t  t h e  d e g re e  

t o  w h ic h  th e s e  d i f f e r e n c e s  m ig h t  b e  th e  r e l i c t  r e s u l t s  

o f  m a g m a tic  p r o c e s s e s .

A n y  m a g m a tic  m o d e l f o r  t h e  c r y s t a l l i s a t i o n  o f  t h e  

C o m p le x  m u s t ta k e  i n t o  a c c o u n t  t h e  f o l l o w in g  f e a t u r e s :

i )  T h e  i n t r u s i v e  r e l a t i o n s h i p s  b e tw e e n  l e u c o c r a t i c  

s y e n i t e  and  m a f ic  s y e n i t e .

i i )  L o c a l l y  im p o r t a n t  c r u s t a l  c o n t a m in a t io n ,  r e v e a le d  

b y  p a r t l y - d i g e s t e d  m e ta s e d im e n ta r y  x e n o l i t h s .

i i i )  X e n o l i t h s  o f  e a r l y ,  p o s s i b l y  c o m a g m a tic  c u m u la te s .

i v )  L a t e - s t a g e ,  f i l t e r - p r e s s e d  p e g m a t i t e s .

T h e s e  f a v o u r  th e  e m p la c e m e n t o f  tw o  magma p u ls e s  w h o se  

o r i g i n a l  c o m p o s i t io n s  may be  l i n k e d  b y  f r a c t i o n a l  

c r y s t a l l i s a t i o n  o f  th e  e a r l y  ( l o w - l e v e l )  c u m u la te s .  

O nce e m p la c e d , t h e  p e t r o g r a p h ic  a n d  c h e m ic a l  d i v e r s i t y  

r e f e r r e d  t o  a b o v e  may h a v e  b e e n  c a u s e d  b y  i n - s i t u  

c r y s t a l - l i q u i d  s e p a r a t io n  a t  t h e  m a g m a tic  s ta g e ,  c o u p le d  

w i t h  l o c a l  c r u s t a l  c o n t a m in a t io n .

P r e v io u s  w o rk  o n  i n - s i t u  f r a c t i o n a t i o n  p r o c e s s e s  h a s  

h i g h l i g h t e d  s e v e r a l  p o t e n t i a l  p ro b le m s  (M c C a r th y  a n d  

H a s ty ,  1 9 7 6 ; M c C a r th y  a n d  G ro v e s ,  1 97 9  a n d  T in d le  a n d  

P e a rc e ,  1 9 8 1 ) .  C le a r  d i s t i n c t i o n  b e tw e e n  " c u m u la te "  a n d  

" m e l t "  r o c k  ty p e s  beco m e s p r o g r e s s i v e l y  m o re  d i f f i c u l t  

a s  m e l t  a c i d i t y  a n d  v i s c o s i t y  in c r e a s e .  " C r y s t a l  m u sh " 

m ig h t  b e  a m o re  a c c u r a t e  t e r m  w i t h  w h ic h  t o  d e s c r ib e  t h e  

s a m p le s ,  c o m p r is in g  v a r io u s  c o m b in a t io n s  o f  c u m u lu s  

c r y s t a l s  a n d  v a r i a b l y  e v o lv e d  i n t e r s t i t i a l  m e l t .  O n ly  

r a r e l y  d o e s  g o o d  t e x t u r a l  e v id e n c e  a l lo w  an  a c c u r a t e  

a s s e s s m e n t o f  t h e  a m o u n t o f  c u m u lu s  m in e r a ls  ( e . g . ,  

T i n d l e  a n d  P e a rc e ,  1 9 8 1 ) ,  e v e n  w hen th e  i n t r u s i o n  h a s  

n o t  b e e n  s u b je c te d  t o  l a t e r  d e f o r m a t io n  as  a t  G le n  

D e s s a r r y .  N e i t h e r  o f  t h e  tw o  e x tre m e  m a th e m a t ic a l



m o d e ls  o f  c r y s t a l  f r a c t i o n a t i o n  a re  e n t i r e l y  a p p l i c a b l e ,  

s in c e  t h e  r a t e  o f  e q u i l i b r a t i o n  o f  c r y s t a l  w i t h  m e l t  

w o u ld  n o t  h a v e  b e e n  so  s lo w  as t o  r e s t r i c t  e q u i l i b r i u m  

t o  t h e  s u r f a c e  o n l y  ( R a y le ig h  c r y s t a l l i s a t i o n ) ,  o r  so  

f a s t  a s  t o  a l lo w  c o m p le te  e q u i l i b r i u m  a t  a l l  t im e s  

( e q u i l i b r i u m  c r y s t a l l i s a t i o n ) .  Some in d e t e r m in a b le  

c o m b in a t io n  o f  t h e  tw o  w o u ld  p r o b a b ly  h a v e  c o n t r o l l e d  

t h e  c o m p o s i t io n a l  e v o l u t i o n  o f  t h e  m e l t / c r y s t a l  s y s te m . 

F u r t h e r ,  t h e  p a r t i t i o n  c o e f f i c i e n t s  r e q u i r e d  b y  th e  

e q u a t io n s  h a v e  b e e n  show n t o  v a r y  r e g u l a r l y  w i t h  m e l t  

c o m p o s i t io n ,  t e m p e r a tu r e  a n d  p e rh a p s  p r e s s u r e  ( e . g . ,  

W a ts o n , 1 9 7 6 ; G re e n  a n d  P e a rs o n ,  1 9 8 3 ; M ahood and  

H i l d r e t h ,  1 9 8 3 ) ,  so  t h a t  a s s u m p t io n  o f  a u n iq u e  v a lu e  i s  

u n d o u b te d ly  an  o v e r s i m p l i f i c a t i o n .  F i n a l l y ,  t h e  

i n f l u e n c e  o f  a c c e s s o r y  m in e r a ls  ( i n  w h ic h  G le n  D e s s a r r y  

i s  p a r t i c u l a r l y  r i c h )  i s  d i f f i c u l t  t o  a s s e s s  

q u a n t i t a t i v e l y  d u e  t o  t h e  la c k  o f  p r e c is e  k n o w le d g e  o f  

t h e i r  p a r t i t i o n  c o e f f i c i e n t s ,  c o u p le d  w i t h  t h e i r  lo w  

m o d a l a b u n d a n c e .

Bearing all these difficulties in mind, the following 
account attempts to assess the geochemistry of the Glen 
Dessarry syenites in order to test whether crystal-melt 
equilibria involving their constituent mineral phases 
could have caused the observed chemical diversity. This 
has been undertaken in terms of the following element 
groups:
i )  M a jo r  e le m e n t  o x id e s  w h o se  a b u n d a n c e s  ( e x c e p t  P2°5 
a n d  T i(>2 ) a r e  c o n t r o l l e d  b y  t h e  r e l a t i v e  in v o lv e m e n t  o f  

t h e  m a jo r  r o c k - f o r m in g  m in e r a ls .

i i )  T r a n s i t i o n  m e ta ls  ( C r ,  N i ,  V ) w h ic h  a r e  e n r ic h e d  i n  

e a r l y - f o r m e d  m a f ic  m in e r a l  p h a s e s .

iii) Large-ion lithophile elements of trace abundance 
whose microchemical distribution is governed by 
diadochic exchange with major element cations in 
rock-forming mineral phases (Rb, Ba and Sr).
iv) High field-strength elements and other LILEs (REE, 
Zr, Hf, U, Th, Nb, Ta) whose behaviour in part reflects 
the role of crystallisation of minor mineral phases such 
as those which have been observed in the syenites (e.g., 
zircon, allanite, apatite and sphene).



Having established the possible trends of 
fractionation and contamination, selected samples are 
used for the construction of multi-element, 
chondrite-normalised diagrams in order to summarise the 
response of the incompatible element group to low-level 
and in-situ fractionation; to the local processes of 
xenolith digestion; and to magma-related metasomatic 
reaction.

F u l l  m a jo r  a n d  t r a c e  e le m e n t  w h o le - r o c k  d a ta  f o r  50 

s a m p le s  a r e  a v a i l a b l e  i n  t h e  a p p e n d ix ,  t o g e t h e r  w i t h  

d e r iv e d  CIPW n o rm s , a n d  a v e ra g e  a n a ly s e s  a re  p r e s e n te d  

i n  T a b le  9 . 1 .

L e u c o c r a t i c M a f ic
( 21 ) ( 22 )

S i0 2 6 0 .6 2 5 4 .8 2
T i 0 2 0 .6 5 1 .0 8
a i 2o 3 1 7 .4 5 1 5 .0 3
F e20 3 4 .5 6 8 .1 9
MnO 0 .0 9 0 .1 5
MgO 1.12 3 .8 6
CaO 2 .8 0 6 .0 3
N a20 5 .0 0 3 .9 0
k 2 o 6 .2 5 5 .1 2
P205 0 .3 0 0 .6 4
T o t a l 9 8 .8 4 9 8 .8 2

C r 9 67
N i 9 34
V 88 172
U 1.66 3 .4 4
Th 9 .1 1 4 .8
S r 4 8 2 4 3465
Ba 3857 3099
Rb 105 105
Nb 19 22
Z r 84 190
Y 29 38

T a b le  9 . 1 :  A v e ra g e  w h o le - r o c k  a n a ly s e s  o f  G le n  D e s s a r r y

syenites.

N o rm a t iv e  d a ta  a r e  show n i n  F i g .  9 . 1 ,  p r o je c t e d  o n to  th e  

Q z -A b -O r-N e  q u a t e r n a r y .  T h e y  c l o s e l y  re s e m b le  m o n z o n i t ic  

p lu t o n s  f r o m  t e m p o r a l l y  a n d  t e c t o n i c a l l y  d iv e r s e  

s e t t i n g s ;  b o t h  i n  te rm s  o f  m in e r a lo g y  a n d  o f  

g e o c h e m is t r y  ( M i l l e r ,  1 9 7 7 , 1 9 7 8 ; S im m ons a n d  H e d g e , 

1 9 7 8 ; S y l v e s t e r  e t  a l . ,  1 9 7 8 ; H a r r i s  e t  a l . ,  1 9 8 3 ) .
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F ig u r e  9 . 1 ;  N o rm a t iv e  d a ta  f o r  G le n  D e s s a r r y  s y e n i t e s  

p r o je c t e d  o n to  t h e  Q z -A b -O r -N e  q u a t e r n a r y .

(o p e n  c i r c l e s =  m a f ic  s y e n i t e ,  c lo s e d  c i r c l e s =  

l e u c o c r a t i c  s y e n i t e ) .

9 .1  M a jo r  E le m e n t O x id e s

F ig u r e  9 .2  i s  a s c h e m a t ic  d ia g r a m  d e s ig n e d  t o  show how  

m a jo r  e le m e n t  o x id e ,  b i v a r i a t e  d ia g ra m s  c a n  b e  

i n t e r p r e t e d  w i t h i n  t h e  c o n s t r a i n t s  a l r e a d y  s e t  o n  a 

p o s s ib le  m a g m a tic  e v o l u t i o n a r y  s c h e m e ; t h a t  i s ,  i n  te rm s  

o f  l o w - l e v e l  and  i n - s i t u  d i f f e r e n t i a t i o n .  The l o w - l e v e l  

t r e n d  i s  r e q u i r e d  t o  d r i v e  t h e  p r im a r y  m e l t  c o m p o s i t io n  

(P ) t h r o u g h  t h a t  o f  t h e  m a f ic  s y e n i t e  (M S ), w h ic h  i s  

i n t r u d e d  f i r s t ,  t o  t h a t  o f  t h e  l e u c o c r a t i c  s y e n i t e  w h ic h  

f o l l o w s  ( L S ) ,  b y  re m o v a l o f  some c o m b in a t io n  o f  c u m u lu s  

m in e r a l  p h a s e s  ( C p ) .  T he  i n - s i t u  t r e n d s ,  w h ic h  a r e  d u e  

t o  in c o m p le te  s e p a r a t io n  o f  c r y s t a l l i s i n g  s o l i d s  a n d  

e v o l v in g  l i q u i d ,  d iv e r g e  f ro m  th e s e  p a r e n t  c o m p o s i t io n s  

(MS a n d  L S ) a c c o r d in g  t o  w h e th e r  t h e  s a m p le s  r e p r e s e n t  

a n  e x c e s s  o f  c u m u la te s  (Cms a n d  C l s ) o r  l i q u i d  (Mms a n d  

M i s ) .  N o te  t h a t  i n  t h i s  s i m p l i f i e d  d ia g ra m  i t  h a s  b e e n  

a ssum ed  t h a t  th e  c r y s t a l l i s i n g  a s s e m b la g e  re m a in s  t h e  

same w i t h i n  e a c h  e v o l u t i o n a r y  s t e p .  S h o u ld  new m in e r a ls  

e n t e r  t h e  a s s e m b la g e  o n c e  i t  h a s  b e e n  e s t a b l i s h e d ,  o r  

o ld  m in e r a ls  le a v e  i t ,  t h e  t r e n d s  w o u ld  c h a n g e  d i r e c t i o n  

a c c o r d in g  t o  i t s  new b u lk  c o m p o s i t io n .  F ig u r e  9 .3  show s 

th e  s e r ie s  o f  H a r k e r  ( o x id e  v s  S iC ^ )  d ia g ra m s  f o r  t h e
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F ig u r e  9 . 2 :  S c h e m a t ic  d ia g r a m  i l l u s t r a t i n g  

i n t e r p r e t a t i o n  o f  H a r k e r  d ia g ra m s  i n  te rm s  o f  i n - s i t u  

a n d  l o w - l e v e l  f r a c t i o n a l  c r y s t a l l i s a t i o n .

w h o le - r o c k ,  m a jo r - e le m e n t  a n a ly s e s ,  u p o n  w h ic h  a r e  a l s o  

p l o t t e d  t h e  f i e l d s  o f  a n a ly s e s  o f  th e  m a jo r  m in e r a ls  

l i k e l y  t o  b e  in v o l v e d  i n  t h e  f r a c t i o n a t i o n  p r o c e s s e s .  

T h e s e  a r e  d e r iv e d  f ro m  e u h e d r a l  c r y s t a l s  i n  s a m p le s  o f  

s y e n i t e  w h ic h  p r e s e r v e  an  ig n e o u s  t e x t u r e  (m a rk e d  i ) ,  

a n d  t h e  m a jo r  m in e r a l  p h a s e s  o f  t h e  a s s o c ia t e d  c u m u la te  

f r a g m e n ts  (m a rk e d  c ) ;  d a ta  f o r  w h ic h  h a v e  b e e n  p r o v id e d  

i n  t h e  p r e v io u s  s e c t i o n ,  a n d  t h e  a p p e n d ix .

T h e  f i r s t  g ro u p  o f  o x id e s  d is c u s s e d  i s  MgO, F e2°3 a n d  

CaO -  a l l  o f  w h ic h  a r e  p r e f e r e n t i a l l y  c o n c e n t r a t e d  i n  

e a r l y - f o r m e d  m a f ic  m in e r a ls  a n d  w h ic h  a r e  t h e r e f o r e  

p a r t i c u l a r l y  im p o r t a n t  i n  c o n s t r a in in g  th e  r e l a t i v e  

r o le s  o f  o l i v i n e s ,  p y r o x e n e s ,  a m p h ib o le s  a n d  b i o t i t e s .  

N o t  s u r p r i s i n g l y ,  t h e r e f o r e ,  t h e s e  t h r e e  o x id e s  show  

m any common f e a t u r e s :

i )  R a p id ly  f a l l i n g  c o n c e n t r a t io n  w i t h  i n c r e a s i n g  S iC ^ .

i i )  G ood c o r r e l a t i o n s  w i t h  S i02 * a n d  b e tw e e n  e a c h  

o t h e r .

i i i )  A r e l a t i v e l y  r e s t r i c t e d  f i e l d  f o r  l e u c o c r a t i c  

s y e n i t e s  c o m p a re d  t o  t h e  e x t e n s iv e  m a f ic  s y e n i t e  t r e n d .

i v )  C o l i n e a r i t y  o f  t h e  m a f ic  a n d  l e u c o c r a t i c  s y e n i t e  

r e g r e s s io n  l i n e s .
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v )  U l t r a m a f i c  s a m p le  GD48 l i e s  o n , o r  c lo s e  t o ,  t h e  

e x t r a p o l a t i o n  t o  lo w e r  SiC>2 o f  th e  m a f ic  s y e n i t e  

c o r r e l a t i o n .

A s s u m in g  t h a t  t o  a f i r s t  a p p r o x im a t io n  th e  s y s te m  as a 

w h o le  r e m a in e d  c lo s e d ,  t h e  p a r e n t  " l i q u i d s "  o f  m a f ic  

s y e n i t e  a n d  l e u c o c r a t i c  s y e n i t e  c o m p o s i t io n  s h o u ld  l i e  

so m e w h e re  n e a r  t h e  a v e ra g e  o f  t h e  o b s e rv e d  i n - s i t u  

t r e n d s .  T h u s ,  a n  e s t im a t e  o f  th e  l o w - l e v e l  t r e n d  may b e  

o b t a in e d  f ro m  a v e c t o r  c o n n e c t in g  th e s e  tw o  a v e ra g e  

c o m p o s i t io n s .  S in c e  a m p h ib o le  a n a ly s e s  l i e  on an  

e x t r a p o l a t i o n  o f  t h i s  t r e n d  t o  lo w e r  S i02 , i t s  re m o v a l 

c o u ld  d r i v e  t h e  l i q u i d  c o m p o s i t io n  i n  th e  r e q u i r e d  

d i r e c t i o n .  H o w e v e r, t h e  p r e s e r v a t i o n  o f  p o l y m in e r a l i c  

c u m u la te s  i n  p r e f e r e n c e  t o  a m p h ib o l i t e s  s u g g e s ts  t h a t  a 

c o m b in a t io n  o f  o t h e r  m a f ic  p h a s e s ,  n o t  n e c e s s a r i l y  

i n v o l v i n g  a m p h ib o le ,  i s  m o re  l i k e l y .  F o r  e x a m p le , GD48 

( w h ic h  i s  e s s e n t i a l l y  a c o m b in a t io n  o f  p y r o x e n e ,  

b i o t i t e ,  m a g n e t i t e ,  s p h e n e , a p a t i t e ,  a n d  p e rh a p s  some 

a m p h ib o le )  a l s o  f a l l s  o n  t h e  c o r r e c t  e x t r a p o l a t i o n .  

T h e r e f o r e ,  i t  seem s r e a s o n a b le  (o n  th e  b a s is  o f  CaO, MgO 

a n d  F e203 ) t o  s u p p o s e  t h a t  th e  s e p a r a t io n  o f  a m in e r a l  

a s s e m b la g e  e q u iv a le n t  t o  t h a t  fo u n d  i n  some o f  th e  

e x p o s e d  c u m u la te s  w as r e s p o n s ib le  f o r  t h e  

m a f i c - l e u c o c r a t i c  s y e n i t e  e v o l u t i o n a r y  p h a s e .

M a s s -b a la n c e  c a l c u l a t i o n s  b a s e d  o n  a n  a s s e m b la g e  

r e p r e s e n t e d  b y  GD48 show  t h a t  a p p r o x im a t e ly  26% re m o v a l 

w i l l  d r i v e  an  a v e ra g e  ( p a r e n t )  m a f ic  s y e n i t e  c o m p o s i t io n  

t o  a n  a v e ra g e  ( p a r e n t )  l e u c o c r a t i c  s y e n i t e  c o m p o s i t io n  

( T a b le  9 . 2 ) .

T he  i n - s i t u  f r a c t i o n a t i o n  t r e n d s  f o r  t h i s  g ro u p  o f  

o x id e s  a r e  e s s e n t i a l l y  c o l i n e a r  w i t h  th o s e  d e r iv e d  f o r  

l o w - l e v e l  f r a c t i o n a t i o n ,  w h ic h  s u g g e s ts  e i t h e r  t h a t  no  

a l t e r a t i o n  t o  t h e  a s s e m b la g e  to o k  p la c e  u p o n  i n t r u s i o n  

a n d  f u r t h e r  e v o l u t i o n ,  o r  t h a t  a n y  new  m in e r a ls  e n t e r in g  

t h e  c r y s t a l l i s i n g  a s s e m b la g e  th e m s e lv e s  f a l l  on  t h e  

e x i s t i n g  t r e n d .  P e t r o g r a p h ic  e v id e n c e  a l s o  s u g g e s ts  

t h a t  t h e  m a f ic  m in e r a ls  w h ic h  c r y s t a l l i s e d  i n  t h e  

h ig h  l e v e l  m ag m a -ch a m b e r a r e  s i m i l a r  t o  th o s e  t h a t  

s e p a r a te d  f ro m  th e  p a r e n t  m e l t  i n  t h e  l o w - l e v e l
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S i°2 T i02 m 2°3 Fe2°3 

Reactants

MnO MgO CaO Na20 

(IS  to p , GD48 bottom )

k 2o p2°5

60.62 0.65 17.45 4.56 0 .0 9  1 .12  2 .80 5.00 6.25 0 .3 0

39.80 2.39 5.52 17.75 0 .28  11.43 16.99 0.85 1.75 2.12
E stim a ted  m a fic  s y e n ite  (74.34% LS + 25.66% GD48)

55.28 1.10 14.39 7 .94 0 .1 4  3777 5744 37^3 5.10 0 .77

M a fic  s y e n ite
54.82 1 .08 15.03 8 .19  0 .15  3 .86  6 .03 3 .90  5.12 0 .6 4

D iffe re n c e s
0 .4 6  0 .02  -0 .6 4  -0 .2 5  -0 .0 1  -0 .0 9  0 .41  0.03 -0 .0 2  0 .13

R e s id u a l sum o f  squares = 0.8772

T a b le  9 . 2 ;  M a s s -b a la n c e  c a l c u l a t i o n s  o f  l o w - l e v e l  

f r a c t i o n a l  c r y s t a l l i s a t i o n  i n  t h e  G le n  D e s s a r r y  s y e n i t e .

c h a m b e r. H o w e v e r, t h e  im p o r ta n c e  o f  f e ld s p a r  i n  th e  

e x p o s e d  l i t h o l o g i e s  a n d  i t s  f r e q u e n t  p h e n o c r y s t  

h a b i t ,  s u g g e s t  t h a t  i t  s o o n  becam e an im p o r t a n t  

c r y s t a l l i s i n g  p h a s e .  M o re o v e r ,  i t  i s  n o t  p o s s ib le  t o  

a c c u r a t e l y  m o d e l t h e  c o m p o s i t io n s  o f  e v o lv e d  m a f ic  o r  

l e u c o c r a t i c  s y e n i t e s  b y  c o n t i n u a t i o n  o f  th e  

"G D 4 8 -a s s e m b la g e "  f r a c t i o n a t i o n .  L a r g e  e r r o r s  i n  K2O, 

N a20 , CaO and  A I2O3 s u g g e s t  s i g n i f i c a n t  f e ld s p a r  

in v o lv e m e n t .  The p o s i t i o n  o f  a n a ly s e d  f e ld s p a r s  o n  th e  

v a r i a t i o n  d ia g ra m s  show s w h y  i t s  c r y s t a l l i s a t i o n  w o u ld  

c a u s e  l i t t l e  o f f s e t  t o  t h e  e s t a b l i s h e d  e v o l u t i o n a r y  

p a t h s ,  m e r e ly  r e s t r i c t i n g  th e  p r o g r e s s io n  t o  h i g h - S i02 
l i t h o l o g i e s .  The p r e s e r v a t io n  o f  c o n t ig u o u s  

p y r o x e n e - b i o t i t e - r i c h  r o c k s  i n  t h e  m a f ic  s y e n i t e  ( e . g . ,  

M J0 1 2 ; s e e  P e t r o g r a p h ic  V a r i a t i o n s ,  a b o v e )  m ig h t  

n e v e r t h e le s s  i n d i c a t e  t h a t  m a f ic  p h a s e s  d o m in a te d  i n  t h e  

e a r l y  s ta g e s  o f  c r y s t a l l i s a t i o n .  I t  i s  i n t e r e s t i n g  t o  

n o te  t h a t  t h e  i n - s i t u  f r a c t i o n a t i o n  h a s  c a u s e d  an  

o v e r la p  b e tw e e n  th e  m o r e - m a f ic  l e u c o c r a t i c  s y e n i t e s  a n d  

m o r e - le u c o c r a t i c  m a f ic  s y e n i t e s .  E x t e n s iv e  l o c a l  

f i l t e r - p r e s s i n g  g a v e  r i s e  t o  t h e  n e b u lo u s  p e g m a t i t e s ,  

f o u r  s a m p le s  o f  w h ic h  f r o m  t h e  m a f ic  s y e n i t e  o u t c r o p  

h a v e  b e e n  a n a ly s e d  i n  o r d e r  t o  g iv e  some id e a  o f  t h e  

c o m p o s i t io n  o f  t h e  e v o lv e d  m e l t .  T h e s e  l i e  o n  an



e x t e n s io n  o f  t h e  i n - s i t u  t r e n d s ,  i n  a c c o r d  w i t h  t h e i r  

a ssu m e d  o r i g i n  a s  l a t e - s t a g e  m e lt s  s q u e e z e d  o u t  o f  t h e i r  

n e a r l y - c r y s t a l l i n e  m a f ic  s y e n i t e  h o s t s .

T h e  s e c o n d  g r o u p  o f  m a jo r  e le m e n ts  t o  b e  c o n s id e r e d  

c o m p r is e s  K2O, N a2<3 a n d  A I2O3 ( F ig .  9 . 3 ) ,  w h ic h  s h o u ld  

p r o v id e  m o re  i n f o r m a t io n  on  th e  p ro p o s e d  in v o lv e m e n t  o f  

f e ld s p a r s  d u r in g  i n - s i t u  e v o l u t i o n .  As b e f o r e ,  th e  

l e u c o c r a t i c  s y e n i t e s  e x h i b i t  a m o re  r e s t r i c t e d  f i e l d  

t h a n  d o  th e  m a f ic  s y e n i t e s .  I n  g e n e r a l  te r m s ,  a l l  t h r e e  

e le m e n ts  in c r e a s e  w i t h  in c r e a s in g  S i02 / i n  r e s p o n s e  t o  

t h e  e a r l y  r e m o v a l o f  K2O, Na2<3 a n d  A ^ C ^ - p o o r  m a f ic  

p h a s e s ,  b u t  t h e r e  i s  c o n s id e r a b ly  m o re  s c a t t e r  th a n  f o r  

t h e  p r e v io u s  t h r e e  e le m e n ts .  C a lc u la t i o n s  f o r  t h e  

l o w - l e v e l  p h a s e  ( T a b le  9 . 2 )  c o n f i r m  t h a t  a p p r o x im a t e ly  

26% re m o v a l o f  an  a s s e m b la g e  r e p r e s e n te d  b y  s a m p le  GD48 

i s  c o m p a t ib le  w i t h  th e  o b s e rv e d  e v o l u t i o n  f ro m  " p a r e n t "  

m a f ic  t o  " p a r e n t "  l e u c o c r a t i c  s y e n i t e .  T he  s c a t t e r  on 

t h e  i n - s i t u  t r e n d s  may b e  a r e s u l t  o f  t h e  new 

p a r t i c i p a t i o n  o f  f e ld s p a r  c a u s in g  la r g e  v a r i a t i o n s  i n  

t h e  c u m u lu s  a s s e m b la g e ,  d e p e n d in g  u p o n  i t s  p r e c is e  

c o m p o s i t io n  a n d  c r y s t a l l i s i n g  p r o p o r t i o n .  The 

p e g m a t i te s  h a v e  c l e a r l y  h a d  a r e l a t i v e l y  p o t a s s i c  

f e ld s p a r  re m o v e d , a n d  t h e  r e s u l t a n t  " c u m u la te s "  may w e l l  

b e  r e p r e s e n t e d  b y  p o t a s s i c  m a f ic  s y e n i t e s  G D27, GD28 and  

G D29. I t  may b e  s i g n i f i c a n t  t h a t  th e s e  a r e  a l l  

a m p h ib o le - r i c h  ( s e e  b e lo w ) .

F i n a l l y  i n  t h i s  b r i e f  c o n s id e r a t i o n  o f  t h e  m a jo r  

e le m e n ts ,  t h e  v a r i a t i o n s  i n  t h e  a b u n d a n c e s  o f  P2°5 and  

T i02 s h o u ld  b e  d e s c r ib e d .  T h e s e  a re  u s e f u l  p e t r o g e n e t i c  

i n d i c a t o r s  o f  t h e  in v o lv e m e n t  o f  p h o s p h a te  and  

T i - b e a r i n g  p h a s e s  r e s p e c t i v e l y ,  a n d  a t  G le n  D e s s a r r y  

th e s e  a r e  l i k e l y  t o  be  d o m in a te d  b y  a p a t i t e  a n d  s p h e n e . 

I n  b o th  c a s e s  t h e r e  i s  a v e r y  r a p i d  f a l l  w i t h  i n c r e a s in g  

SiC>2 , i n d i c a t i n g  q u a n t i t a t i v e  re m o v a l o f  b o t h  p h a s e s  

f r o m  th e  m e l t s  d u r in g  i n - s i t u  a n d  l o w - l e v e l  

f r a c t i o n a t i o n .

T h u s  t h e  new w h o le - r o c k  a n d  m in e r a l  c h e m ic a l  d a ta  

d is c u s s e d  a b o v e ,  a n d  th e  m in e r a lo g y  o f  t h e  c u m u la te  

s a m p le s ,  r e q u i r e  n o  s u b s t a n t i a l  m o d i f i c a t i o n s  t o  th e



c o n c lu s io n s  o f  R ic h a r d s o n  (1 9 6 8 )  t h a t  t h e  m a f ic  a n d  

l e u c o c r a t i c  s y e n i t e s  a r e  r e la t e d  b y  f r a c t i o n a l  

c r y s t a l l i s a t i o n  o f  a e g e r in e - a u g i t e ,  b i o t i t e  and  

m a g n e t i t e ,  s a v e  p e rh a p s  f o r  t h e  a d d i t i o n  o f  s p h e n e  and  

a p a t i t e  a s  im p o r t a n t  c o n s t i t u e n t s ,  f o r  w h ic h  t h e r e  i s  

a l s o  c o n s id e r a b le  t r a c e  e le m e n t  e v id e n c e ,  t o  be  

d is c u s s e d  b e lo w .

9 .2  T ra c e  E le m e n ts

T h e  t h r e e  g r o u p s  o f  t r a c e  e le m e n ts  ( i . e . ,  t r a n s i t i o n  

m e ta ls ,  L IL E s  a n d  HFSEs) a r e  a l l  d e a l t  w i t h  i n  a s i m i l a r  

w ay b e lo w ,  b a s e d  o n  c o m p a r is o n  o f  th e  t r e n d s  i n h e r e n t  i n  

t h e  a n a l y t i c a l  d a ta  w i t h  t h o s e  t h e o r e t i c a l l y  p r e d i c t e d  

b y  th e  e q u a t io n s  c o n t r o l l i n g  f r a c t i o n a l  

c r y s t a l l i s a t i o n .  T h is  a p p ro a c h  i s  s i m i l a r  t o  t h a t  u s e d  

b y  M c C a r th y  a n d  H a s ty  ( 1 9 7 6 ) ,  M c C a r th y  a n d  G ro v e s  ( 1 9 7 9 )  

a n d  T in d le  a n d  P e a rc e  ( 1 9 8 1 ) .  I n  v ie w  o f  th e  common 

z o n in g  p r e s e r v e d  i n  m o s t m in e r a ls  w h ic h  c o n s t i t u t e  th e  

s y e n i t e s ,  R a y le ig h  f r a c t i o n a t i o n  i s  t h o u g h t  t o  b e  m ore  

a p p l i c a b l e  t h a n  e q u i l i b r i u m  f r a c t i o n a t i o n ,  a n d  so  h a s  

b e e n  u s e d  t h r o u g h o u t .  F ig u r e  9 .4  ( a f t e r  M c C a r th y  a n d  

H a s ty ,  1 9 7 6 )  s h o w s , i n  a s c h e m a t ic  w a y , t h e  m e th o d  o f  

m o d e l l in g  t r a c e  e le m e n t  v a r i a t i o n s  i n  p lu t o n s  w h ic h  h a v e  

s u f f e r e d  i n - s i t u  c r y s t a l - l i q u i d  s e p a r a t io n .

F ig u r e  9 . 4 :  S c h e m a tic  d ia g r a m  i l l u s t r a t i n g  

i n t e r p r e t a t i o n  o f  l o g a r i t h m i c ,  b i v a r i a t e  t r a c e  e le m e n t  

p l o t s  i n  te rm s  o f  R a y le ig h  f r a c t i o n a t i o n .



When p l o t t e d  on  l o g a r i t h m i c ,  b i v a r i a t e  d ia g r a m s ,  

R a y le ig h  f r a c t i o n a t i o n  p r o d u c e s  s t r a i g h t - l i n e  v e c t o r s  

f o r  e v o l v in g  l i q u i d  c o m p o s i t io n s  (m t o  m ^ ) ,  and  p a r a l l e l  

v e c t o r s  f o r  e q u iv a le n t  c u m u la te  c o m p o s i t io n s  (c  t o  c ^ ,  

a s s u m in g  t h a t  th e  c r y s t a l l i s i n g  a s s e m b la g e  and  r e le v a n t  

p a r t i t i o n  c o e f f i c i e n t s  re m a in  c o n s t a n t ) .  C r y s t a l  

m u s h e s , w h ic h  m o s t r o c k s  o f  t h e  C o m p le x  p r o b a b ly  

r e p r e s e n t ,  l i e  o n  m ix in g  l i n e s  b e tw e e n  th e s e  e x tre m e s  

( l i q u i d  a n d  c u m u la te ) .  T h e  ra n g e  o f  c u m u la te  

c o m p o s i t io n s  d e c re a s e s  w i t h  s e p a r a t io n  e f f i c i e n c y ,  s u c h  

t h a t  20% t r a p p e d  in te r c u m u lu s  m e l t  p r o d u c e s  l i n e  1 , 40% 

p ro d u c e s  l i n e  2 , a n d  so  o n . M e l t  e v o l u t io n  i s  

c o n c o m i t a n t l y  r e s t r i c t e d ,  r e s u l t i n g  i n  an  o v e r a l l  

c o n t r a c t i o n  o f  th e  p a r a l l e lo g r a m  w i t h  i n c r e a s in g  a m o u n ts  

o f  t r a p p e d  in te r c u m u lu s  m e l t .  T h u s , r e a l  d a ta  c o n t r o l l e d  

b y  c r y s t a l - l i q u i d  e q u i l i b r i a  s h o u ld  a p p r o x im a te  t o  a 

p a r a l l e lo g r a m .  B e a r in g  i n  m in d  a l l  t h e  i n h e r e n t  

i n a c c u r a c ie s  i n  p a r t i t i o n  c o e f f i c i e n t s ,  a s s u m p t io n s  o f  

p e r f e c t  a d h e re n c e  t o  t h e  R a y le ig h  c r y s t a l l i s a t i o n  

e q u a t io n ,  c o n s ta n c y  o f  c r y s t a l l i s i n g  a s s e m b la g e  and  

p a r t i t i o n  c o e f f i c i e n t ,  s u c h  d ia g ra m s  c a n  o n ly  b e  

e x p e c te d  t o  r e v e a l  g e n e r a l  t r e n d s  -  i t  i s  v i r t u a l l y  

im p o s s ib le  t o  d e f in e  t h e  p r o p o r t i o n  o f  c u m u la te  p h a s e s  

v e r s u s  c r y s t a l l i s e d  m e l t  i n  a n y  p a r t i c u l a r  s a m p le . On 

e a c h  d ia g r a m  a r e  p l o t t e d  m in e r a l  v e c t o r s ,  s h o w in g  t h e  

e f f e c t  o n  m e l t  c o m p o s i t io n  o f  t h e i r  re m o v a l and  

a n n o ta te d  w i t h  p r o p o r t i o n  o f  m e l t  r e m a in in g .  T h e s e  

a l lo w  a s e m i - q u a n t i t a t i v e  a s s e s s m e n t o f  th e  m in e r a l  

a s s e m b la g e s  c a p a b le  o f  c o n t r o l l i n g  a n y  t r e n d s  o b s e rv e d  

i n  t h e  d a t a .

C h o ic e  o f  p a r t i t i o n  c o e f f i c i e n t s  i s  o b v io u s ly  

im p o r t a n t ,  b u t  t h e i r  s c a r c i t y  im p a r t s  a n  e r r o r  a b o u t  

w h ic h  l i t t l e  c a n  b e  d o n e . T h o s e  u s e d  h e r e  a r e  f ro m  

V i l l e m a n t  e t  a l .  ( 1 9 8 1 ) ,  a n d  seem  t o  b e  m o s t a p p l i c a b l e  

t o  t h e  b u l k  c o m p o s i t io n  o f  t h e  G le n  D e s s a r r y  s a m p le s  

( t h e y  a r e  d e r iv e d  f ro m  a n  a l k a l i  b a s a l t  t o  t r a c h y t e  

s u i t e ) ,  a s  w e l l  as  b e in g  a m ore  c o m p re h e n s iv e  s e t  th a n  

m o s t a v a i l a b l e  i n  l i t e r a t u r e .  T h e y  a r e  l i s t e d  f o r  e a s y  

r e f e r e n c e  i n  t h e  A p p e n d ix .



T r a n s i t i o n  M e ta ls

T h e  C r  v e r s u s  N i  b i v a r i a t e  p l o t  i s  show n i n  F ig .  9 . 5 .  

T he  d a ta  f o r  m a f ic  a n d  l e u c o c r a t i c  s y e n i t e  fo rm  tw o  

s u b - p a r a l l e l ,  l i n e a r  a r r a y s ,  c o m p a t ib le  w i t h  a s t r o n g  

m a g m a tic  c o n t r o l  d u r in g  i n - s i t u  d i f f e r e n t i a t i o n .  T he  

m in e r a l  v e c t o r s  s u g g e s t  t h t  t h e  d o m in a n t  i n f l u e n c e  f o r  

b o t h  v a r i a n t s  i s  c l in o p y r o x e n e  -  some f e ld s p a r  i s  

p e r m is s i b l e  s in c e  t h i s  w o u ld  m e r e ly  r e s t r i c t  t h e

F ig u r e  9 . 5 :  L o g a r i t h m ic ,  b i v a r i a t e  p l o t  o f  t r a n s i t i o n  

m e ta l  a b u n d a n c e s  f o r  G le n  D e s s a r r y  s y e n i t e s .  

( c lo s e d  d ia m o n d s =  c u m u la te s ,  o p e n  d ia m o n d s =  m a f ic  

s y e n i t e s ,  d o t t e d  o p e n  d ia m o n d s =  " c o n ta m in a te d "  m a f ic  

s y e n i t e s ,  o p e n  c i r c l e s =  l e u c o c r a t i c  s y e n i t e s ) .

d e v e lo p m e n t  o f  t h e  a r r a y .  T h is  c o n f i r m s  in f e r e n c e s  made 

f r o m  t h e  p e t r o g r a p h ic  a n d  m a jo r  e le m e n t  e v id e n c e  a b o v e . 

I t  a l s o  c o n f i r m s  t h a t  o l i v i n e  f r a c t i o n a t i o n  w as n o t  

im p o r t a n t  d u r in g  i n - s i t u  e v o l u t i o n  o r  i n  t h e  m a f ic  t o  

l e u c o c r a t i c  s y e n i t e  l o w - l e v e l  p h a s e .  D e t e r m in a t io n  o f



s in c e i t r e l i e s ont h e  l a t t e r  i s  d i f f i c u l t ,  _____

i d e n t i f i c a t i o n  o f  o r i g i n a l  l i q u i d  c o m p o s i t io n s ,  w h ic h  

a r e  n o t  p r e s e r v e d ,  b u t  t h e r e  seem s l i t t l e  re a s o n  t o  

d o u b t  t h a t  i t  w as a ls o  s u b s t a n t i a l l y  i n f l u e n c e d  b y  

p y r o x e n e  c r y s t a l i s a t i o n .  H o w e v e r, th e  p o s i t i o n  o f  

p r i m i t i v e  m a n t le  m e l t s  on  t h e  d ia g ra m  ( d a ta  f ro m  

T h i r l w a l l ,  1 9 8 2 )  s u g g e s ts  t h a t  i f  th e  s y e n i t e s  w e re  

d e r iv e d  f ro m  s u c h  a p a r e n t  ( t h i s  w i l l  be  d is c u s s e d  

b e lo w ) ,  some o l i v i n e  f r a c t i o n a t i o n  m u s t h a v e  o c c u r r e d  

d u r in g  a n  e a r l y  p h a s e  o f  th e  l o w - l e v e l  d i f f e r e n t i a t i o n .  

T he  a m o u n t o f  o l i v i n e  re m o ve d  i s  r e s t r i c t e d  t o  le s s  th a n  

a b o u t  10% b y  N i  a b u n d a n c e s  i n  t h e  G le n  D e s s a r r y  s a m p le s ,  

a n d  m u s t h a v e  b e e n  a s s o c ia t e d  w i t h  s u b s t a n t i a l  p y r o x e n e  

s e p a r a t io n ,  i n  o r d e r  t o  re d u c e  C r  t o  s e n s ib le  l e v e l s .

L a r g e - I o n - L i t h o p h i l e  E le m e n ts  C o n t r o l l e d  b y  M a jo r  

M in e r a l  P h a s e s .

T h is  g r o u p  in c lu d e s  Rb, S r  a n d  B a , w h ic h  may be  u s e d  

t o  d e r i v e  i n f o r m a t io n  a b o u t  b i o t i t e ,  a m p h ib o le  a n d  th e  

h y p e r s o lv u s  a l k a l i  f e l d s p a r .  T h e  B a -S r  r e l a t i o n s h i p s  o f  

b o t h  v a r i a n t s  a p p r o x im a te  t o  l i n e a r i t y ,  w h ic h  i m p l i e s  

t h e  im p o r ta n c e  o f  c r y s t a l - l i q u i d  e q u i l i b r i a  ( F ig .  9 . 6 ) .  

T h e  m a f ic  s y e n i t e  f i e l d  o v e r la p s  t h a t  o f  th e  

l e u c o c r a t i c  s y e n i t e s ,  b u t  e x te n d s  t o  s a m p le s  w i t h  lo w e r  

Ba a n d  S r .  T he  p e g m a t i te s  a l l  h a v e  v e r y  lo w  a b u n d a n c e s  

o f  b o t h  e le m e n ts .  T he  m a f ic  s y e n i t e  g ro u p  w i t h  h ig h  Ba 

a n d  S r  d e f in e s  a b r o a d  t r e n d  w h ic h ,  b y  c o m p a r is o n  w i t h  

t h e  m in e r a l  v e c t o r s  i l l u s t r a t e d ,  c o u ld  b e  c o n t r o l l e d  b y  

p y r o x e n e s  a n d  f e ld s p a r s  -  i n  a c c o r d  w i t h  th e  p r e v io u s  

r e s u l t s .  On t h e  b a s is  o f  t h i s  d ia g r a m  a lo n e ,  t h e  lo w  B a , 

S r  g ro u p  c o u ld  a p p a r e n t ly  b e  th e  r e s u l t  o f

a l k a l i - f e l d s p a r ,  b i o t i t e  a n d  a m p h ib o le  re m o v a l 

( a p p r o x im a t e ly  10%) f ro m  a c o m p a ra b le  p a r e n t  m e l t .  

H o w e v e r, t h i s  g r o u p  o f  s a m p le s  c o n t a in s  th o s e  w i t h  h ig h  

r a d io e le m e n t  a b u n d a n c e s  and  d i s t i n c t i v e  REE p a t t e r n s  

w h ic h  c o u ld  n o t  b e  g e n e r a te d  b y  t h i s  h y p o t h e t i c a l  

p r o c e s s  a lo n e  ( s e e  b e lo w ) ;  a n d  th o s e  i n  w h ic h  t h e r e  i s  

f i e l d  a n d  p e t r o g r a p h ic  e v id e n c e  f o r  c o n t a m in a t io n  w i t h  

m e ta s e d im e n t .  A n a ly s e s  o f  t h e  c o u n t r y  r o c k  h a v e



F ig u r e  9 . 6 :  L o g a r i t h m ic ,  b i v a r i a t e  p l o t s  o f  K b -B a -S r  f o r  G le n  D e s s a r r y  s y e n i t e s .

( c lo s e d  d ia m o n d s52 c u m u la te s ;  o p e n  d ia m o n d s25 m a f ic  s y e n i t e s ;  d o t t e d  o p e n  d ia m o n d s52 " c o n ta m in a te d "  m a f ic  

s y e n i t e s ;  o p e n  c i r c l e s 25 l e u c o c r a t i c  s y e n i t e s ;  c lo s e d  c i r c l e s 25 p e g m a t i t e s ;  M= M o in e ;  Mm= M o in e  m e l t ) .



t h e r e f o r e  b e e n  a d d e d  t o  t h e  d ia g r a m ,  w i t h  a 

v ie w  t o  a s s e s s in g  th e  a b i l i t y  o f  c r u s t a l  c o n t a m in a t io n  

t o  p r o d u c e  t h i s  d i s t i n c t i v e  g r o u p .  D e P a u lo  (1 9 8 1 )  h a s  

d e v e lo p e d  a m o d e l f o r  a s s i m i l a t i o n  c o u p le d  w i t h  

f r a c t i o n a l  c r y s t a l l i s a t i o n ,  b u t  i n  t h i s  p a r t i c u l a r  

e n v i r o n m e n t  i t  seems s e n s ib le  t o  s t a r t  w i t h  s im p le  

b i n a r y  m ix in g .  A m ix in g  c u r v e  b e tw e e n  t h e  s a m p le s  o f  

M o in e  m e ta s e d im e n t  a n d  a n  a v e ra g e  h ig h  B a -S r  m a f ic  

s y e n i t e  ( t h e r e f o r e  e q u a te d  w i t h  s y e n i t e  u n c o n ta m in a te d  

w i t h  M o in e )  d o e s  n o t  i n t e r s e c t  t h e  lo w  B a -S r  g r o u p ,  a n d  

s m a l l  v a r i a t i o n s  i n  t h e  e n d -m e m b e r c o m p o s i t io n s  d o  n o t  

e a s e  t h e  p r o b le m  s i g n i f i c a n t l y .  A  lo w e r  B a -S r  end m em ber 

w o u ld  b e  r e q u i r e d .  I t  i s  n o t  u n l i k e l y  t h a t  t h e  

c o n t a m in a t io n  p r o c e s s  in v o l v e d  some p a r t i a l  m e l t i n g ,  

l e a v i n g  r e s i d u a l  a s s e m b la g e s  s i m i l a r  t o  th o s e  fo u n d  i n  

t h e  m e ta s e d im e n ta ry  x e n o l i t h s  ( e s s e n t i a l l y  b i o t i t e ,  

f e ld s p a r  a n d  s t a u r o l i t e ) .  A n y  m e l t  p h a s e  w h ic h  

e q u i l i b r a t e d  w i t h  t h i s  a s s e m b la g e  w o u ld  h a v e  

c o n s id e r a b ly  lo w e r  Ba a n d  S r  a b u n d a n c e s  th a n  t h e i r  

s o u r c e  ( T a b le  9 . 3 ,  b e lo w ) ,  a n d  w o u ld  a l l o w  a s im p le  

m ix in g  p r o c e s s  t o  m o d e l t h e  lo w  B a -S r  m a f ic  s y e n i t e s  

m o re  s u c c e s s f u l l y ,  as sh o w n .

T h e  l a s t  s ta g e s  o f  e v o l u t i o n  o f  t h e  m a f ic  s y e n i t e s  a r e  

r e c o r d e d  i n  t h e  p e g m a t i te  c o m p o s i t io n s .  T h e s e  a l l  l i e  t o  

t h e  B a -  a n d  S r - p o o r  s id e  o f  t h e i r  h o s t s ,  t o  w h ic h  t h e y  

c a n n o t  b e  r e l a t e d  b y  th e  r e m o v a l o f  o n ly  p y r o x e n e  a n d  

f e l d s p a r .  An a d d i t i o n a l  p h a s e  w i t h  a h ig h  a f f i n i t y  f o r  

B a , b u t  n o t  S r  i s  r e q u i r e d ,  s u c h  a s  b i o t i t e  o r  

a m p h ib o le .  I t  i s  p o s s ib le  t o  p o s t u l a t e  an  in c r e a s e d  

im p o r ta n c e  f o r  b i o t i t e  c r y s t a l l i s a t i o n  d u r in g  t h e  l a s t  

s ta g e s  o f  c o n s o l i d a t i o n ,  b u t  t h e r e  i s  no p e t r o g r a p h ic  

e v id e n c e  t o  c o n f i r m  t h i s .  In d e e d ,  b i o t i t e  i s  an  e a r l y  

c r y s t a l l i s i n g  p h a s e , o f t e n  a s  in t e r g r o w t h s  w i t h  

p y r o x e n e .  On t h e  o t h e r  h a n d ,  a m p h ib o le  i n v a r i a b l y  show s 

t e x t u r a l  r e l a t i o n s h i p s  w h ic h  a r e  c o m p a t ib le  w i t h  l a t e  

c r y s t a l l i s a t i o n  ( a l t h o u g h  t h e y  h a v e  a ls o  b e e n  

i n t e r p r e t e d  as  m e ta m o rp h ic  -  s e e  R ic h a r d s o n ,  1 9 6 8 ) ,  a n d  

t h o s e  s a m p le s  t e n t a t i v e l y  i d e n t i f i e d  as t h e  " c u m u la te s "  

o f  p e g m a t i t e  g e n e s is  on  t h e  K2O H a r k e r  d ia g r a m  a r e



i n v a r i a b l y  a m p h ib o le - r i c h .  I t  t h e r e f o r e  seem s p o s s ib le  

t h a t  t h e  p e g m a t i te  c o m p o s i t io n s  r e c o r d  t h e  i n f l u e n c e  o f  

l a t e  a m p h ib o le  s e p a r a t io n  f ro m  t h e  magma, w h ic h  i s  

a d d i t i o n a l  e v id e n c e  f o r  i t s  m a g m a tic  o r i g i n .

T h e  l e u c o c r a t i c  s y e n i t e  f i e l d  o v e r la p s  t h a t  o f  t h e  

" u n c o n ta m in a te d "  m a f ic  s y e n i t e s ,  w h ic h  s u g g e s ts  t h a t  t h e  

l o w - l e v e l  e v o l u t i o n  c a u s e d  no  g r e a t  a l t e r a t i o n  i n  t h e  

a b u n d a n c e  o f  e i t h e r  e le m e n t .  T he  f i g u r e  o f  a b o u t  26% 

m a f i c  p h a s e  re m o v a l s u g g e s te d  a b o v e  i s  n o t  

i n c o n c e iv a b le ,  a l t h o u g h  th e  p r o p o r t i o n  o f  b i o t i t e  i s  

s e v e r e ly  r e s t r i c t e d  b y  r e l a t i v e  Ba a b u n d a n c e s .

T h e  Ba v s .  Rb d ia g ra m  show s r e l a t i v e l y  l i t t l e  

v a r i a t i o n  b e tw e e n  t h e  l e u c o c r a t i c  s y e n i t e s  a n d  t h e  

" u n c o n ta m in a te d "  m a f ic  s y e n i t e s .  I f  i n t e r p r e t e d  i n  te rm s  

o f  f r a c t i o n a l  c r y s t a l l i s a t i o n ,  t h i s  w o u ld  r e q u i r e  a b u lk  

m in e r a l - m e l t  d i s t r i b u t i o n  c o e f f i c i e n t  a p p r o x im a t in g  t o  

u n i t y  f o r  t h e  c u m u lu s  a s s e m b la g e  r e s p o n s ib le  f o r  t h e  

l o w - l e v e l  e v o l u t i o n .  C u m u la te  s a m p le  GD48 l i e s  c lo s e  

e n o u g h  t o  t h e  d a ta  f o r  t h e s e  tw o  g ro u p s  t o  b e  c o m p a t ib le  

w i t h  t h i s  h y p o t h e s is .  M o re o v e r ,  th e  v e c t o r s  f o r  t h e  m a in  

f r a c t i o n a t i n g  m in e r a ls  ( p y ro x e n e  a n d  b i o t i t e )  l i e  i n  

a lm o s t  o p p o s i t e  d i r e c t i o n s ,  s u c h  t h a t  a c o m b in a t io n  o f  

t h e  tw o  w o u ld  h a v e  l i t t l e  o v e r a l l  e f f e c t  on  m e l t  B a /R b  

r e l a t i o n s h i p s .  T h e  " c o n ta m in a te d "  m a f ic  s y e n i t e s  d e f i n e  

a s e p a r a te  f i e l d  a t  lo w e r  Ba a b u n d a n c e , a g a in  e x p l i c a b l e  

i n  te rm s  o f  m ix in g  o f  m a f ic  s y e n i t e  w i t h  a M o in e  p a r t i a l  

m e l t .  T he  s m a l l  r a n g e s  p ro d u c e d  b y  i n - s i t u  

d i f f e r e n t i a t i o n  show  n o  c o n s i s t e n t  t r e n d s ,  b u t  c o u ld  b e  

e x p la in e d  b y  t h e  c u m u la te - m e l t  in c o m p le te  s e p a r a t io n  

schem e a l r e a d y  p o s t u la t e d .  T h e  p e g m a t i te s  show  th e  c l e a r  

i n f l u e n c e  o f  a l k a l i - f e l d s p a r  e x t r a c t i o n ,  b u t  a g a in  

r e q u i r e  t h e  in v o lv e m e n t  o f  b i o t i t e  a n d / o r  a m p h ib o le .  T he  

re a s o n s  f o r  p r e f e r r i n g  a m p h ib o le  h a v e  b e e n  g iv e n  a b o v e .

I n c o m p a t ib le  E le m e n ts  w h ic h  E n t e r  M in o r  M in e r a l  P h a s e s .

M in o r  m in e r a ls  may be  s t u d ie d  b y  r e f e r e n c e  t o  th o s e  

t r a c e  e le m e n ts  w h o se  p h y s i c a l  a n d  c h e m ic a l  

c h a r a c t e r i s t i c s  c a u s e  t h e i r  p a r t i a l  e x c lu s io n  f ro m  th e  

m a jo r  m in e r a l  p h a s e s ,  a n d  w h ic h  t h e r e f o r e  te n d  t o  e i t h e r



r e m a in  i n  t h e  m e l t  o r ,  i f  i n  s u f f i c i e n t  a b u n d a n c e , fo rm  

m in o r  o r  a c c e s s o r y  m in e r a ls  o f  t h e i r  ow n. A t  G le n  

D e s s a r r y ,  t h i s  c a t e g o r y  in c lu d e s  th e  REEs, o n e  o f  t h e  

m o s t i n t e n s i v e l y - i n v e s t i g a t e d  a n d  " w e l l - u n d e r s t o o d "  

g ro u p s  o f  t r a c e  e le m e n ts ,  f o r  w h ic h  p a r t i t i o n  

c o e f f i c i e n t  d a ta  a r e  p a r t i c u l a r y  a b u n d a n t .  T h e s e  a r e  

t h e r e f o r e  t r e a t e d  f i r s t ,  a n d  f o l l o w e d  b y  c o n s id e r a t i o n  

o f  t h e  e x t e n t  t o  w h ic h  th e  a b u n d a n c e s  a n d  d i s t r i b u t i o n  

o f  o t h e r  i n c o m p a t ib le  e le m e n ts  ( e . g . ,  U, T h ,  Z r ,  H f ,  T a ,  

Nb ,  e t c . )  m ay b e  e x p la in e d  b y  m a g m a tic  i n f l u e n c e s .

R a re  e a r t h  e le m e n ts

A l th o u g h  t h e  l o g a r i t h m i c ,  b i v a r i a t e  d ia g r a m  a p p ro a c h  

i s  e m p lo y e d  f o r  t h e  REEs l a t e r ,  i t  i s  c o n v e n t io n a l  a n d  

i n s t r u c t i v e  t o  c o n s id e r  v a r i a t i o n s  w i t h i n  t h e  g ro u p  a s  a 

w h o le  i n  te rm s  o f  c h o n d r i t e - n o r m a l i s e d  p l o t s  ( F ig .  

9 . 7 ) .  T h e  a b s o lu te  a b u n d a n c e  o f  t h e  REEs i s  h ig h ,  u p  t o  

a b o u t  3 0 0 x  c h o n d r i t e s  f o r  L a ,  a n d  2 0 x  c h o n d r i t e s  f o r  

Y b . A l l  s a m p le s  a r e  L R E E - r ic h  a n d  H R E E -p o o r, f r o m  

c u m u la te s  th r o u g h  t o  p e g m a t i t e s .  Eu a n o m a lie s  a r e  

g e n e r a l l y  s m a l l ,  b u t  b o t h  p o s i t i v e  a n d  n e g a t iv e  

a n o m a lie s  a r e  r e p r e s e n t e d .

T he  p l o t s  f o r  t h e  c u m u la te  s a m p le s  (GD48 a n d  GD49) a r e  

s u b - p a r a l l e l ,  L R E E -e n r ic h e d  w i t h  a s te e p  t r e n d  t o  

r e l a t i v e l y  lo w  HREE. B o th  h a v e  a s m a l l  n e g a t iv e  Eu 

a n o m a ly  a n d  a m a rk e d  e n h a n c e m e n t o f  t h e  Ce t o  Sm s e c t io n  

o f  t h e  p l o t .

T he  m a f ic  s y e n i t e s  a l s o  d e f i n e  a c o n s i s t e n t  t r e n d  o f  

L R E E -e n r ic h m e n t .  H o w e v e r, t h e r e  a p p e a r  t o  b e  tw o  g r o u p s :  

th o s e  w i t h  s m a l l  p o s i t i v e  Eu a n o m a lie s ,  w i t h  s te e p  

p a t t e r n s  a n d  r e l a t i v e l y  lo w  HREE v a lu e s ;  a n d  th o s e  w i t h  

n e g a t iv e  Eu a n o m a lie s  and  e n h a n c e d  HREE a b u n d a n c e  ( s e e  

F i g .  9 . 9 ) .  T h e  l a t t e r  c o r r e s p o n d  t o  t h e  lo w  B a , S r  

g r o u p ,  r e g a r d e d  a s  b e in g  d u e  t o  m e ta s e d im e n t  

a s s i m i l a t i o n  a n d  w i l l  b e  d e a l t  w i t h  i n  m o re  d e t a i l  

l a t e r .  W i t h in  th e  fo r m e r ,  " u n c o n ta m in a te d "  v a r i e t y  

t h e r e  a p p e a r  t o  b e  tw o  s u b - g r o u p s :  th o s e  w i t h  s l i g h t l y  

h i g h e r  LREE, a n d  h i g h e r  HREE (GD27 a n d  G D28) as o p p o s e d  

t o  GD30 a n d  GD44. The s m a l l ,  n e g a t iv e  Ce a n o m a ly  

p e r s i s t s  t h r o u g h  m o s t s y e n i t i c  r o c k s  o f  t h e  C o m p le x .



150

F ig u r e  9 . 7 ;  C h o n d r i t e - n o r m a l is e d  REE p l o t s  f o r  G le n

D e s s a r r y  s y e n i t e s .

(A =  " u n c o n ta m in a te d "  m a f ic  s y e n i t e s ;  B= l e u c o c r a t i c  

s y e n i t e s ;  C= c u m u la te s ;  D= p e g m a t i t e s ) .



A l l  t h e  a n a ly s e d  l e u c o c r a t i c  s y e n i t e s  c o m p r is e  a 

s e r ie s  o f  s y s t e m a t i c a l l y  d e c r e a s in g  s u b - p a r a l l e l  t r e n d s  

s i m i l a r  i n  s h a p e  t o  th e  u n c o n ta m in a te d  m a f ic  s y e n i t e s .  

W ith  i n c r e a s in g  t o t a l  REE, t h e  s m a l l  p o s i t i v e  Eu a n o m a ly  

i n v e r t s  t o  a s l i g h t  n e g a t iv e  a n o m a ly .  The u b iq u i t o u s  

s m a l l ,  n e g a t i v e  Ce a n o m a ly  i s  a g a in  p r e s e n t .

T he  p e g m a t i t e s  a r e  r a t h e r  v a r i a b l e  i n  t o t a l  REE 

c o n t e n t ,  b u t  d o  show  some common f e a t u r e s .  T h e y  a l l  

h a v e  m uch lo w e r  t o t a l  REE t h a n  a n y  o f  th e  s y e n i t e s ,  b u t  

a r e  s t i l l  L R E E - e n r ic h e d .  T h re e  s a m p le s  h a v e  a n e g a t iv e  

Eu a n o m a ly ,  a n d  one  a p o s i t i v e  Eu a n o m a ly .  Two s a m p le s  

(GD32 a n d  G D34) h a v e  a t r o u g h  i n  t h e  Ce-Sm  r e g io n ,  b u t  

t h e  o t h e r  tw o  a r e  f l a t  i n  t h i s  p a r t  o f  th e  p l o t .  O n ly  

o n e  s a m p le  (G D 13) i s  n o t  s u b - p a r a l l e l  t o  t h e  o t h e r s ,  

h a v in g  a m o r e - f r a c t i o n a t e d  s lo p e  ( L R E E - r ic h ) ,  a n d  t h i s  

show s a b u n d a n t  a l l a n i t e  i n  h a n d  s p e c im e n  and  t h i n  

s e c t io n .

S e v e r a l  p o i n t s  p e r t i n e n t  t o  th e  e v o l u t i o n  o f  th e  

magmas a r e  im m e d ia te ly  a p p a r e n t  f ro m  t h e  s h a p e s  a n d  

p o s i t i o n s  o f  t h e  p l o t s  a lo n e .  The g e n e r a l  s i m i l a r i t y  

b e tw e e n  t h e  m a f ic  a n d  l e u c o c r a t i c  s y e n i t e s  ( n e g l e c t in g  

t h e  p o s t u la t e d  c o n t a m in a t io n  e f f e c t s  f o r  t h e  p r e s e n t ) ,  

s u g g e s ts  t h a t  t h e  l o w - l e v e l  f r a c t i o n a t i o n  ( a b o u t  26% 

m a f ic  p h a s e s )  h a d  a r e l a t i v e l y  s m a l l  e f f e c t  o n  REE 

a b u n d a n c e s . T h u s , t h e  REE b u l k  d i s t r i b u t i o n  c o e f f i c i e n t s  

m u s t h a v e  a p p r o x im a te d  t o  u n i t y  d u r in g  t h i s  i n t e r v a l ,  

i n d i c a t i n g  t h e  p r e s e n c e  o f  a s i g n i f i c a n t  c o m p o n e n t o f  

R E E - r ic h  m in e r a ls  i n  t h e  s e p a r a t in g  c u m u la te s .  T h is  i s  

c o n s i s t e n t  w i t h  t h e  m in e r a lo g y  a n d  g e o c h e m is t r y  o f  t h e  

u l t r a m a f i c  x e n o l i t h s ,  w h o se  REE p a t t e r n s  a r e  s i m i l a r  i n  

s h a p e  and  a b u n d a n c e  t o  th o s e  o f  th e  s y e n i t e s  th e m s e lv e s .

T he  v a r i a t i o n s  p ro d u c e d  b y  i n - s i t u  p r o c e s s e s  a r e  

s i g n i f i c a n t  a n d  s i m i l a r  i n  b o th  v a r i a n t s .  The l a r g e s t  

c o n c e n t r a t io n  r a n g e  i s  i n  t h e  HREEs, w i t h  w h ic h  th e  

LREEs v a r y  s y m p a t h e t i c a l l y ,  b u t  t o  a le s s e r  e x t e n t .  T he  

s i z e  o f  t h e  p o s i t i v e  Eu a n o m a ly  i s  a l s o  v a r i a b l e ,  and  

may b e  c o n t r o l l e d  b y  f e ld s p a r  a c c u m u la t io n .  I t s  

u b iq u i t o u s  n a t u r e  may b e  t h e  r e s u l t  e i t h e r  o f  th e  e a r l y  

re m o v a l o f  E u -p o o r  c u m u la te s ,  o r  some a c c u m u la t io n  o f



f e l d s p a r  b e f o r e  i n t r u s i o n .  T he  e x tre m e  r e s u l t s  o f  

i n - s i t u  c r y s t a l  f r a c t i o n a t i o n  a r e  th e  l o c a l  

f i l t e r - p r e s s e d  p e g m a t i te s .  T h e s e  h a v e  a c o n s i s t e n t  

R E E -p o o r  c h a r a c t e r ,  w h ic h  s u g g e s ts  t h a t  th e  l a t e r  s ta g e s  

o f  i n - s i t u  m e l t  e v o l u t io n  i n v o lv e d  t h e  q u a n t i t a t i v e  

r e m o v a l o f  R E E -b e a r in g  m in o r  p h a s e s ,  i n  w h ic h  some o f  

t h e  s y e n i t e s  a r e  p a r t i c u l a r l y  r i c h .

Ce a n d  Y b  d a ta  a r e  p l o t t e d  o n  F i g .  9 . 8 ,  r e p r e s e n t in g  

o n ly  th o s e  s a m p le s  on  w h ic h  i t  was p r a c t i c a b l e  t o  c a r r y  

o u t  f u l l  REE a n a ly s e s .  The l o w - l e v e l  e v o l u t io n  c a n  

p e rh a p s  b e  a p p r o x im a te d  b y  t h e  r e l a t i o n s h i p  o f  an  

a v e ra g e  l e u c o c r a t i c  s y e n i t e  w i t h  an a v e ra g e  

u n c o n ta m in a te d  m a f ic  s y e n i t e .  T h is  c o u ld  b e  a c h e iv e d  b y  

t h e  s u g g e s te d  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  a m a f ic

C«
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F ig u r e  9 . 8 ;  L o g a r i t h m ic ,  b i v a r i a t e  p l o t  o f  C e -Y b  f o r

G le n  D e s s a r r y  s y e n i t e s .

( c l o s e d  d ia m o n d s =  c u m u la te s ,  o p e n  d ia m o n d s =  m a f ic  

s y e n i t e s ,  d o t t e d  o p e n  d ia m o n d s =  " c o n ta m in a te d "  m a f ic  

s y e n i t e s ,  o p e n  c i r c l e s ^  l e u c o c r a t i c  s y e n i t e s ,  c lo s e d

c i r c l e s ^  p e g m a t i t e s . )



a s s e m b la g e  w i t h  im p o r t a n t  m in o r  c o n s t i t u e n t s ,  s u c h  a s  

s p h e n e , z i r c o n  and  a p a t i t e ,  w h ic h  i s  c o n s i s t e n t  w i t h  th e  

m in e r a lo g y  o f  th e  u l t r a m a f i c  x e n o l i t h s .

T h e  l e u c o c r a t i c  s y e n i t e s  fo rm  an  e s s e n t i a l l y  l i n e a r  

i n - s i t u  t r e n d ,  a n d  t h e r e f o r e  c o n fo rm  t o  c o n t r o l  b y  

c r y s t a l - l i q u i d  e q u i l i b r i a .  A l th o u g h  th e  f o u r  

" u n c o n ta m in a te d "  m a f i c  s y e n i t e s  d o  n o t  p l o t  e n t i r e l y  

s e p a r a t e l y  f ro m  t h e i r  c o n ta m in a te d  c o u n t e r p a r t s ,  t h e y  do  

l i e  a t  t h e  Y b - p o o r  s id e  o f  t h e  a r r a y ,  a n d  th e m s e lv e s  

d e f i n e  a n  i n - s i t u  t r e n d  s u b - p a r a l l e l  t o  t h a t  o f  t h e  

l e u c o c r a t i c  s y e n i t e s .  R o c k - fo r m in g  p h a s e s  u n d o u b te d ly  

h a d  a s t r o n g  i n f l u e n c e ,  b u t  t h e  e x t e n t  o f  b o th  t r e n d s  

w o u ld  r e q u i r e  e x c e s s iv e  c r y s t a l l i s a t i o n  a n d  r e m o v a l .  

M in o r  p h a s e s  a r e  t h e r e f o r e  i m p l i c a t e d ,  w hose  t h e o r e t i c a l  

e f f e c t s  a r e  d e p ic t e d  b y  t h e  v e c t o r s  s h o w n . T h e i r  

im p o r ta n c e  i s  e x e m p l i f i e d  i n  th e  l a t e  e v o l u t i o n a r y  

p h a s e ,  b y  th e  r e l a t i o n s h i p  o f  t h e  m a f ic  s y e n i t e  t r e n d  

w i t h  t h a t  o f  t h e  p e g m a t i t e  a n a ly s e s .  T he  REE v a lu e s  f o r  

t h e  l a t t e r  c a n  o n ly  b e  g e n e r a te d  b y  q u a n t i t a t i v e  re m o v a l 

o f  m in o r  p h a s e s  r i c h  i n  REEs. A l l  o f  t h e  a c c e s s o r y  

p h a s e s  d o c u m e n te d  a b o v e  ( C h a p te r  e i g h t :  z i r c o n ,  

z i r c o n o l i t e ,  a l l a n i t e ,  a p a t i t e  a n d  s p h e n e ) may h a v e  b e e n  

i n v o l v e d ,  b u t  t h e r e  a r e  p e t r o g r a p h ic  r e a s o n s  f o r  

s u p p o s in g  t h a t  a l l a n i t e  a n d  s p h e n e  w e re  p a r t i c u l a r l y  

im p o r t a n t .  T h e s e  tw o  m in e r a ls  co m m o n ly  fo rm  o v e r g r o w th s  

o n  p r e - e x i s t i n g  m in e r a ls ,  a n d  may t h e r e f o r e  h a v e  b e e n  

p r e c i p i t a t e d  f ro m  a l a t e - s t a g e  f l u i d  ( s e e  C h a p te r  

e l e v e n ) .

T h e  c o n ta m in a te d  m a f ic  s y e n i t e s  te n d  to w a r d s  h ig h e r  

HREE a b u n d a n c e s , s o m e tim e s  (GD43)  t o  an e x t e n t  u n l i k e l y  

t o  b e  t h e  r e s u l t  o f  s e n s ib le  a m o u n ts  o f  m a jo r  p h a s e  

c r y s t a l l i s a t i o n .  L o c a l  a c c u m u la t io n  o f  R E E - r ic h  

a c c e s s o r y  p h a s e s  seem s u n l i k e l y ,  s in c e  t h i s  c o u ld  n o t  

p r o d u c e  t h e  a s s o c ia t e d  lo w  Ba a n d  S r ,  a n d  n e g a t iv e  Eu 

a n o m a lie s .  A p r o c e s s  c a p a b le  o f  e x p l a i n i n g  b o t h  

o b s e r v a t io n s  i s  r e q u i r e d .  A l t h o u g h  l a r g e - s c a le  c r u s t a l  

c o n t a m in a t io n  w o u ld  n o t  b e  a l lo w e d  b y  p u b l is h e d  i s o t o p e  

s y s t e m a t ic s  (v a n  B re e m e n  e t  a l . ,  1 9 7 9 ) ,  t h i s  d o e s  n o t  

p r e c lu d e  l o c a l  a s s i m i l a t i o n  o f  th e  s u r r o u n d in g



m e ta s e d im e n ts .  P e t r o g r a p h ic  e v id e n c e  f o r  th e  p r o g r e s s iv e  

a s s i m i l a t i o n  o f  q u a r t z o f e ld s p a t h i c  m e ta s e d im e n ta ry  

m a t e r i a l  h a s  b e e n  p r o v id e d  a b o v e , i n d i c a t i n g  t h a t  

e x t e n s iv e  d e s i l i c a t i o n  o c c u r e d ,  and  g a v e  r i s e  t o  

a l u m i n o s i l i c a t e - r i c h  a s s e m b la g e s  i n  th e  m ore  a d v a n c e d  

s t a g e s .  The d e t a i l s  o f  t h e  p r o c e s s e s  b y  w h ic h  t h i s  

o c c u r s  a re  a t  p r e s e n t  u n k n o w n , a l th o u g h  i t  seem s l i k e l y  

t h a t  a m e l t  p h a s e  may h a v e  b e e n  q u a n t i t a t i v e l y  e x t r a c t e d  

f r o m  t h e  p a r t l y - a s s i m i l a t e d  x e n o l i t h s  ( e . g . ,  T i n d l e  a n d  

P e a rc e ,  1 9 8 3 ) .  W ha t i s  m o re  im p o r t a n t  t o  e s t a b l i s h  f o r  

t h e  p u rp o s e s  o f  t h i s  t h e s i s ,  i s  th e  m a g n itu d e  o f  t h e  

c o n t r o l  t h a t  a s s i m i l a t i o n  e x e r t s  on  r a d io e le m e n t  and  

o t h e r  in c o m p a t ib le - e le m e n t  a b u n d a n c e s . I t  h a s  b e e n  

s u g g e s te d  i n  t h e  p e t r o g r a p h ic  d e s c r i p t i o n s  t h a t  M o in ia n  

m e ta s e d im e n ts  a r e  l i k e l y  t o  r e p r e s e n t  t h e  t y p e  o f  

m a t e r i a l  e x t e n s i v e l y  a s s i m i l a t e d ,  a n d  so  s e v e r a l  s a m p le s  

o f  t h e  a d ja c e n t  M o in e , c o l l e c t e d  f a r  e n o u g h  aw ay f ro m  

t h e  c o n t a c t  t o  p r e c lu d e  m e ta s o m a t ic  a c t i v i t y  f r o m  th e  

s y e n i t e  ( s e e  b e lo w )  h a v e  b e e n  a n a ly s e d  t o  p r o v id e  d a ta  

f o r  t h e  m e ta s e d im e n ta ry  e n d -m e m b e r o f  t h e  a s s i m i l a t i o n  

p r o c e s s .  C h o n d r i t e - n o r m a l is e d  REE p l o t s  o f  th e  

" c o n ta m in a te d "  m a f ic  s y e n i t e s  a n d  t h e i r  p o s t u la t e d  

c o n ta m in a n t  a r e  show n i n  F i g .  9 . 9 .  H o w e v e r, i t  h a s  b e e n  

i n t i m a t e d  a t  s e v e r a l  p la c e s  a b o v e , t h a t  b u lk  

a s s i m i l a t i o n  o f  M o in e  m e ta s e d im e n t  w i l l  n o t  f u l f i l l  t h e  

t r a c e - e le m e n t  c o n s t r a i n t s  w h ic h  h a v e  b e e n  e s t a b l i s h e d  on  

t h e  c o n t a m in a t io n  p r o c e s s ,  a n d  t h a t  i n c o r p o r a t i o n  o f  a 

p a r t i a l  m e l t  m ig h t  b e  m o re  a p p r o p r i a t e .  T h is  i s  s i m i l a r  

t o  th e  m o d e l p r e s e n te d  b y  B e n d e r  e t  a l .  ( 1 9 8 3 )  f o r  t h e  

c l a s s i c  c o n t a m in a t io n  o f  a l k a l i - b a s a l t s  i n  t h e  C o r t l a n d t  

C o m p le x . F ig .  9 .9  a n d  T a b le  9 .3  ( s e e  Page 1 6 4 )  show  an 

e x a m p le  o f  how  t h e  REE p a t t e r n s  o f  th e  " c o n ta m in a te d "  

m a f ic  s y e n i t e s  may b e  m o d e l le d  b y  e x t r a c t i n g  a p a r t i a l  

m e l t  f r o m  a M o in ia n  s o u r c e ,  w i t h  a r e s id u a l  m in e r a lo g y  

r e p r e s e n t i n g  t h a t  r e t a in e d  b y  t h e  x e n o l i t h s  w i t h i n  th e  

m a f ic  s y e n i t e .  P a r t i t i o n  c o e f f i c i e n t s  u s e d  a r e  th o s e  

l i s t e d  i n  B e n d e r  e t  a l .  ( 1 9 8 3 ) .  I f  t h e  m e l t  i s  m ix e d  

w i t h  u n c o n ta m in a te d  m a f ic  s y e n i t e  i n  t h e  p r o p o r t io n s  

n o te d  on  t h e  d ia g r a m ,  t h e  c o r re s p o n d e n c e  b e tw e e n  

" m o d e l le d "  a n d  " a c t u a l "  c o n ta m in a te d  s y e n i t e  i s  g o o d .



F ig u r e  9 . 9 :  C h o n d r i t e - n o r m a l is e d  REE p l o t s  f o r

" c o n t a m in a te d 11 m a f ic  s y e n i t e  (A ) and M o in e  ( B ) y  

m o d e l o f  a s s i m i l a t i o n  v i a  c r u s t a l  a n a t e x i s .

( C— end m em bers f o r  m o d e l;  D= tw o -c o m p o n e n t  m ix t u r e s  

co m p a re d  t o  " c o n t a m in a te d "  m a f ic  s y e n i t e s  ( d a s h e d ) ) .



U ra n iu m  a n d  t h o r iu m

When d e a l i n g  w i t h  th e  r a d io e le m e n ts  a n d  th e  r e m a in in g  

t r a c e  e le m e n ts  ( b e l o w ) ,  p ro b le m s  o v e r  t h e  c h o ic e  o f  

p a r t i t i o n  c o e f f i c i e n t s  becom e s e v e r e ,  e s p e c i a l l y  w i t h  

r e s p e c t  t o  m in o r  p h a s e s ,  f o r  w h ic h  t h e y  a r e  o f t e n  

n o n - e x i s t e n t .  T h o s e  u s e d  h e r e  a r e  l i s t e d  i n  th e  

A p p e n d ix ,  w i t h  t h e i r  s o u r c e s  a n d  com m e nts  o n  t h e i r  

a p p l i c a b i l i t y .

F ig .  9 . 1 0  show s t h a t  t h e  m a f ic  s y e n i t e s  c a n  a g a in  be  

s e p a r a te d  i n t o  t h e  tw o  s u b - g r o u p s  a l r e a d y  d e f in e d .  T h o s e  

w h ic h  c o r r e s p o n d  t o  t h e  lo w  B a -S r  g ro u p  o f  

" c o n t a m in a te d "  s y e n i t e s  te n d  to w a r d s  h ig h e r  v a lu e s  o f  U 

a n d  T h ( s e e  a ls o  F o u n ta in  and  H o d g e , 1 9 8 1 ) ,  s o m e tim e s  

r e a c h in g  v e r y  h ig h  v a lu e s  ( e . g . ,  G D 4 3 ) .  On th e  o t h e r

h a n d ,  t h e  " u n c o n ta m in a te d "  s a m p le s  i n v a r i a b l y  h a v e  lo w  

r a d io e le m e n t  c o n c e n t r a t io n s ,  c o m p a ra b le  t o  th o s e  o f  t h e  

l e u c o c r a t i c  s y e n i t e s .  T he  o v e r la p  b e tw e e n  t h e  l a t t e r  tw o  

g ro u p s  i s  m o re  p ro n o u n c e d  th a n  on  t h e  Ce v s  Yb p l o t ,  b u t  

t h i s  may s im p ly  b e  d u e  t o  th e  r a t h e r  l a r g e r  d a ta  s e t .  

O th e r w is e  t h e  d a ta  d i s p o s i t i o n  c l o s e l y  re s e m b le s  t h a t  o f  

t h e  REE d ia g r a m ,  a n d  t h e  i n t e r p r e t a t i o n  i s  a c c o r d in g l y  

s i m i l a r ,  d o m in a te d  b y  m a g m a tic  i n f l u e n c e s .

S in c e  t h e  l o w - l e v e l  e v o l u t i o n a r y  p h a s e  w h ic h  r e l a t e s  

th e  p a r e n t a l  m a f ic  a n d  p a r e n t a l  l e u c o c r a t i c  s y e n i t e  

c o m p o s i t io n s  h a d  a p p a r e n t ly  l i t t l e  e f f e c t  on  U o r  T h  

a b u n d a n c e , t h e  b u lk  d i s t r i b u t i o n  c o e f f i c i e n t s  b e tw e e n  

th e  c u m u lu s  a s s e m b la g e  a n d  th e  s u p e r n a te n t  m e l t  m u s t 

h a v e  a p p r o x im a te d  u n i t y .  T h is  i s  c o n s i s t e n t  w i t h  t h e  

h ig h  U a n d  Th c o n t e n t  o f  t h e  e x p o s e d  u l t r a m a f i c  r o c k s  

(GD48 = 2 .3  a n d  6 .5 p p m ; GD49 = 1 .3  a n d  5 .8 p p m

r e s p e c t i v e l y ) ,  p r o b a b ly  d u e  t o  t h e  im p o r ta n c e  o f  e a r l y  

s p h e n e  a n d  a p a t i t e .  T he  i n - s i t u  e v o l u t i o n  o f  b o t h  

v a r i a n t s  f o l l o w s  s i m i l a r  t r e n d s ,  c o n t r o l l e d  b y  t h e  

c o m p e t in g  i n f l u e n c e s  o f  m a jo r  a n d  m in o r  p h a s e s ,  a n d  

c o m p l ic a te d  b y  in c o m p le te  c r y s t a l - m e l t  s e p a r a t io n .  

H o w e v e r, i t  i s  c l e a r  t h a t  i n  t h e  l a t e r  s ta g e s  o f  m e l t  

e v o l u t i o n  ( r e p r e s e n t e d  b y  t h e  p e g m a t i t e s ) ,  t h e  

r a d io e le m e n t s  f a l l  r a p i d l y  i n  r e s p o n s e  t o  m in o r  p h a s e  

c r y s t a l l i s a t i o n  a n d  r e m o v a l .  C r y s t a l - m e l t  e q u i l i b r i a



F ig u r e  9 . 1 0 :  L o g a r i t h m ic  b i v a r i a t e  p l o t s  o f  U -T h  and H f - T a  f o r  G le n  D e s s a r r y  s y e n i t e s .

( c lo s e d  d ia m o n d s ^  c u m u la te s ;  o p e n  d ia m o n d s =  m a f ic  s y e n i t e s ;  d o t t e d  o p e n  d ia m o n d s =  " c o n ta m in a te d "  m a f ic  

s y e n i t e s ;  o p e n  c i r c l e s =  l e u c o c r a t i c  s y e n i t e s ;  c lo s e d  c i r c l e s =  p e g m a t i t e s ) .
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i n v o l v i n g  a c o m b in a t io n  o f  th e  a c c e s s o r y  p h a s e s  o u t l i n e d  

a b o v e  a r e  c a p a b le  o f  p r o d u c in g  th e  r e q u i r e d  t r e n d .

T h e  r e m a in in g  g r o u p  o f  s a m p le s  c o m p r is e s  th o s e  w i t h  

a n o m a lo u s ly  h ig h  r a d io e le m e n t  a b u n d a n c e s .  The m in e r a l  

v e c t o r s  s u g g e s t  t h a t  t h e y  a r e  u n l i k e l y  t o  h a v e  b e e n  

g e n e r a te d  b y  s e n s ib le  d e g re e s  o f  f r a c t i o n a l  

c r y s t a l l i s a t i o n  o f  m a jo r  m in e r a l  p h a s e s ,  b u t  t h a t  some 

a c c u m u la t io n  o f  m in o r  m in e r a ls  m ig h t  b e  r e s p o n s ib le .  As 

h a s  b e e n  s t a t e d  b e f o r e ,  t h i s  a lo n e  c o u ld  n o t  e x p la in  t h e  

n e g a t i v e  Eu a n o m a lie s  a n d  lo w  B a , S r  a b u n d a n c e s  w i t h  

w h ic h  t h e y  a r e  a s s o c ia t e d ,  a n d  th e  c o n t a m in a t io n  m o d e l 

i s  p r e f e r r e d  f o r  th e  g ro u p  a s  a w h o le .

Z i r c o n iu m ,  h a fn iu m ,  n io b iu m  a n d  t a n t a lu m

T h e  g e o c h e m ic a l c o h e re n c e  b e tw e e n  Z r  a n d  H f ,  Nb a n d  Ta 

h a s  b e e n  a d e q u a te ly  d e m o n s t r a te d ,  and  a l t h o u g h  

f r a c t i o n a t i o n  o f  t h e  e le m e n ts  h a s  b e e n  r e c o r d e d  i n  

s p e c i a l  c ic u m s ta n c e s  ( e g .  W o l f f ,  1 9 8 4 , T hom pson  e t  a l . ,  

1 9 8 4 ) ,  i t  seem s r e a s o n a b le  t o  s u m m a ris e  t h e i r  b e h a v io u r  

i n  te rm s  o f  a H f  v s  Ta p l o t  ( F ig .  9 . 1 0 ) .  L i n e a r i t y

i m p l i e s  th e  d o m in a n c e  o f  c r y s t a l - l i q u i d  e q u i l i b r i a ,  b u t  

t h e  ra n g e  o f  v a lu e s  i s  t o o  l a r g e  t o  b e  e x p la in e d  on th e

b a s is  o f  r o c k - f o r m in g  m in e r a ls  a lo n e ,  e x c e p t  f o r  th e

l o w - l e v e l  p h a s e .  T he  l a t t e r  i s  c o n s i s t e n t  w i t h  th e

r e m o v a l o f  an  a s s e m b la g e  i n c l u d i n g  a s i g n i f i c a n t  

p r o p o r t i o n  o f  b i o t i t e .  T he  i n - s i t u  t r e n d s ,  e s p e c i a l l y  o f  

t h e  l e u c o c r a t i c  s y e n i t e  a n d  t h e  l a t e  s ta g e s  o f  m a f ic  

s y e n i t e  e v o l u t i o n  w h ic h  g a v e  r i s e  t o  t h e  p e g m a t i t e s ,  

a lm o s t  c e r t a i n l y  i n v o lv e d  m in o r  p h a s e s .  T h e i r  p r e c i s e  

e f f e c t  i s  d i f f i c u l t  t o  c o n s t r a in  b e c a u s e  o f  t h e  la c k  o f  

r e l i a b l e  p a r t i t i o n  c o e f f i c i e n t  d a ta  f o r  t h e  r e le v a n t  

m e l t  c h e m is t r y ,  b u t  th e  d a ta  w h ic h  a r e  a v a i l a b l e ,  p lu s  

some i n t u i t i v e  g u e s s e s ,  s u g g e s t  t h a t  a c o m b in a t io n  o f  

t h o s e  a c c e s s o r ie s  p r e s e n t  i n  t h e  s y e n i t e s  c o u ld  w e l l  be  

r e s p o n s ib le  f o r  t h e  o b s e rv e d  d a ta  d i s t r i b u t i o n .  T he  

" c o n t a m in a te d "  m a f ic  s y e n i t e s  a r e  a g a in  d i s t i n c t i v e ,  

s u g g e s t in g  t h a t  t h e  c o n ta m in a n t  h a d  r e l a t i v e l y  h ig h  T a  

a n d  H f  a b u n d a n c e s .



9 . 3  I n c o m p a t ib le - E le m e n t ,  C h o n d r i te - N o r m a l is e d  D ia g ra m s

I t  seem s c l e a r  t h a t  m uch o f  t h e  o b s e rv e d  l i t h o c h e m i c a l  

v a r i a t i o n  may b e  a t t r i b u t e d  t o  c r y s t a l - l i q u i d  

e q u i l i b r i a ,  l o c a l l y  m o d i f i e d  b y  c r u s t a l  c o n t a m in a t io n .  

T h e  r e s p o n s e  o f  t h e  i n c o m p a t ib le  e le m e n t  g ro u p  a s  a 

w h o le  t o  th e s e  p r o c e s s e s  m ay b e  s u m m a ris e d  a n d  t h e i r  

i n t e r r e l a t i o n s h i p s  c l a r i f i e d  b y  t h e  u s e  o f  

m u l t i - e l e m e n t ,  c h o n d r i t e - n o r m a l i s e d  d ia g ra m s  o f  t h e  t y p e  

now  b e c o m in g  f a m i l i a r  i n  t h e  l i t e r a t u r e .  T h e y  a r e  

p r e s e n te d  i n  t h r e e  g r o u p s ,  d e a l i n g  f i r s t  w i t h  l o w - l e v e l  

f r a c t i o n a t i o n ,  t h e n  i n - s i t u  f r a c t i o n a t i o n  a n d  f i n a l l y  

c r u s t a l  c o n t a m in a t io n .  T he  n o r m a l is a t i o n  v a lu e s  a n d  

e le m e n t  o r d e r  a r e  th o s e  o f  T h o m p so n , 1 9 8 2 .

L o w - le v e l  f r a c t i o n a t i o n .

P e rh a p s  t h e  m o s t s t r i k i n g  f e a t u r e  o f  t h e  m a f ic  a n d  

l e u c o c r a t i c  s y e n i t e  f i e l d s  o f  a n a ly s e s  ( F i g .  9 . 1 1 )  i s  

t h e i r  e s s e n t i a l  s i m i l a r i t y .  T h is  c o n f i r m s  t h a t  t o  a 

f i r s t  a p p r o x im a t io n ,  l o w - l e v e l  f r a c t i o n a t i o n  c a u s e d  

r a t h e r  l i t t l e  i n  t h e  w ay o f  m o d i f i c a t i o n  o f  t h e  

i n c o m p a t ib le  e le m e n t  a b u n d a n c e s  o r  t h e i r  i n t e r e le m e n t  

r a t i o s .  H o w e v e r, t h e r e  a r e  o n e  o r  tw o  m e a n in g fu l  

d i s c r e p a n c ie s .  Nb a n d  Ta a r e  c o n s i s t e n t l y  h ig h e r  i n  t h e  

l e u c o c r a t i c  s y e n i t e  t h a n  i n  t h e  m a f ic  s y e n i t e ,  

i n d i c a t i n g  t h e i r  c o n t in u e d  i n c o m p a t a b i l i t y  w i t h i n  t h i s  

c r y s t a l l i s a t i o n  i n t e r v a l .  P i s  c o n s i s t e n t l y  lo w e r  i n  t h e  

l e u c o c r a t i c  s y e n i t e s  a s  a r e s u l t  o f  a p a t i t e  

f r a c t i o n a t i o n ,  a n d  T i  i s  g e n e r a l l y  lo w e r ,  p r o b a b ly  as  a 

r e s u l t  o f  sp h e n e  r e m o v a l .

T h e  d ia g r a m  a ls o  show s a n a ly s e s  f o r  c u m u la te  s a m p le s  

GD48 a n d  G D49, w h ic h  h a v e  b e e n  u s e d  a s  e x a m p le s  o f  

a s s e m b la g e s  c a p a b le  o f  r e l a t i n g  t h e  p a r e n t a l  s y e n i t e  

c o m p o s i t io n s  b y  a p p r o x im a t e ly  26% r e m o v a l.  A l t h o u g h  i t  

i s  c l e a r  t h a t  GD48 w i l l  n o t  s a t i s f y  t h e  t r a c e - e le m e n t  

c o n s t r a i n t s  a s  w e l l  a s  i t  d o e s  th o s e  o f  th e  m a jo r  

e le m e n ts ,  t h e r e  i s  l i t t l e  d o u b t  t h a t  some c o m b in a t io n  o f  

t h e  c u m u lu s  a s s e m b la g e s  c a u g h t  up. i n  t h e  m e l t  d u r i n g  

e m p la c e m e n t w o u ld  b e  c a p a b le  o f  r e p r o d u c in g  th e  o b s e rv e d  

m a f i c - l e u c o c r a t i c  s y e n i t e  in c o m p a t ib le - e le m e n t

e v o l u t i o n .
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F ig u r e  9 . 1 1 :  C h o n d r i t e  n o r m a l is e d  in c o m p a t ib le  e le m e n t  p l o t s  o f  m a f ic  and 

l e u c o c r a t i c  s y e n i t e  f i e l d s  o f  a n a ly s e s  ( A ) ,  and c u m u la te s  ( B ) .
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I n - s i t u  f r a c t i o n a t i o n .

T h e  i n d i v i d u a l  p a t t e r n s  f o r  u n c o n ta m in a te d  m a f ic  

s y e n i t e s  a n d  l e u c o c r a t i c  s y e n i t e s  a r e  show n i n  F ig .

9 . 1 2 ,  d i s p l a y i n g  c o n s id e r a b le  v a r i a t i o n  a l t h o u g h  

r e t a i n i n g  t h e  same c h a r a c t e r i s t i c  s h a p e  a t  a l l  t im e s .  

T r e a t i n g  t h e  m a f ic  s y e n i t e s  f i r s t ,  p e rh a p s  th e  m o s t 

s p e c t a c u la r  i n - s i t u  e f f e c t s  a r e  t h e  la r g e  p e a k s  f o r  Ba 

a n d  S r  i n  GD30 a n d  GD44, w h ic h  c a n  p r o b a b ly  b e  

a t t r i b u t e d  t o  f e ld s p a r  a c c u m u la t io n ,  a s  was i n t im a t e d  

a b o v e .  GD44 may a l s o  h a v e  a c c u m u la te d  some a p a t i t e ,  t o  

ju d g e  b y  t h e  r a t h e r  h ig h  P v a lu e .  A p r o g r e s s iv e  f a l l  i n  

Z r  a n d  H f  a b u n d a n c e s  i s  c o r r e l a t e d  w i t h  a r a p id  d e c re a s e  

i n  t h e  Z r / H f  r a t i o ,  a n d  m u s t b e  d u e  t o  th e  i n c o r p o r a t io n  

o f  Z r  i n t o  a p h a s e  w h ic h  c o n t a in s  H f  i n  n o n - c h o n d r i t i c  

p r o p o r t i o n s .  Z i r c o n  a n d  z i r c o n o l i t e  a r e  t h e  m o s t l i k e l y  

s u s p e c ts  a t  G le n  D e s s a r r y ,  a l t h o u g h  T hom pson e t  a l .  

( 1 9 8 4 )  h a v e  a l s o  s u g g e s te d  g a r n e t .  S i m i l a r  f e a t u r e s  c a n  

b e  s e e n  o n  t h e  l e u c o c r a t i c  s y e n i t e  p l o t ,  f o r  w h ic h  t h e r e  

a r e  w e l l  b e h a v e d ,  s y s t e m a t ic  r e l a t i o n s h i p s  b e tw e e n  a l l  

t h e  i n c o m p a t ib le  e le m e n ts  c o n s id e r e d  h e r e .  F o r  e x a m p le , 

M J005 a n d  M J006 h a v e  a c c u m u la te d  f e ld s p a r ,  g i v i n g  r i s e  

t o  h i g h  Ba a n d  S r  (a n d  p o s i t i v e  Eu a n o m a l ie s ) .

T h e  f o u r  p e g m a t i te s  a n a ly s e d  t o  p r o v id e  an i n d i c a t i o n  

o f  t h e  m o s t  e v o lv e d  m e l t  g e n e r a te d  b y  i n - s i t u  p r o c e s s e s  

w i t h i n  t h e  C o m p le x  w e re  a l l  t a k e n  f r o m  t h e  m a f ic  s y e n i t e  

o u t c r o p .  T h e i r  i n c o m p a t ib le - e le m e n t ,  c h o n d r i t e -  

n o r m a l is e d  d ia g ra m s  a r e  show n i n  F i g .  9 . 1 3 .  T he  f i d e l i t y  

w i t h  w h ic h  t h e  p e g m a t i te  p a t t e r n s  r e t a i n  t h e  o v e r a l l  

s h a p e  o f  t h e i r  p a r e n t  i s  r e m a r k a b le ,  s u g g e s t in g  t h a t  

l a t e - s t a g e  c r y s t a l l i s a t i o n  r a p i d l y  a n d  u n i f o r m ly  

d e p le t e d  t h e  e v o lv in g  m e l t  i n  in c o m p a t ib le  e le m e n ts .  

N e v e r t h e le s s ,  e v e n  i n  th e  p e g m a t i te s  t h e r e  a p p e a rs  t o  be  

some s c o p e  f o r  f e ld s p a r  a c c u m u la t io n ,  im p l i e d  b y  th e  

p e a k s  a t  Ba a n d  S r ,  a s s o c ia t e d  w i t h  a d i s t i n c t  p o s i t i v e  

Eu a n o m a ly  f o r  s a m p le  GD34. T he  v e r y  e x t e n s iv e  T i  

d e p l e t i o n  i s  f u r t h e r  e v id e n c e  o f  t h e  im p o r ta n c e  o f  

s p h e n e  r e m o v a l i n  th e  p r o d u c t i o n  o f  t h e  p e g m a t i te  

c o m p o s i t io n s ,  t o  add  t o  t h e  c h a r a c t e r i s t i c  

c o n c a v e - u p w a rd  REE p a t t e r n  ( s e e  a b o v e ) .
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F ig u r e  9 . 1 2 ;  C h o n d r i t e  n o r m a l is e d  in c o m p a t ib le  e le m e n t  p l o t s  o f  m a f ic  (A )  and

l e u c o c r a t i c  (B )  s y e n i t e  s a m p le s .
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B a R b T h U  K N b T a l a C c S r N d  P Sm Zr Hf Ti Dy Y Yb

F ig u r e  9 . 1 3 :  C h o n d r i t e  n o r m a l is e d  in c o m p a t ib le  e le m e n t  

p l o t s  o f  f i l t e r - p r e s s e d  p e g m a t i te  s a m p le s .

C r u s t a l  C o n ta m in a t io n .

N o r m a l is e d  p l o t s  f o r  t h e  c o n ta m in a te d  m a f ic  s y e n i t e s  

a n d  p o s t u la t e d  c o n ta m in a n t  a r e  show n i n  F i g .  9 . 1 4 .  M o s t 

o f  t h e  f e a t u r e s  o f  th e  m e ta s e d im e n ts  ca n  b e  r e l a t e d  t o  

t h e i r  d e r i v a t i o n  f ro m  a m o d e r a t e ly - e v o lv e d  c o n t i n e n t a l  

ig n e o u s  s o u r c e ;  s u c h  a s  t h e  n e g a t iv e  B a , S r ,  P a n d  T i  

a n o m a lie s  a s s o c ia t e d  w i t h  n e g a t iv e  Eu a n o m a lie s  on 

c h o n d r i t e - n o r m a l i s e d  REE p l o t s  ( F ig .  9 . 9 ) ,  a n d

c h a r a c t e r i s t i c a l l y  lo w  Nb and  Ta v a lu e s .  I t  seem s 

u n l i k e l y  t h a t  t h e y  c o u ld  h a v e  b e e n  d e r iv e d  f ro m  a s o u r c e  

o f  t y p i c a l  L e w is ia n  c o m p o s i t io n  ( W in c h e s te r  e t  a l . ,  

1 9 8 1 ) .  An a t t e m p t  c a n  now b e  made t o  e x te n d  th e

c r u s t a l  c o n t a m in a t io n  m o d e l t o  t h e  w h o le  in c o m p a t ib le  

e le m e n t  g ro u p  b y  s u p p le m e n t in g  th e  REE p a r t i t i o n  

c o e f f i c i e n t s  o f  B e n d e r  e t  a l . ( 1 9 8 4 )  w i t h  th o s e  g iv e n  b y  

V i l l e m a n t  e t  a l .  (1 9 8 1 )  f o r  t h e  o t h e r  e le m e n ts .  T he



B a tc h m e l t i n g  w i t h r e s id u e o f 0 . 5 5 p la g i o c l a s e ,  0 . 2 5
b o i t i t e and  0.2 Fe--A 1  s i l i c a t e .

D M e lt / S o u r c e  f o r  g iv e n  % m e l t in g
5% 20% 30% 70%

Ba 3 . 1 3 0 . 3 3 0 . 3 4 0 . 3 6 0 . 4 6
Rb 0 . 7 9 1 . 2 6 1 . 2 3 1.21 1.12
Th 0 . 0 5 7 1 1 .8 7 4 . 9 0 3 . 3 3 1 . 4 3
U 0 . 0 6 6 1 0 . 8 1 4 . 8 3 3 . 3 2 1 . 4 3
K 0 . 5 6 1 1 . 7 5 1 . 6 4 1 . 5 7 1 . 2 6
Nb ? 0 . 1 6 5 . 4 9 3 . 7 6 2 . 9 6 1 . 4 3
Ta 0 . 1 6 2 5 . 4 9 3 . 7 6 2 . 9 6 1 . 4 3
L a 0 . 1 9 5 4 . 6 3 3 . 4 1 2 . 8 0 1 . 4 3
Ce 0 . 1 6 3 5 . 4 0 3 . 7 3 2 . 9 6 • 1 *43
S r 1 . 8 3 0 . 5 5 0 . 5 7 0 . 5 9 0 . 6 9
Nd 0 . 1 3 9 6 . 1 7 4 . 0 0 3 . 0 8 1 . 4 3
P ? 0 . 0 5 1 2 . 8 0 4 . 9 4 3 . 3 3 1 . 4 3
Sm 0 .1 1 5 7 . 2 0 4 . 2 8 3 . 1 8 1 . 4 3
Eu 0 . 3 4 2 . 8 0 2 . 4 1 2 . 1 8 1 . 3 9
Gd 0.11 7 . 4 5 4 . 3 4 3 . 1 6 1 . 4 3
Z r 0 . 7 0 1 . 4 1 1 . 3 6 1 . 3 3 1 .1 7
H f 0 . 4 8 2 . 0 3 1.86 1 . 7 5 1 . 3 1
T i 3 . 3 1 0 . 3 1 0 . 3 3 0 . 3 4 0 . 4 4
Dy 0 . 1 0 6 7 . 6 7 4 . 3 9 3 . 2 2 1 . 4 3
Y ?0 .12 6 . 9 6 4 . 2 2 3 . 1 6 1 . 4 3
E r 0.12 6 . 9 6 4 . 2 2 3 . 1 6 1 . 4 3
Yb 0 . 1 3 2 6 . 4 4 4 . 0 8 3 . 1 1 1 . 4 3

T a b le  9 . 3 :  I n c o m p a t ib le  e le m e n t m o d e l o f  m e l t s g e n e r a te d

b y  M o in e  a n a t e x i s .

r e s u l t s  o f  s im p le  m o d e ls  a r e  sho w n  i n  T a b le  9 .3  a n d  

F i g .  9 . 1 4 .  P a r t  a show s p a t t e r n s  f o r  c o n ta m in a te d  m a f ic  

s y e n i t e s ,  a n d  b  th o s e  f o r  t h e  M o in e  m e ta s e d im e n ts .  P a r t  

c  i l l u s t r a t e s  th e  s y e n i t i c  a n d  m e ta s e d im e n ta ry  m e l t  

c o m p o s i t io n s ,  a n d  d an  e x a m p le  o f  t h e  c o r re s p o n d e n c e  

b e tw e e n  a tw o  c o m p o n e n t m ix  ( 0 . 3  x  30% m e l t  o f  s a m p le  

GD2 w i t h  0 .7  x  GD44) a n d  one o f  t h e  c o n ta m in a te d  m a f ic  

s y e n i t e s  ( G D 5 2 ) .  I n  t h e  a u t h o r 's  o p in io n ,  c r u s t a l  

c o n t a m in a t io n  v i a  m e ta s e d im e n t  a n a t e x is  p r o v id e s  a m ore  

r e a s o n a b le  e x p la n a t io n  o f  t h e s e  d i s t i n c t i v e  m a f ic  

s y e n i t e s  t h a n  e i t h e r  a r a t h e r  c o n t r i v e d  f r a c t i o n a l  

c r y s t a l l i s a t i o n  h y p o t h e s is ,  o r  o n e  o f  s u p e r im p o s e d  

m e ta m o rp h ic  e le m e n t  m o b i l i t y .



165

xx>

Bo Rb Th U K Nb To La C* Sr Nd P Sm Zr Hf Ti Dy Y Y b k  Rb Th U K Nb To La C* Sr Nd P Sm Zr Hf Ti Dy Y Yb

F ig u r e  9 . 1 4 :  C h o n d r i t e - n o r m a l is e d  in c o m p a t ib le  

e le m e n t  p l o t s  f o r  " c o n ta m in a te d "  m a f ic  s y e n i t e  (A )  and 

M o in e  ( B ) ;  m o d e l o f  a s s i m i l a t i o n  v i a  c r u s t a l  a n a t e x i s .  

( C= end m em bers f o r  m o d e l;  D= tw o -c o m p o n e n t m ix t u r e  

c o m p a re d  t o  " c o n t a m in a te d "  m a f ic  s y e n i t e  ( d a s h e d ) ) .



9 . 4  M a g m a g e n e s is

A l th o u g h  s t r i c t l y  s u p e r f lu o u s  t o  t h e  n e e d s  o f  t h i s  

t h e s i s ,  a fe w  b r i e f  com m ents m ig h t  b e  a d d re s s e d  t o  t h e  

g e n e s is  o f  t h e  m e l t s .  C o n s id e r a b le  d e b a te  s t i l l  

s u r r o u n d s  t h e  f o r m a t io n  o f  th o s e  i n t r u s i o n s  c o l l e c t i v e l y  

kn o w n  as t h e  C a le d o n ia n  g r a n i t e s .  I t  i s  n o t  t h e  

i n t e n t i o n  h e r e  t o  e n t e r  i n t o  t h e  d is c u s s io n  a t  a n y  

le n g t h ,  e s p e c i a l l y  s in c e  i t  seem s p e rh a p s  o v e r l y  

s i m p l i s t i c  t o  assum e a common g e n e s is  f o r  t h e  s u i t e  a s  a 

w h o le ,  g iv e n  t h a t  e a c h  i n t r u s i o n  w i l l  h a v e  b e e n  s u b je c t  

t o  i t s  own p a r t i c u l a r  s e t  o f  th e  m any p o s s ib le  

v a r ia b l e s  b o t h  d u r in g  m a g m a g e n e s is  a n d  s u b s e q u e n t  

a s c e n t ,  e m p la c e m e n t a n d  c o n s o l i d a t i o n .  H o w e v e r, a b r i e f  

r e v ie w  o f  t h e  c u r r e n t  l i t e r a t u r e  i s  f o l lo w e d  b y  a m o re  

d e t a i l e d  a s s e s s m e n t o f  t h e  G le n  D e s s a r r y  m e l t s .

M o d e rn  t h o u g h t  o n  t h e  g e n e r a t io n  o f  t h e  C a le d o n ia n  

g r a n i t e s  i s  i n  a  s t a t e  o f  s e m i-p e rm a n e n t  f l u x ,  

e s p e c i a l l y  s in c e  t h e  a d v e n t  o f  a c c u r a t e  a n d  p r e c i s e  

t r a c e - e le m e n t  o r  i s o t o p i c  d e t e r m in a t io n s  on  i n d i v i d u a l  

p lu t o n s  i n  t h e  l a t e  1 9 7 0 s .  P a n k h u r s t  ( 1 9 7 9 )  a rg u e d  o n  

t h e  b a s is  o f  REE a b u n d a n c e s  i n  th e  F o y e rs  a n d  S t r o n t i a n  

i n t r u s i o n s  t h a t  t h e  r o c k s  o f  e a c h  c o m p le x  w e re  r e l a t e d  

b y  f r a c t i o n a l  c r y s t a l l i s a t i o n ,  s i m i l a r  t o  t h e  e a r l y  

h y p o t h e s is  o f  N o c k o ld s  ( 1 9 4 1 ) .  H o w e v e r, d i f f e r e n c e s  i n  

C e /Y b  ( f o r  e x a m p le )  w e re  ta k e n  t o  i n d i c a t e  d i f f e r e n c e s  

i n  t h e  e v o l u t i o n  o f  t h e  m agm as. M any C a le d o n ia n  

g r a n i t e s  h a v e  m ix e d  z i r c o n  p o p u la t i o n s ,  o n e  f r a c t i o n  

b e in g  g e n e r a te d  f ro m  th e  m e l t  a n d  t h e  o t h e r  " i n h e r i t e d "  

f r o m  p r e - e x i s t i n g  c r u s t a l  r o c k s ,  p a r t i c u l a r l y  i n  th o s e  

n o r t h  o f  t h e  H ig h la n d  B o u n d a ry  F a u l t .  P id g e o n  a n d  

A f t a l i o n  ( 1 9 7 8 )  t h e r e f o r e  p ro p o s e d  t h a t  th e  H ig h la n d  

g r a n i t e s  r e p r e s e n t  m e l t s  o f  r e w o r k e d  L e w is ia n ,  a n d  t h a t  

t h e  S o u th e rn  U p la n d s  a n d  L a k e  D i s t r i c t  p lu t o n s  a r e  

d e r iv e d  f ro m  L o w e r  P a la e o z o ic  s e d im e n ts .  T he  p r e s e n c e  

o f  i n h e r i t e d  z i r c o n s  i s  n o t  p e rh a p s  th e  b e s t  i n d i c a t o r  

o f  m e l t  p r o v e n a n c e ,  s in c e  o t h e r  m e c h a n is m s  o f  

i n c o r p o r a t i o n  t h a n  d i r e c t l y  a t  s o u r c e  a r e  p o s s ib le  ( f o r  

e x a m p le , a s s i m i l a t i o n  d u r in g  a s c e n t ) ,  a n d  th e  s o l u b i l i t y  

o f  z i r c o n  i n  g r a n i t i c  m e l t s  i s  kn o w n  t o  in c r e a s e  w i t h



a l k a l i n i t y  ( e . g . ,  B ow den, 1 9 6 6 ) ,  s o  t h a t  m o re  a l k a l i n e  

m e l t s  w i l l  n o t  n e c e s s a r i l y  r e t a i n  e v id e n c e  o f  c r u s t a l  

i n c o r p o r a t i o n  i n  t h e  fo rm  o f  a n  i n h e r i t e d  z i r c o n  

s u i t e .  P b - is o t o p e  a n a ly s e s  ( B la x la n d  e t  a l . ,  1 9 7 9 ;  

P a n k h u r s t ,  1 9 7 9 )  seem t o  r u l e  o u t  a s im p le  m e lte d  

L e w is ia n  s o u r c e  f o r  H ig h la n d  g r a n i t e s ,  s u g g e s t in g  an  

i s o t o p i c a l l y  j u v e n i l e  s o u r c e .  H a m i l t o n  e t  a l .  ( 1 9 8 0 )  

c o n s id e r e d  t h e  N d -S r  i s o t o p e  g e o c h e m is t r y  o f  a s e l e c t i o n  

o f  C a le d o n ia n  g r a n i t e s  on  th e  b a s is  o f  a M O R B - lik e  

s u b - c o n t i n e n t a l  m a n t le ,  and  t h e r e f o r e  r e q u i r e d  a 

s u b s t a n t i a l  c r u s t a l  i n p u t  t o  a l l  t h e  a n a ly s e d  s a m p le s .  

H o w e v e r, c l e a r  e v id e n c e  o f  a n  " e n r ic h e d "  S c o t t i s h  

s u b - c o n t i n e n t a l  m a n t le  h a s  b e e n  p r o v id e d  b y  T h i r l w a l l  

( 1 9 8 2 ) ,  w h ic h  a l lo w s  s u b s t a n t i a l  r e a s s e s s m e n t  ( e . g . ,  

P la n t  e t  a l . ,  1 9 8 3 )  o f  t h e  a m o u n t o f  c r u s t a l  in v o lv e m e n t  

n e c e s s a r y .  F u r t h e r ,  C la y b u r n  e t  a l .  ( 1 9 8 3 )  d e m o n s t r a te d  

t h e  im p o r ta n c e  o f  a L I L E - e n r ic h e d  m a n t le  i n  t h e  g e n e s is  

o f  t h e  E t i v e  g r a n i t e  c o m p le x ,  a s  f i r s t  p ro p o s e d  f o r  

u r a n i f e r o u s  g r a n i t e s  b y  S im p s o n  e t  a l .  ( 1 9 7 9 ) .  H o w e v e r, 

H a l l i d a y  ( 1 9 8 4 )  h a s  r e c e n t l y  c h a l le n g e d  T h i r l w a l l ' s  

i n t e r p r e t a t i o n ,  p r e f e r r i n g  c o n t a m in a t io n  w i t h  d i f f e r e n t  

c r u s t a l  s e g m e n ts  as  th e  s o u r c e  o f  t h e  o b s e rv e d  i s o t o p i c  

d i v e r s i t y .  R e c e n t ly ,  B ro w n  e t  a l .  ( 1 9 8 4 )  p ro p o s e d  a 

s im p le  m o d e l o f  C a le d o n ia n  g r a n i t e  g e n e s is  i n  te rm s  o f  

m a n t le - d e r i v e d  magmas i n  an  i n c r e a s i n g l y  m a tu re  a r c  

s e t t i n g .  T h is  i n v o l v e d  t h e  d e r i v a t i o n  o f  an  in c r e a s in g  

f r a c t i o n  o f  t h e  magma f ro m  a n  i n t r a - p l a t e  m a n t le  s o u r c e ,  

r e l i a n t  o n  a p r o p o s e d ,  r a t h e r  s im p le  g e o g r a p h ic a l  

d i s t r i b u t i o n  o f  g r a n i t e  t y p e  r e l a t e d  t o  d is t a n c e  f ro m  

t h e  s u b d u c t io n  z o n e . H o w e v e r, v a r io u s  m e c h a n is m s  o f  

f r a c t i o n a l  c r y s t a l l i s a t i o n  i n  h i g h l y - e v o l v e d  a c id  magmas 

a r e  n e g le c t e d  i n  t h e i r  d e p e n d e n c e  u p o n  t h e  a b u n d a n c e  o f  

HFSEs f o r  c l a s s i f i c a t i o n  ( M i t t l e f e l d t  a n d  M i l l e r ,  1 9 8 3 ;  

M ic h a e l ,  1 9 8 3 , 1 9 8 4 ; M i l l e r  a n d  M i t t l e f e l d t ,  1 9 8 4 ;

Thom pson  e t  a l . ,  1 9 8 4 ; W a ts o n  e t  a l . ,  i n  p r e s s ) .

Derivation of the Glen Dessarry magmas.
It can be inferred from the lack of or very small Eu

anomalies in most of the syenites that the source of the



magmas m u s t h a v e  b e e n  a f e l d s p a r - f r e e  e n v ir o n m e n t ,  w h ic h  

im m e d ia t e ly  e x c lu d e s  m o s t c r u s t a l  r o c k s ,  i n c l u d i n g  th e  

L e w is ia n  b a s e m e n t.  In d e p e n d e n t  e v id e n c e  f o r  t h e  

e x c lu s io n  o f  t h e  L e w is ia n  i s  t h e  P b ^ ^ / P b ^ ^  is o t o p e  

r a t i o  o f  G le n  D e s s a r r y  K - f e ld s p a r  ( v a n  B re e m e n  e t  a l . ,

1 9 7 9 )  w h ic h  i s  t o o  r a d io g e n ic  t o  h a v e  b e e n  d e r iv e d  f ro m  

a g r a n u l i t e - f a c i e s  L e w is ia n  s o u r c e .  An a m p h i b o l i t e -  

f a c ie s  ( R b - r i c h )  L e w is ia n  s o u r c e  i s  a l s o  e f f e c t i v e l y  

r u le d  o u t  b y  t h e  i n i t i a l  S r 8 7 / S r 86 i s o t o p i c  r a t i o  o f  

0 . 7 0 4 1  ( v a n  B reem en  e t  a l . ,  1 9 7 9 ) .  T h e  0 - i s o t o p e  d a ta  

p r o d u c e d  f o r  t h i s  s tu d y  ( s e e  a b o v e )  a r e  c o m p a t ib le  w i t h  

a j u v e n i l e  s o u r c e ,  w i t h  l a t e r  e n r ic h m e n t  due  t o  

f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  lo w  m in e r a ls .  T h u s  

t h e  a v a i l a b l e  i s o t o p i c  d a ta  p r o v id e  s t r o n g  e v id e n c e  f o r  

d e r i v a t i o n  f ro m  w i t h i n  t h e  m a n t le .  T h is  i s  c o n s i s t e n t  

w i t h  t h e  c h e m ic a l  d a ta  w h ic h  r e q u i r e  t h a t  t h e  m e l t  

e v o lv e d  i n  a l o w - l e v e l  magma c h a m b e r f ro m  a m o r e - b a s ic  

c o m p o s i t io n  b y  f r a c t i o n a l  c r y s t a l l i s a t i o n  e s s e n t i a l l y  o f  

m a f ic  p h a s e s .  I t  i s  u n l i k e l y  t h a t  s u c h  a b a s ic  m e l t  

c o u ld  b e  d e r i v e d  f r o m  p a r t i a l  m e l t i n g  o f  t y p i c a l  c r u s t a l  

s o u r c e s .

S u p p o r t i v e  e v id e n c e  f o r  a m a n t le  o r i g i n  may be  d e r i v e d  

f ro m  t h e  in c o m p a t ib le - e le m e n t ,  c h o n d r i t e - n o r m a l i s e d  

d ia g r a m s ,  w h ic h  c a n  b e  c o m p a re d  t o  i s o t o p i c a l l y  

w e l l - c h a r a c t e r i s e d  p r i m i t i v e  m e l t s  o f  p r o b a b le  m a n t le  

d e r i v a t i o n  -  t h e  L o m e  P la t e a u  L a v a s  ( T h i r l w a l l ,  1 9 8 1 , 

1 9 8 2 )  a n d  o t h e r  c h e m ic a l ly  w e l l - k n o w n  p i c r i t i c  m e l t s  

s u c h  a s  K e n t a l l e n i t e  (T hom pson  e t  a l .  , 1 9 8 4 ) .  F ig .  9 . 1 5  

show s a c o m p a r a t iv e  d ia g r a m  o f  G le n  D e s s a r r y  s a m p le s ,  

w i t h  h ig h  N i  L o m e  la v a s  a n d  K e n t a l l e n i t e  f r o m  th e  

a b o v e  l i t e r a t u r e  s o u r c e s .  T he  s i m i l a r i t y  i s  s t r i k i n g ,  

a n d  t h o s e  d i f f e r e n c e s  w h ic h  d o  e x i s t  c a n  b e  r e l a t e d  t o  

t h e  s u b t l e t i e s  o f  f r a c t i o n a l  c r y s t a l l i s a t i o n .  H o w e v e r, 

a l t h o u g h  t h e  m o s t p o t a s s i c  a n d  i n c o m p a t ib le - e l e m e n t - r i c h  

la v a s  ( e . g . ,  L 5 4 )  h a v e  a b s o lu t e  e le m e n t  a b u n d a n c e s  c lo s e  

t o  th o s e  o f  G le n  D e s s a r r y ,  i t  i s  n o t  s u g g e s te d  t h a t  

th e s e  w e re  s i m i l a r  t o  t h e  p r i m i t i v e  G le n  D e s s a r r y  m e l t ,  

s in c e  t h e  lo w  t r a n s i t i o n  m e ta l  a b u n d a n c e s  o f  th e  l a t t e r  

p r e c lu d e s  t h i s .  N e v e r t h e le s s ,  t h e  p a r e n t a l  s y e n i t e



F ig u r e  9 . 1 5 ;  C h o n d r i t e  n o r m a l is e d  in c o m p a t ib le  e le m e n t  

p l o t  c o m p a r in g  m a f ic  s y e n i t e ,  tw o  e x a m p le s  o f  t h e  L o m e  

P la t e a u  la v a s ,  a n d  K e n t a l l e n i t e .

l i q u i d s  c o u ld  w e l l  h a v e  e v o lv e d  f r o m  a m o r e - b a s ic  m e l t  

o f  lo w e r  i n c o m p a t ib le  e le m e n t  a b u n d a n c e s  ( e . g . f L 1 5 5 ) ,  

b y  t h e  s u g g e s te d  f r a c t i o n a t i o n  o f  m a f ic  m in e r a ls  s u c h  as  

o l i v i n e  a n d  p y r o x e n e ,  t h e  n e t  e f f e c t  o f  w h o se  re m o v a l 

w o u ld  be  t o  e n h a n c e  th e  in c o m p a t ib le  e le m e n t  v a lu e s  w i t h  

m in im a l  i n t e r e le m e n t  f r a c t i o n a t i o n ,  b u t  re d u c e  th e  

t r a n s i t i o n  m e ta l  a b u n d a n c e s .

T h e  p r e s e n t  a u t h o r 's  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  th e  

g e n e s is  o f  t h e  G le n  D e s s a r r y  s y e n i t e s  m ig h t  b e  

s u m m a ris e d  as  f o l l o w s :

T h e  p a r e n t  m e l t  w as g e n e r a te d  w i t h i n  t h e  m a n t le  ( s e e  

a l s o  Thom pson e t  a l . ,  1984? M i l l e r ,  1 9 7 8 )  a n d  

a c c u m u la te d  i n  a " l o w - l e v e l "  magma c h a m b e r i n  w h ic h  

f r a c t i o n a t i o n  b e g a n  w i t h  o l i v i n e  a n d  p y r o x e n e s ,  t o  be  

s u p e rc e d e d  b y  c l in o p y r o x e n e ,  b i o t i t e  a n d  p e rh a p s  a



little feldspar. Some small degree of feldspar 
accumulation may have taken place before intrusion of 
the mafic syenite pulse (quite possibly as a crystal 
mush). This was followed in the low-level chamber by 
approximately 26% separation of a clinopyroxene, 
biotite, magnetite, sphene and apatite-dominated cumulus 
assemblage before intrusion of the leucocratic syenite. 
In-situ crystallisation continued the already
established trend with the addition of feldspar and late 
amphibole, involving substantial minor-mineral removal 
in the later stages. Contamination with a partial melt 
of the surrounding Moine metasediments was important 
only locally. This scheme is capable of explaining most 
of the observed element relationships in the sample 
suite, at least to a first approximation, without 
recourse to metamorphic phenomena.

9.5 Reactions with Country Rocks
The preceeding account was intended to demonstrate 

that factors related to magmatism can be used to explain 
the gross distribution of incompatible elements within 
the bulk of the Complex. However, gamma-ray 
scintiHometry suggested that there are two further 
"local" effects which must be taken into consideration, 
and these may also be related to magmatism rather than 
metamorphism: small-scale "fenitisation" of juxtaposed
Moine metasediments, and reaction relationships between 
syenite veins intruded into a xenolithic raft and their 
host (the Glen Pean Xenolith). These are briefly 
described, in turn, below.

Fenitisation of adjacent Moine metasediments.
The mineralogical effects of fenitisation have been 

outlined in Chapter eight. Major element and normative 
data are available in the appendix, but Table 9.4 
provides analyses of a typical fenite and an unaltered 
metasediment for comparison.



Moine Fenite
GD6 GD8

Si° 2 72.24 64.45
Ti02 0.74 0.72
a 1 2°3 13.31 17.96
Fe203 3.45 2.60MnO 0. 02 0.03
MgO 0.84 0.53CaO 1.94 1.28
Na20 2.56 6.82
k2o 3.69 5.38
p2°5 0.08 0.14
LOI 0.73 0.30
Total 99.60 1 0 0 . 2 1

Table 9,4: Major element analyses of typical Moine 
metasediment and fenitised Moine.

The only obvious effects on the major element chemistry 
are introduction of the alkali metal oxides, Na20 and 
K2 0, and apparent desilication. However, it is in terms 
of trace elements that the fenitisation becomes 
particularly interesting (Fig. 9.16). Clearly, all of 
the fenites have suffered substantial modification of 
their REE contents and relative abundances, such that 
some now have pronounced positive Eu anomalies (c.f., 
Wooley et al., 1972; Martin et al., 1978). Most appear 
to have undergone some REE fractionation such that 
Ce/Ybcn ranges from 14 to 7.1 as compared with a range 
of 9.1 to 3.4 for unaltered Moine. Although some 
enrichment in LREE is apparent in one sample (MJ018), 
the general fractionation appears to be more related to 
a pervasive HREE loss. Further, the regularity of the 
incompatible-element patterns (Fig. 9.16) for the 
unaltered metasediments has been lost. Enrichment of Nb 
and Ta in the more altered samples can probably be 
related to the nucleation of sphene. Three of the 
fenites (GD7, GD39 and GD40) may have lost U and Th, and 
GD39 further suggests a marked depletion in Zr, Hf, Y 
and Yb, perhaps related to zircon instability. It 
appears, therefore, that the fenitisation processes at 
Glen Dessarry do not merely involve element addition,
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Figure 9.16: Chondrite normalised REE and incompatible 
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but might be better characterised by a complex array of 
element redistributions in response to chemical 
potential gradients established as a result of 
intrusion. A more detailed analysis of the genetic 
processes is not pertinent here, since it is again 
sufficient to note the presence of a further magmatic 
influence on the abundance and distribution of 
incompatible elements within the Glen Dessarry Complex.

Syenite-vein / xenolith reactions.
The mineralogy of the reaction zones has been outlined 

above. Two samples of syenite vein were taken for 
chemical analysis (GD20 and GD24), and one of the 
"pegmatitic" reaction zone (IGS45642), necessarily from 
a different locality. Some small samples of the reaction 
zone adjacent to the analysed vein were collected, which 
are petrographically similar to sample IGS45642. The 
reaction zone has a distinctive, strongly-fractionated 
REE pattern (Fig. 9.17) and a small negative Eu 
anomaly. Evidence that this reflects the presence of 
abundant monazite is derived from electron probe 
analysis of the monazite crystals themselves. Data are 
listed in the appendix, and are also shown on the 
chondrite-normalised plot (note the change of scale 
required to accomodate the monazite abundances). The 
shapes of monazite patterns mirror those in the 
whole-rock sample, as do the high levels of Th and U.

The chondrite-normalised incompatible-element diagram 
(Fig. 9.17) shows a pattern quite unlike anything else 
sampled from the Complex. A considerable enrichment in 
Th accompanies an inordinate Th/U fractionation 
(Th/Ucn=:5.4). However, the diagram does retain a few 
clues to the origin of this distinctive rock type. The 
high values of Ba and Sr leave little room for doubt 
that the reaction zone is syenite-derived, since this is 
one of the more obvious characteristics of the syenite 
which serve to distinguish it from the Moine 
metasediments. That the fractionated REE pattern and 
high radioelement abundances can be directly attributed



to the presence of monazite is also clear, but quite why 
it nucleated in the first place is not. The mineralogy 
and geochemistry of the reaction zone do not resemble 
those of the pegmatites analysed, rendering it unlikely 
that it was produced by a simple pegmatitic segregation, 
localised against the contact with the country-rock 
host.

Although their genesis remains equivocal, it is clear 
that the syenite-vein/xenolith reaction zones, produced 
during the magmatic phase, locally exert one of the most 
powerful controls on incompatible element localisation 
within the Complex as a whole.



Figure 9.17; Chondrite normalised REE and incompatible element plots for
syenite vein and reaction zone.

(inset= monazite analyses). 175



CHAPTER TEN

BULK CHEMICAL CHANGES ACCOMPANYING DEFORMATION OF THE 
GLEN DESSARRY LEUCOCRATIC SYENITE

The data discussed above provide a preliminary 
indication that deformation may have occurred in an 
essentially closed system. Literature studies have also 
shown that deformation in high temperature (amphibolite 
grade) regimes is essentially isochemical on a 
whole-rock scale (Kerrich et al., 1977), due to the 
nature of the dominant deformation mechanism. Details of 
the latter are beyond the scope of this thesis, but in 
view of the importance of deformation in the metamorphic 
processes at Glen Dessarry, it seems sensible to attempt 
a more careful assessment of its influence on whole-rock 
and mineral chemistry.

This chapter first briefly describes and illustrates 
the mineralogical changes associated with the 
development of the penetrative fabric, by comparing 
progressively deformed samples of leucocratic syenite. 
The leucocratic syenite mass is used exclusively, since 
primary textures are locally better preserved than in 
the mafic syenite. This account is followed by a 
consideration of whether the extent of deformation in 
the samples correlates with any variation in their major 
and trace-element geochemistry. The selection of 
samples is designed to minimise complications due to the 
demonstrable effects of in-situ crystal-liquid 
separation, so that a detailed assessment of element 
mobility during deformation can then be undertaken, 
based on the approaches of Gresens (1967), Babcock 
(1973), Kerrich et al. (1977) and Rubie (1982).
Although the deformation suffered by the Complex is 

extensive on a local scale, it has by no means 
obliterated the intrusive features, such as the sharp 
intervariant contacts, and the outlines of the Glen Pean 
metasedimentary raft, and of the local filter-pressed 
pegmatites (see Fig. 7.1). This effectively places the 
first constraint on the role of deformation processes,



and was partly responsible for the "magmatism first" 
approach adopted above. Nevertheless, a fabric is 
developed in almost all rocks from the Complex, stages 
in whose development are illustrated in Plate 10.1, from 
"undeformed" MJ008 through to intensely-foliated MJ009.

10.1 Mineralogy 
Feldspars.

In rocks which show only the effects of low degrees of 
deformation, the dominant feldspar is usually a 
hypersolvus alkali feldspar of the type described in 
detail by Richardson (1968), and summarised above. 
Unmixing through patch perthite to large, discrete 
grains of orthoclase and plagioclase occurs with 
increasing deformation. Even in relatively undeformed 
samples (e.g., MJ008) unmixing is already advanced. 
Undulatory extinction of the exsolved orthoclase and 
plagioclase end-members is common, and may be related to 
sub-grain development. The exsolved plagioclase and 
K-feldspars lack the abundant and varied inclusion suite 
present in their parent perthites. The end result of 
the deformation process, as exemplified by sample MJ009 
which has a pronounced planar foliation, is an 
approximately equigranular mosaic of medium-grained 
orthoclase and plagioclase. Isolated elongate pools of 
coarser-grained material may remain parallel to the 
foliation, but these invariably display undulatory 
extinction indicative of the continuing 
grain-size-reduction process. Clearly, those components 
- major and minor - which together form the parent and 
"daughter" feldspar compositions must have been mobile, 
albeit perhaps on a local scale only. Table
1 0 . 1  lists analyses of the parent alkali feldspar and 
the products of its unmixing. The least-squares 
calculation shows that the reaction could have occurred 
isochemically, with no need for any addition or removal 
of components.



PLATE 10.1 FABRIC DEVELOPMENT



Perthite Kspar Plag

Si02
(MJ008) 
63.81

(MJ003) 
63.30

(MJ003) 
66.00

a i 2o 3 19.69 19.24 2 1 . 2 1
CaO 0.51 - —
BaO 0.72 1.08 -
Na20 3.76 1 . 6 8 10.74
k 2o 1 1 . 1 2 14.28 0.34
Total 99.60 99.58 99.76
Si 11.735 11.792 11.623
A1 4.265 4.208 4.377
A1 0. 002 0.015 0.025
Ca 0 . 1 0 0 - -
Ba 0.052 0.079 -
Na 1.341 0.607 3.668
K 2.609 3.392 0.075
AB 32.69 14.88 91.23AN 2.43 - 6.89
OR 64.87 85.12 1 . 8 8

Amount Si02 Al2°3 CaO BaO Na20 k 20

KsparPlag 77.21
22.79 63.30

66.00
19.24
2 1 . 2 1 1.47 1.08 1 . 6 810.74 14.28

0.34
EstimatePerthite 63.9263.81 19.6919.69 0.340.51 0.830.72 3.743.76 1 1 . 1 0

1 1 . 1 2

Differences 0 . 1 1 0. 00 -0.17 0 . 1 1 -0. 02 -0. 02

Residual sum of squares = 0.0552

Table 10.1; Feldspar analyses from undeformed
(MJ008) and deformed (MJ003) leucocratic syenites, and

modelled unmixing of alkali feldspar to give orthoclase 
(77%) and plagioclase (23%).

Pyroxenes and amphiboles.
Pyroxenes in less-deformed rocks are generally 

euhedral to subhedral and are intergrown with biotite, 
and/or show reaction relationships with amphibole. In 
the leucocratic syenites sampled for this study there is 
no correlation between degree of deformation and 
amphibole abundance, and a similar conclusion was 
reached for the mafic syenites, above. With progressive 
deformation pyroxene grains rotate into concordance with 
the developing fabric, but appear to be most resistant 
to the deformation process. Even in sample MJ009, 
relatively large, surprisingly equant grains remain,



although the majority have become somewhat elongate and 
lie parallel to the planar foliation (Plate 10.1). The 
grain size appears to have been reduced by 
disaggregation of larger parents. Amphibole often forms 
composite grains with length greatly exceeding width. 
There is little apparent change of composition of either 
phase (see Table 10.2), since those in deformed sample 
MJ003 are chemically closely comparable with those in 
sample MJ008, whose texture is dominantly igneous.

Pyroxenes_____ ______Amphiboles
MJ008 MJ003 MJ008 MJ003
(8 ) (9) (8 ) (8 )

Si02 51.69 51.86 Si02 42.01 42.27
Ti02 0.03 0.09 a i 2o 3 9.40 9.33
A1203 1.14 1.84 FeO 17.85 17.17FeO 12.51 11.87 Fe2°3 3.19 2 . 8 6MnO 0.77 0.65 MgO 8.70 9.17
MgO 10.25 10.54 MnO 0.62 0.71
CaO 2 1 . 1 0 21.07 Ti02 0. 66 0.59
Na20 2.09 2.25 CaO 1 1 . 0 2 11.07
Total 99.58 100.18 Na20 2.19 2 . 2 0

k 2o 1.33 1.38Total 96.98 96.74
Si 1.982 1.969 Si 6.509 6.542A1 0.018 0.031 A1 1.491 1.458
A1 0.034 0.051 A1 0.226 0.244
Ti 0 . 0 0 1 0.003 Ti 0.077 0.069
Fe 0.401 0.377 Fe3 0.372 0.320Mn 0.025 0 . 0 2 1 Mg 2.009 2.115
Mg 0.586 0.596 Fe2 2.314 2.236
Ca 0.867 0.857 Fe2 — —

Na 0.155 0.166 Mn 0 . 00 2 0.017Mn 0.079 0.076Ca 1.830 1.836Na 0.091 0.088
Na 0.567 0.572
K 0.263 0.273

Table 10.2; Average analyses of pyroxene and amphibole 
from undeformed (MJ008) and deformed (MJ003) leucocratic

syenites.

Biotites.
Biotite responds to deformation by bend-gliding, 

kinking and fracturing. Small flakes appear to "peel" 
off larger parent grains, or recrystallise into 
fractures and along grain boundaries. In the most highly



occurs asdeformed samples biotite occurs as discrete, 
fine-grained plates set within the feldspathic matrix. 
Parent and "daughter" biotites are also chemically 
comparable (Table 10.3), although there is an indication 
of some cation deficiency in the interlayer sites of the 
highly-deformed samples.

SiOo
Ti°2
Al2° 3FeO
MnO
MgO
CaO
Na^O
K 2 0

h2°Total
Si
A1
A1
Ti
Fe
Mn
Mg
Ca
Na
K

MJ008
(5)

36.88
2.17
13.13
19.08
0.49
12.54
0.05
0.469.81
3.8798.47

5.7122.288
0.109
0.252
2.471
0.064
2.894
0.009
0.138
1.937

MJ003
(7)

35.66
2.26
13.69
21.84
0.46
11.36
0.26
0.47
8.52
3.83

98.34
5.577
2.423
0.100
0.266
2.856
0.061
2.647
0.043
0.143
1.699

Table 10.3; Average analyses of biotite from undeformed
(MJ008) and deformed (MJ003) leucocratic syenites.

Minor and accessory phases.
The response of the varied suite of minor and 

accessory phases to deformation is important, since 
they act as hosts for many of those elements with which 
this thesis is most concerned. Instability would
necessarily result in element release and mobility. 
Various "secondary" processes have been identified, 
primarily by fission-track radiography (Fowler, 1981) 
and follow-up ion probe and electron probe
microanalysis, and such is their inferred importance 
that they are treated in a separate chapter below, after 
the large-scale movement of elements has been more 
closely constrained.



10.2 Whole-rock chemistry
Two approaches have been adopted in assessing the 

nature of bulk chemical changes due to deformation. The 
first is a simple graphical analysis of the correlation 
of element abundances with approximate degree of 
deformation in twenty one leucocratic syenite samples. 
This should reveal any gross chemical changes which may 
have occurred. The second is similar to the method 
employed by Kerrich et al. (1982), whereby analyses of 
fewer samples of regularly increasing state of strain 
are considered in the light of possible volume changes 
by the use of volume factors (Gresens, 1966) and 
specific gravity measurements. This second approach 
requires careful selection of samples since it might 
easily produce spurious results if the effects of 
fractional crystallisation are not taken into account.
Figure 10.1 shows the relationship of element 

abundances with increasing deformation, and demonstrates 
a general lack of correlation between any major element 
and degree of deformation. Similarly, trace element 
variations display a general lack of correlation with 
increasing deformation, for LILEs (e.g., Rb, Ba, Sr, U, 
Th) , HFSEs (Nb, Zr, Y) and the more compatible elements 
(Cr, Ni, V). All the observed variations may more 
easily be explained in terms of an in-situ magmatic 
fractional crystallisation scheme (see above).
However, in order to try and throw more detailed light 

on the significance of deformation during metamorphism, 
an attempt has been made to screen the data for the 
effects of in-situ fractional crystallisation. It has 
been shown above that Zr produces perhaps the most 
extreme in-situ fractionation range, with a concomitant 
fall in the Zr/Hf ratio. The presence of abundant 
zircon and some zirconolite in the syenites suggests 
that the whole-rock Zr is controlled essentially by 
these two phases. Zircon is probably more important 
because of its higher modal abundance and larger Zr 
content (c. 60% compared to about 32% in zirconolite).
The grain-size reduction effects of deformation have



trace elements with degree of deformation in the Glen
Dessarry leucocratic syenite.



little effect on zircon, since the crystals are already 
small and can remain essentially inert throughout the 
process. Thus, as well as showing a large concentration 
range due to in-situ differentiation, Zr can be 
empirically considered on a mineralogical basis to be 
relatively immobile during deformation. It can 
therefore be used as a monitor of the degree of 
fractionation of individual samples independent of the 
degree of deformation. The overall Zr concentration 
range in the leucocratic syenites is 2 2 2ppm to 1 2ppm - 
more than an order of magnitude.

MJ008 MJ005 MJ027 MJ003
Si° 2 60.78 61.14 61.24 61.28Ti02 0.61 0.61 0.62 0.60
AI9O0 17.55 17.68 17.78 17.73
Fe203 4.18 4.09 4.24 4.03MnO 0.08 0.08 0.08 0 . 1 0
MgO 1 . 0 2 0.93 1.03 0.99
CaO 2.77 2.70 2.71 2.96
Na90 5.39 5.85 4.86 5.59
k 2o 6 . 2 2 6.27 6.25 6 . 00
p2°5 0.30 0.25 0.27 0.26LOI 0 . 2 0 0.16 0 . 1 2 0.17
Total 99.10 99.76 99.23 99.71
Sr 5718 5281 5465 5530Ba 4417 4093 5451 4189
Rb 98 97 79 81
U 1.26 1.27 1.06 1.18
Th 7.0 6.3 7.3 6 . 2
Zr 64 66 60 67Nb 15 15 15 15
Y 27 27 25 31
Ni 6 6 7 6V 78 81 86 80
SG 2.75 2.75 2.75 2.76

Table 10.4: Whole-rock analyses of variably-deformed 
leucocratic syenites with comparable primary

geochemistry.
Four samples have been selected (MJ003, 005, 008 and
027) which lie in the interval 60-70ppm Zr (about 5% of 
the total range observed): i.e., they are very closely
similar in terms of magmatic evolution. Although none 
of the samples has the intense foliation of, for



example, MJ009, they do show a range of deformation 
features, from a "massive" MJ008 through to the more 
deformed MJ003. The development of the fabric in these 
four rocks has already been illustrated in Plate 10.1. 
Complete whole-rock analyses together with specific 
gravity measurements are presented in Table 10.4. A 
cursory inspection of the table reveals a very close 
similarity between all of the samples, but as noted by 
Kerrich et al. (1982) and many other authors, this is 
not sufficient to rule out element mobility.

Figure 10.2: Multi-element plot illustrating the 
comparability of deformed samples with MJ008 (the least

deformed).

In Fig. 10.2, data for the more deformed samples have 
been normalised to the values of the least deformed 
(MJ008), effectively demonstrating the similarity of the 
analyses for the sample sub-suite. This suggests that 
little obvious chemical modification has taken place 
during deformation. However, possible volume changes 
during deformation often obscure significant open-system 
behaviour, and these have not yet been considered.

Therefore the second, more rigorous approach is based 
on the technique of Gresens (1966), incorporating 
specific gravity data into mass balance calculations. 
Volume factors (fv) may be computed which correspond to 
the isochemical behaviour of each component, from the 
following equation:



1 0 0(fv . XdXn nb • Pb/Pa " xna> 9 / 1 0 0g of
original rock

dXn=loss or gain of element n in prodution of rock B 
from rock A

fv=volume factor (the ratio of the final to initial 
volumes of the rock) 

p=specific gravity
Xna b=weight fraction of element n in the rock 
(after Gresens, 1967 and Babcock, 1973).

Computation of such volume factors for all the 
major components in a rock suite may lead to clustering 
of values for elements which are empirically known to be 
relatively immobile in that particular system. If so, 
such clustering would provide a rational basis on which 
to assess the volume change of the reaction as a whole 
by using an average fv value for these "immobile" 
elements (Kerrich et al., 1982). In this way, a 
quantitative estimate of the volume change for each 
stage of the deformation process can be produced. For 
example, the "immobile" elements AI2O3 , MgO, V, Cr, Ni, 
Zr and Nb could be used. Alternatively, the total 
immobility of one element could be assumed (e.g., AI2O3 , 
or Zr) and an estimate of the overall volume change 
produced on this basis. Lastly, constant volume might 
be assumed.

The approximation to unity of fvs for all the elements 
listed in Table 10.5 (A) suggests that little change in 
chemical composition occurred during deformation. Since 
virtually all the values cluster near to unity, the 
first approach outlined above is redundant. However, 
immobile Zr has already been suggested, and constant 
volume does not seem unreasonable - there being no 
mineralogical changes which would induce significant 
density variations. Therefore, volume factors 
appropriate to these two assumptions have been used to 
calculate compositional changes for the reactions MJ008 
= MJ005, MJ005 = MJ027, MJ027 = MJ003, and the overall
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A. Values of fv for isochemical 
behaviour.

SiOo
Ti02
AloOo
Fe203
Mn0
MgO
CaO
Na?0
K20
p2°5
SrBa
Fb
U
Th
ZrNb
Y 
Ni
V

B. Constant volume (fv =lJ

008=005 005=027 027=0030.994 0.998 0.996
1.000 0.984 1.0300.993 0.994 0.999
1.022 0.965 1.048
1.000 1.000 0.797
1.097 0.903 1.037
1.026 0.996 0.9120.921 1.204 0.866
0.992 1.003 1.038
1.200 0.926 1.035
1.083 0.967 0.9851.079 0.751 1.297
1.0 10 1.228 0.972
0.992 1.198 0.895
1.111 0.863 1.173
0.970 1.10 0 0.892
1.000 1.000 0.996
1.000 1.080 0.804
1.000 0.857 1.162
0.963 0.942 1.071

C. Inmbbile Zr
008=005 005=027 027=003 008=003 008=005 005=027 027=003 008=003

SiOo +0.59 +0.16 +0.43 +1.19 -2.43 +10.18 -10.74 -3.87
T i0 2 0.00 +1.64 -2.87 -1.28 -3.00 +11.80 -13.68 -6.22
ai2o3 +0.74 +0.57 +0.08 +1.39 -2.28 +10.62 -11.05 -3.68
Fe2°3 -2.15 +3.67 -4.61 -3.24 -5.09 +14.03 -15.22 -8.08MnO 0.00 0.00 +25.45 +25.45 -3.00 +10.00 +11.50 +19.18
MgO -8.82 +10.75 -3.53 -2.59 -11.56 +21.83 -14.26 -7.46
CaO -2.53 +0.37 +9.62 +7.25 -5.45 +10.41 -2.57 +1.89Na90 +8.53 -16.92 +15.44 +4.09 +5.28 -8.62 +2.60 -1 .1 2
k2o +0.80 -0.32 -3.65 -3.19 -2.22 +9.65 -14.37 -8.03
p2°5 -16.67 +7.41 -3.35 -13.02 -19.17 +18.80 -14.10 -17.37
Sr -7.64 +3.37 +1.56 -2.94 -10.41 +13.83 -9.74 -7.79
Ba -7.34 +33.18 -22.87 -4.82 -10 .12 +46.50 -31.45 -9.58Kb -1.0 2 -18.56 +2.90 -17.05 -3.99 -10.41 -8.54 -21.19
U +0.79 -16.54 +11.73 -6.01 -2.23 -8.19 -0.70 -10.71
Hi -10.00 +15.87 -14.76 -1 1 . 1 1 -12.70 +27.46 -24.24 -15.55Zr +3.13 -10.00 +12.07 +5.07 - - - -
Nb 0.00 0.00 +0.36 +0.36 -3.00 +10.00 -10.80 -4.65
Y 0.00 -7.41 +24.45 +15.23 -3.00 +1.85 +10.61 +9.47Ni 0.00 +16.67 -13.97 +0.36 -3.00 +28.33 -23.54 -4.65
V +3.85 +6.17 -6.64 +2.94 +0.73 +16.79 -17.02 -2 .2 1

Table 10.5; Computations of likely volume change and mass transfer during
progressive deformation.



reaction MJ008 = MJ003. The results are also listed in 
Table 10.5 (B and C). Composition - volume variation 
diagrams can be plotted on the basis of the data, and 
these are shown in Fig. 10.3.

Figure 10.3; Diagram of element abundance variations 
during deformation from MJ008 to MJ003.

The elements define a broad band passing through the 
origin at about 45°. Thus, if the assumption of constant 
volume is correct, the reaction must have been 
essentially isochemical. At volume factors appropriate 
to Zr immobility, compositional changes are also 
generally less than +/- 15%. These features confirm the 
essentially minor and non-systematic changes in rock 
chemistry during deformation, and since no obvious 
correlations with progressive deformation exist, these 
may themselves be due to other factors.

Finally, in this section on whole-rock chemistry it 
might be instructive to consider the most deformed 
sample in the suite, MJ009. This shows an intense 
planar foliation and if any open system chemical changes 
occurred during deformation they should be evident in 
this rock. The problem of what to compare it with is 
tackled by using a chondrite-normalised trace element 
plot and showing also the field of analyses produced by



fractional crystallisation (Fig. 10.4). There is no 
feature of the geochemistry of sample MJ009 which cannot 
be explained by the fractional crystallisation model.

Figure 10.4: Chondrite normalised incompatible element 
plot of highly-foliated sample MJ009 and the field of 

leucocratic syenite analyses.
(MJ009= dashed line).

Apparently all that progressive deformation has done 
at Glen Dessarry is to re-equilibrate the mineralogical 
texture, causing little change in mineral chemistry, and 
therefore leaving whole-rock geochemistry essentially 
inert. The unavoidable conclusion seems to be that 
deformation at Glen Dessarry operated in an essentially 
isovolumetric and isochemical fashion on the scale of a
whole-rock sample.



CHAPTER ELEVEN

MICROSCOPIC MOBILITY OF INCOMPATIBLE ELEMENTS
Although the evidence cited above does not require a 

total lack of element redistribution, it does constrain 
such effects in three ways:
i) To be on a scale smaller than that of a standard 
whole-rock sample (1 - 2  kg), and/or
ii) To be of a small enough magnitude to remain 
undetected during modelling of the extensive chemical 
changes resulting from crystal fractionation, and/or
iii) To follow a trend identical to that produced by 
such fractionation.

It is the purpose of the present chapter to make a 
detailed investigation of the extent to which the 
microscopic distribution of some key incompatible 
elements (including U) has been modified during the 
history of the rocks. It is based on the early 
fission-track study (Fowler, 1981) which demonstrated 
several styles of U mobility and raised the possibility 
that these were of metamorphic origin, contemporaneous 
with what was then thought to be post-igneous hydration 
of the syenites. The causes and mechanisms of such 
elemental remobilisation can now be considered and 
constrained in the light of the more detailed knowledge 
of the magmatic and metamorphic/ deformational processes 
outlined above.

The determination of the microscopic distribution of 
trace elements within the mineralogical framework of a 
given rock sample is no trivial task, but greatly 
facilitates any discussion of element mobility. However, 
the techniques available are generally both specialised 
and time-consuming (Burnett and Woolum, 1983), and the 
range of suitable elements is further limited by the 
facilities accessible to the author. Three are employed 
here: fission-track analysis; electron probe
microanalysis and ion-probe microanalysis; (see the 
appendix for brief procedural details). A combination 
of these methods allows useful information to be



gathered on several key elements of those with which 
this thesis is concerned; for example, U, Th, selected 
REEs and Zr.

It has been shown above, on the basis of whole-rock 
data, that the abundance and distribution of many of the 
HFSEs and some of the LILEs (including U) are strongly 
influenced by the minor mineral phases sphene, zircon, 
zirconolite, allanite and apatite, particularly in the 
later stages of consolidation. Particle-track work has 
confirmed that these five mineral phases contain the 
major part (estimated at more than 95%) of the 
whole-rock U budget; with that attributable to 
rock-forming minerals or grain-boundary adsorption 
almost negligible by comparison (Fowler, 1981). This is 
in stark contrast to many other igneous rocks (generally 
granites), where a substantial fraction of the 
whole-rock U is resident in readily-leachable sites on 
grain boundaries or in crystal defects (e.g., Tieh and 
Ledger, 1981). However, detailed mineralogical studies, 
notably by Gromet and Silver (1983), have also drawn 
attention to the influence of minor phases such as 
sphene and allanite in controlling the behaviour of the 
lanthanide rare-earth elements, for example, in granitic 
(s.l.) systems. Because of their obvious importance to 
the geochemistry of U at Glen Dessarry, the following 
paragraphs record more detailed descriptions of each of 
the accessory minerals; their abundance, distribution, 
content of U and selected other elements and their 
individual responses to and relationships with the 
processes of deformation. In particular, any 
interaction with fluids present during the late-magmatic 
or sub-solidus history of the rocks is highlighted.

It should be stated at the outset that the 
distribution of U is complex, and there are apparent 
anomalies and exceptions to the simple scheme devised 
below. Nevertheless, it is believed to offer the best 
explanation for the majority of the features observed 
and is essentially in accord with the constraints 
imposed by the whole-rock chemistry.



11.1 Sphene
Sphene occurs throughout the range of magmatic rocks 

at Glen Dessarry, from cumulate samples GD48 and GD49 
through mafic and leucocratic syenites to the
filter-pressed pegmatites, though its modal abundance is 
greatest in the mafic and leucocratic syenites. The
lack of ilmenite in the syenites (Richardson, 1968) 
suggests that sphene might be the major influence on 
TiC>2 abundance during magmatic differentiation. This is 
consistent with the whole-rock geochemistry above which 
records progressively falling Ti02 with increasing 
silica percentage. Its presence in the cumulates 
confirms that it was a liquidus phase during 
fractionation in the low-level magma chamber and 
variations in its abundance due to in-situ processes are 
reflected in the array of whole-rock, chondrite- 
normalised REE diagrams (Fig. 9.7). Crystallisation of 
the two pulses of syenite melt at the higher level, gave 
rise to euhedral sphene grains with U distributions such 
as those illustrated in Plate 11.1a and b. These have 
been selected from leucocratic rocks which retain 
original igneous textures, so that the distribution of U 
may be considered to be relatively unmodified by 
secondary processes. Sphenes may be empirically divided 
into two populations; those in which U is homogeneously 
distributed throughout the crystal, and a small 
proportion in which it is regularly zoned-generally with 
increasing U abundance towards the perimeter, but 
sometimes with the opposite trend (especially in the 
mafic syenites). This is somewhat paradoxical, since 
the magmatic trend during the in-situ crystallisation of 
the syenite has been shown to be towards lower U 
concentrations, at least during the later stages 
represented by the filter-pressed pegmatites. One 
possible explanation is the progressive increase in 
mineral/melt partition coefficients of highly-charged 
elements related to the silica saturation of the melt 
(for example, compare the data given by Arth and Hanson, 
1975 with that of Mahood and Hildreth, 1983; Sawka et
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al., 1984). However, it is doubtful whether the 
relatively small silica variations at Glen Dessarry 
could be responsible for such a drastic effect. A  more 
likely possibility is that those sphene crystals zoned 
towards higher U concentration date from a period when U 
concentration in the melt was also increasing, perhaps 
during fractionation of early, mafic phases.

Ion-probe microanalysis (SIMS) has been used to 
investigate the extent to which other elements (e.g., 
LREEs and Th) behave in a similar manner. Quantification 
at such low levels is difficult, but semi-quantitative 
results may be obtained using the procedure detailed in 
the appendix. Unfortunately, HREE abundance 
determination is rendered impossible at present by the 
interferences of complex molecular ions, although 
extensive developmental work may partly overcome these 
difficulties in the future (Metson et a l . , 1984).

Figure 11.1: Semi-quantitative chondrite normalised
LREE plots for magmatic s p h e n e .



Only one "magmatic" sphene crystal could be 
investigated in the time available, and is shown in 
Plate 11.1a, from leucocratic syenite sample IGS42778, 
with the corresponding fission-track overlay clearly 
showing the zonation towards higher U abundance. Fig.
11.1 shows semi-quantitative, chondrite-normalised LREE 
plots for a traverse from the centre of the crystal to 
the edge. The data are available in the appendix. There 
is a clear, consistent trend towards lower LREE (and Th) 
abundances at the edge of the crystal, the reverse of 
the recorded U zonation, but precisely similar to that 
recognised by Sawka et al. (1984). There are several 
possible explanations. It might be supposed that the 
falling REEs in sphene are due to local, kinetically- 
induced depletion at the interface between growing 
crystal and melt. However, the time required for 
diffusive transport over millimetres in the melt is 
probably rapid compared to the growth rate of the 
mineral (Gromet and Silver, 1983). Further, U diffusion 
rates are probably of a similar order of magnitude and 
these were evidently large enough to allow increasing 
concentration with growth. Alternatively, Sawka et al. 
(1984) attributed falling REEs to rising F in the melt 
increasing the available coordination sites for 
highly-charged cations and thus reducing the 
mineral-melt partition coefficients. The decoupling of U 
and REE again argues against this, although it remains 
a possibility. Lastly, but in the author's opinion most 
likely, LREE abundance in the melt may have begun to 
fall while the U content was still increasing, probably 
due to the particular combination of crystallising 
phases and their relative partition coefficients.

A  second and quite distinct habit shown by sphene has 
not yet been described - reaction rims around Fe-Ti 
oxides. A good example is illustrated in Plate 11.1c, 
and the corresponding fission-track overlays demonstrate 
that such secondary sphene is detectably uraniferous. 
Since this does not apply to either of the parent 
minerals, the required U must have been introduced from



an outside source. Since solid state diffusion rates are 
prohibitively low, the presence of a fluid phase may be 
inferred. These secondary phenomena, though not rare 
w ithin the syenites (both mafic and leucocratic) are 
rather variable and localised in their occurrence. They 
nevertheless provide clear petrographic evidence of the 
circulation within the syenites of a fluid capable of 
transporting U and other incompatible elements.

Sphene behaves in a characteristic manner towards 
progressive deformation and the development of a 
penetrative fabric within the rocks. Stages in the 
transformation of large euhedral crystals to elliptical, 
finer-grained sphene concordant with the newly-formed 
planar fabric can be seen in Plate 10.1, and a good 
example of the recrystallised end product and its 
corresponding fission-track overlay in Plate 11.Id. The 
internal distribution of U is no longer either 
homogeneous or regularly zoned; it has become grossly 
heterogeneous and the conclusion that internal U 
mobility has occurred with or without addition of U from 
an intergranular fluid is unavoidable. Thus the 
microchemistry of sphene also records evidence of local 
mobility of U in direct response to the processes of 
deformation.

The extent to which other elements are affected 
can again be investigated by use of the ion-probe. The 
distribution of LREEs and Th (and U) has been 
investigated in one sphene crystal (from sample IGS45662 
- Plate 11.Id). The resultant semi-quantitative LREE 
chondrite-normalised patterns are also shown in Fig.
11.2. Th values are noted in the appendix and show an 
antipathetic relationship with U. The LREE values of 
the high-U zone are considerably lower than for the body 
of the sphene crystal. Since this is similar to the 
previously determined magmatic trend, it is difficult to 
be certain whether it is a relict magmatic feature, or 
caused by an antipathetic loss of LREE during U 
enrichment. However, the facts that at no other place 
around the perimeter of the crystal did analyses
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Figure 11.2; Semi-quantitative chondrite normalised LREE
plots for deformed sphene.

approach these very low values, and that the shape of 
the pattern is different from the otherwise consistent 
magmatic patterns, perhaps lend support to the second 
alternative, and suggest that LREE may have been lost 
from the micro-system (see also apatite data below).

In summary, three separate aspects of trace element 
distribution in sphene may be recognised:
i) Primary solid-solution with homogeneous or regularly 
zoned distribution.
ii) Secondary, uraniferous sphene recording fluid 
circulation within the rocks.
iii) Intragranular U redistribution as a result of 
deformation and recrystallisation of primary sphene.
It is perhaps appropriate to note that the U-Pb isotopic 
age determination on a sphene separate by van Breemen et 
al. (1979) records an age about 20Ma younger than that 
of zircon, and that these authors suggest that this 
might be due to post-igneous recrystallisation.



11.2 Allanite
Allanite is also ubiquitous throughout the 

Glen Dessarry rocks, from cumulates through mafic and 
leucocratic syenites to the pegmatites. Its abundance 
is least in the cumulates, in which it is equivocal 
whether the allanite is primary or secondary. Its 
substantial influence has already been recorded in the 
section on whole-rock geochemistry, particularly with 
respect to petrogenetic aspects since the incorporation 
of large amounts of LREEs is possible, through coupled 
substitution with A l 3+ and F e 3+ (Ribbe, 1980). Its 
distribution and habit show many similarities with those 
of sphene. Plate 11.le and f show examples of euhedral 
allanite crystals which are considered to have 
crystallised directly from the melt. The even dispersion 
of U clearly indicates solid solution within the lattice 
structure, probably in the REE site. Gromet and Silver 
(1983) suggest a charge-balancing substitution for Th 
(also U ? ) as follows:

C a 2+ + T h 4+ = 2REE3+
Zoning towards higher U concentrations at the periphery 
is not uncommon, as for sphene, but in many cases high-U 
allanite has the appearance of an overgrowth on a low-U 
core (c.f., Sawka et al., 1984).

The results of electron-probe microanalysis for LREE 
on euhedral crystals from mafic and leucocratic syenites 
are plotted as chondrite-normalised LREE patterns in 
Fig. 11.3, and show extreme LREE/HREE fractionation. 
However, like sphene, allanite also exists throughout 
the syenite variants (except perhaps, the pegmatites), 
in a form which suggests it had a secondary origin as 
reaction rims to various minerals, but most often around 
apatite where juxtaposed against biotite. An example of 
this mode of occurrence is illustrated in Plate 11.lg. 
Electron-probe microanalytical data from secondary 
allanites are illustrated as chondrite-normalised LREE 
plots also in Fig. 11.3, and show a relatively LREE-poor 
and less-fractionated trend compared to their primary 
analogues. This calls to mind the magmatic evolution



Figure 11.3; Chondrite normalised LREE plots for 
primary, secondary and pegmatitic allanite.

towards lower, less-fractionated REEs in the residual 
pegmatitic melts. Indeed, it is often the case that the 
most extensive development of secondary allanite is 
within samples collected adjacent to the nebulous 
filter-pressed pegmatite bodies (as shown in Plate 
11 . lg, from sample MJ016 which contains the junction of 
mafic syenite and a pegmatite), and there is no obvious 
relationship of its distribution with deformation. Thus 
the possibility of a genetic link between secondary REE- 
and U-bearing minerals and pegmatite production (see 
Fowler, 1981) has been raised both on petrographic and 
microchemical grounds. It would be strengthened by the 
demonstration of the equivalence of secondary allanite 
within the syenites with that crystallised directly in 
the pegmatites. Therefore, euhedral allanite from one of 
the pegmatites (GD35) has been analysed for comparison 
(illustrated in Plate 11.lh). Chondrite-normalised LREE



plots are presented in Fig. 11.3, and clearly show a 
close comparability with the analysed secondary 
allanites. Both are much less fractionated than the 
primary variety (La/Ndcn about 3 to 5 for pegmatitic 
allanite, 1 to 4 for secondary allanite, and 10 to 20 
for primary allanite). This lends considerable support 
to the notion that secondary allanite was itself 
precipitated by pegmatitic fluids pervading the already 
established mineral framework, during a late stage of 
magmatic evolution.

11.3 Apatite
Apatite has a similarly widespread distribution to 

sphene, occurring as obviously primary crystals in both 
cumulate samples, the mafic and leucocratic syenites and 
to a lesser extent in the pegmatites. As the only 
phosphate present in most rocks of the Complex (although 
monazite has been found in vein/xenolith reaction 
products), it exerts a controlling influence on the 
abundance and distribution of P. The multi-element, 
chondrite- normalised plots (Fig. 9.12), and P 2 ° 5  Harker 
diagram (Fig. 9.3) clearly show a progressive depletion 
of P with evolution which can be directly attributed to 
apatite fractionation. Plate 11.2a, b and c show the 
typical habit of apatite within relatively undeformed 
syenites, together with the associated fission-track 
overlays. U is homogeneously distributed through the 
apatite crystals, sometimes showing zoning towards lower 
values at the rims. In contrast to both sphene and 
allanite, apatite is nowhere found showing obvious 
secondary textural relationships. Nevertheless, several 
examples of U distributions which might be attributable 
to reactions during deformation are illustrated in Plate 
11.2a and b. These show a cluster of sphene, apatite, 
allanite and biotite. The apatite above the allanite is 
clearly composed of several sub-grains. That below the 
biotite has a single internal grain boundary traversing 
NE to SW. All these internal grain boundaries 
correspond to areas of anomalously low fission-track
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d e n s i t y  o n  t h e  a s s o c ia t e d  L e x a n  o v e r la y ,  and  a r e  n o t  

m a tc h e d  b y  c o r r e s p o n d in g  a r e a s  o f  lo w  t r a c k  d e n s i t y  a t  

t h e  e x t e r n a l  c o n t a c t s  w i t h  o t h e r  m in e r a ls  ( a l k a l i  

f e l d s p a r ,  b i o t i t e ,  s p h e n e  a n d  a l l a n i t e ) .  T h is  r e n d e r s  

t h e  p o s s i b i l i t y  t h a t  th e y  a r e  r e l a t e d  t o  z o n in g  d u r in g  

i n - s i t u  c r y s t a l l i s a t i o n  u n l i k e l y ,  b a r r i n g  f o r t u i t o u s  

g r o w th  d i r e c t i o n s  s u c h  t h a t  t h e  l a s t  a re a s  t o  

c r y s t a l l i s e  w e re  o n ly  th o s e  now  t r a v e r s e d  b y  i n t e r n a l  

g r a i n  b o u n d a r ie s .  The p r e f e r r e d  e x p la n a t io n  ( F o w le r ,  

1 9 8 1 )  i s  t h a t  t h e y  r e p r e s e n t  a r e a s  w i t h i n  t h e  a p a t i t e  

c r y s t a l s  w h ic h  u n d e rw e n t  l o c a l  U - lo s s  t o  an  

i n t e r g r a n u l a r  f l u i d  p h a s e ,  d u r in g  i n c i p i e n t  d e f o r m a t io n ,  

s in c e  t h e  lo w e rm o s t  g r a i n  b o u n d a ry  a t  l e a s t  h a s  t h e  

a p p e a ra n c e  o f  a f r a c t u r e  a c r o s s  a o n c e  i n t a c t  s i n g l e  

c r y s t a l .  I n t e r e s t i n g l y ,  a l l a n i t e  c l e a r l y  p o s t d a t e s  th e  

f o r m a t io n  o f  th e  u p p e r  g r a i n  b o u n d a r ie s  ( s in c e  i t  

a p p e a rs  t o  h a v e  g ro w n  a lo n g  t h e m ) , a n d  a s s u m in g  t h a t  a l l  

t h e  i n t e r n a l  g r a i n  b o u n d a r ie s  a r e  c o e v a l ,  t h i s  p la c e s  an 

im p o r t a n t  c o n s t r a i n t  on th e  te m p o r a l  r e l a t i o n s h i p  

b e tw e e n  i n c i p i e n t  d e f o r m a t io n  a n d  th e  c i r c u l a t i o n  o f  th e  

REE- a n d  U - b e a r in g  p e g m a t i t i c  f l u i d s  p r o b a b ly  

r e s p o n s ib le  f o r  s e c o n d a ry  a l l a n i t e  g r o w th .  I t  i s  n o t  

im p o s s ib le  t h a t  t h i s  f l u i d  w as a ls o  r e s p o n s ib le  f o r  U 

le a c h in g  f r o m  th e  a p a t i t e  l a t t i c e ,  a n d  i f  so  i t s  

c o m p o s i t io n  m u s t h a v e  b e e n  s u c h  t h a t  t h e  r e s u l t a n t  

c h e m ic a l  p o t e n t i a l  g r a d ie n t  e n c o u ra g e d  U d i f f u s i o n  o u t  

o f  th e  a p a t i t e  l a t t i c e  f ra m e w o rk .  M any o t h e r  e x a m p le s  

o f  f a l l i n g  U a b u n d a n c e  i n  a p a t i t e  ( e . g . ,  P la t e  1 1 .2 d )  

show  s u c h  r e l a t i o n s h i p s  w i t h  t h e  d e v e lo p m e n t  o f  th e  

s e c o n d a r y  f a b r i c  as  t o  a rg u e  a g a in s t  a m a g m a tic  z o n a t io n  

c a u s e .  T h u s ,  c o n s id e r a t i o n  o f  t h e  d e t a i l e d  d i s t r i b u t i o n  

o f  U i n  a p a t i t e  h a s  r e v e a le d  a f u r t h e r  re s p o n s e  t o  th e  

p r e s e n c e  o f  f l u i d s  w i t h i n  t h e  C o m p le x , n a m e ly  th e  

s o l u t i o n  o f  U w i t h o u t  th e  n e c e s s i t y  f o r  m in e r a l  

b r e a k d o w n .

LREE a n d  T h  h a v e  a g a in  b e e n  i n v e s t i g a t e d  b y  u s e  o f  th e  

i o n - p r o b e .  T he  s tu d y  was c o n c e n t r a t e d  on a p a t i t e  i n  th e  

v i c i n i t y  o f  t h e  i n t e r n a l  g r a i n  b o u n d a r ie s  d is c u s s e d  

a b o v e .  T h e  r e s u l t s  a re  p r e s e n te d  i n  T a b le  1 1 . 1 ,  and



"Normal" apatite______ "Low-U" area

L a 2 .7 8 3 .1 2 3 .1 4 4 .4 9 0 .4 4 0 .5 2 0 .8 2
Ce 3 .8 8 4 .4 9 5 .3 3 5 .4 7 0 .6 6 0 .7 7 1 .1 9
P r 0 .6 7 0 .7 7 1 .1 8 0 .9 9 0 .1 8 0 .1 7 0 .2 6
N d * 1 .0 1 1 .0 5 1 .3 5 1 .1 9 0 .6 7 0 .7 4 0 .7 3
Sm 0 .2 8 0 .3 1 0 .3 6 0 .2 9 0 .1 8 0 .2 1 0 .2 0
E u * 1 .9 9 2 .0 1 1 .9 2 2 .0 3 1 .7 5 1 .7 1 1 .8 0
Th 0 .1 7 0 .1 2 0 .3 4 0 .1 9 0.001 - 0 .0 1
U 0 .0 3 0 .0 7 0 .0 6 0 .0 9 0 .0 1 0 .0 2 0 .0 1

*  i n t e r f e r e n c e s  b y c o m p le x m o le c u la r io n s .

T a b le 1 1 . 1 : SIMS :r e l a t i v e c o u n t  r a t e s  f o r " n o r m a l" a n d

" lo w - U "  a p a t i t e .

c l e a r l y  Th i s  a l s o  l o s t ,  i f  a n y t h in g  t o  a g r e a t e r  

d e g r e e .  S i m i l a r l y ,  t h e  a b u n d a n c e  o f  th e  LREEs 

e s p e c i a l l y  L a  a n d  C e , d r o p s  d r a m a t i c a l l y  i n  s y m p a th y  

w i t h  t h e  U c o u n t .  T h is  i s  a n o th e r  e x a m p le  o f

m u l t i - e l e m e n t  m o b i l i s a t i o n  and  s e l e c t i v e  le a c h in g  b y  an  

a c t i v e  i n t e r g r a n u l a r  f l u i d  a f t e r  a t  l e a s t  p a r t i a l  

c o n s o l i d a t i o n  o f  th e  magma.

1 1 .4  Z i r c o n iu m - r i c h  p h a s e s

Z i r c o n  i s  a v e r y  common p h a s e  i n  th e  G le n  D e s s a r r y  

C o m p le x  a n d  d e s p i t e  i t s  lo w  m o d a l a b u n d a n c e  r e l a t i v e  t o  

s p h e n e , a l l a n i t e  a n d  a p a t i t e ,  i t s  r a t h e r  h ig h e r  U 

c o n t e n t  ( c .  500  ppm ; v a n  B re e m e n  e t  a l . , 1 9 7 9 )  i n d i c a t e s  

i t s  im p o r ta n c e  t o  t h e  o v e r a l l  U b u d g e t .  P la t e  1 1 . 2e

i l l u s t r a t e s  i t s  t y p i c a l  h a b i t  and  t h e  a s s o c ia t e d  L e x a n  

p l a s t i c  o v e r la y s  d e m o n s t r a te  th e  h ig h  U a b u n d a n c e . V an  

B re e m e n  e t  a l .  (1 9 7 9 )  c o n s id e r ,  o n  th e  b a s is  o f  t h e  

o p t i c a l  z o n a t io n  a n d  f r e q u e n t  s o l u t i o n  e m b a ym e n ts , t h a t  

z i r c o n  c r y s t a l s  now  p r e s e n t  i n  t h e  s y e n i t e  a r e  th e  

re m n a n ts  o f  p a r t i a l l y - d i s s o l v e d  ig n e o u s  z i r c o n s .  I t  i s  

q u i t e  l i k e l y  t h a t  c r y s t a l  r e s o r p t i o n  o c c u r r e d  as a 

r e s u l t  o f  i n c r e a s in g  m e l t  a l k a l i n i t y .  T h e re  i s  no  

e v id e n c e  f r o m  th e  l e u c o c r a t i c  s y e n i t e  o r  m a f ic  s y e n i t e  

f o r  an  i n h e r i t e d  z i r c o n  s u i t e  ( c . f . ,  P id g e o n  a n d  

A f t a l i o n ,  1 9 7 8 ) .  S in c e  i t s  o r i g i n a l  g r a i n  s iz e  i s  s o  

s m a l l ,  z i r c o n  i s  r e s i s t a n t  t o  th e  e f f e c t s  o f  p r o g r e s s iv e  

d e f o r m a t io n ,  a n d  n o  f e a t u r e s  c o m p a t ib le  w i t h  s e c o n d a r y  

m o b i l i s a t i o n  h a v e  b e e n  o b s e r v e d .



Z i r c o n o l i t e  i s  fo u n d  m o s t f r e q u e n t l y  as m ic r o s c o p ic  

i n c lu s io n s  i n  h y p e r s o lv u s  a l k a l i - f e l d s p a r  p h e n o c r y s ts ,  

a s s o c ia t e d  w i t h  in t e n s e  f i s s i o n - t r a c k  " s t a r s "  ( P la t e  

1 1 . 2 f ) .  Q u a n t i t a t i v e  e le c t r o n - p r o b e  a n a ly s e s  h a v e  b e e n  

g iv e n  a b o v e  ( C h a p te r  e i g h t ,  T a b le  8 . 4 )  s h o w in g  a U 

c o n t e n t  o f  c .  2 .5%  b y  w e ig h t  UO2 . REEs a r e  a l s o  h ig h  

( t o t a l  a p p r o x im a t e ly  7%) a n d  up t o  8 .5%  TI1O2 i s  

p r e s e n t .  An a v e ra g e  c h o n d r i t e - n o r m a l i s e d  p l o t  i s  show n 

i n  F ig .  1 1 . 4 ,  r e c o r d in g  a m o d e ra te  LREE e n r ic h m e n t  a n d  

s m a l l  p o s i t i v e  Ce a n o m a ly .  D e s p i te  i t s  v e r y  lo w  m o d a l 

a b u n d a n c e , z i r c o n o l i t e  i s  im p o r t a n t  t o  th e  r a d io e le m e n t  

a n d  REE c o m p le m e n t o f  t h e  s y e n i t e .  I t  i s  i n e v i t a b l y  

a f f e c t e d  d u r in g  t h e  common f e ld s p a r  e x s o l u t i o n  

p r o c e s s e s ,  b u t  t h e r e  i s  n o  o b v io u s  c h a n g e  i n  a b u n d a n c e . 

I t s  s m a l l  g r a i n  s i z e  r e n d e r s  z i r c o n o l i t e  r e l a t i v e l y  

i n e r t  t o  t h e  p r o c e s s e s  o f  d e f o r m a t io n .

F ig u r e  1 1 . 4 ;  C h o n d r i t e  n o r m a l is e d  REE p l o t  f o r

z i r c o n o l i t e .



T h e r e f o r e ,  t h r o u g h  a c o n s id e r a t i o n  o f  t h e  m ic r o s c o p ic  

d i s t r i b u t i o n  o f  U as r e v e a le d  b y  f i s s i o n - t r a c k  

r a d io g r a p h y  a n d  f o l l o w - u p  a n a ly s e s  o f  o t h e r  c r i t i c a l  

e le m e n ts  s u c h  a s  Th and  th e  REEs, m uch u s e f u l  

i n f o r m a t io n  h a s  b e e n  g a th e r e d  on  th e  e x t e n t  o f  t h e i r  

m o b i l i t y  w i t h i n  t h e  m in e r a lo g ic a l  f ra m e w o rk  o f  th e  r o c k  

w h ic h  was n o t  a p p a r e n t  b y  c o n s id e r a t i o n  o f  w h o le - r o c k  

d a ta  a lo n e .  T h e re  i s  a b u n d a n t  e v id e n c e  f o r  th e  

c i r c u l a t i o n  o f  a f l u i d  w i t h i n  t h e  r o c k s ,  g i v i n g  r i s e  t o  

s e c o n d a r y  a l l a n i t e  and  s p h e n e , a n d  c a u s in g  e le m e n t  

r e m o v a l f r o m  a p a t i t e .  T h is  p h a s e  h a s  b e e n  r e l a t e d  on 

t e x t u r a l  a n d  m in e r a l - c h e m ic a l  g ro u n d s  t o  th e  

f i l t e r - p r e s s e d  p e g m a t i te  b o d ie s .  R e c a l l i n g  f o r  a m om ent 

t h e  w h o le - r o c k  REE d a t a ,  i t  was sho w n  t h a t  t h e  REE 

p a t t e r n s  o f  t h e  p e g m a t i te s  c o u ld  b e  r e l a t e d  t o  th e  

c o m p o s i t io n  o f  t h e i r  h o s t  s y e n i t e s  b y  q u a n t i t a t i v e  

r e m o v a l o f  a l l a n i t e  and  s p h e n e . I t  seem s r e a s o n a b le  t o  

c o n n e c t  t h e  tw o  o b s e r v a t io n s  a n d  p r o p o s e  t h a t  th e  

s e c o n d a ry  m in e r a l  p h a s e s  ( " o f t e n . . .m o s t  e x t e n s i v e . . .  

a d ja c e n t  t o  n e b u lo u s ,  f i l t e r - p r e s s e d  p e g m a t i t e  b o d ie s "  -  

a b o v e )  p r e c i p i t a t e d  f ro m  p e g m a t i t i c  f l u i d s  p r e s e n t  

d u r in g  t h e  f i n a l  p h a s e s  o f  c o n s o l i d a t i o n  o f  th e  magma. 

S u ch  a p r o c e s s  p r o b a b ly  o p e r a te d  i n  a m a n n e r s i m i l a r  t o  

a m o d i f ie d  v e r s io n  o f  " z o n e - r e f i n i n g " ,  s u c h  t h a t  th e  

s m a l l  a m o u n ts  o f  s e c o n d a ry  p h a s e s  p r e c i p i t a t e d  i n  a n y  

g iv e n  w h o le - r o c k  s a m p le  c a u s e d  n o  s u b s t a n t i a l  e l e v a t i o n  

o f  t h o  a l r e a d y  v e r y  h ig h  REE c o n t e n t  ( f o r  e x a m p le ) ,  b u t  

c o n t r i b u t e d  t o  t h e  p r o g r e s s iv e  e v o l u t i o n  o f  th e  

R E E - d e p le te d  c h e m is t r y  o f  t h e  f l u i d  i t s e l f ,  w h ic h  

f i n a l l y  c r y s t a l l i s e d  as t h e  e x p o s e d  p e g m a t i t e  b o d ie s .

Two f e a t u r e s  m ay b e  d i r e c t l y  r e l a t e d  t o  d e f o r m a t io n :  

t h e  f o r m a t io n  o f  h ig h - U  z o n e s  i n  s p h e n e , p e rh a p s  

a s s o c ia t e d  w i t h  LREE a n d  Th l o s s ,  a n d  U -L R E E -T h  re m o v a l 

f ro m  some a p a t i t e  g r a in s .  C o n s id e r in g  t h e  p r o fo u n d  

e f f e c t s  o f  d e f o r m a t io n  on  th e  m in e r a lo g i c a l  f ra m e w o rk  o f  

t h e  s y e n i t e s ,  t h e s e  may be  s e e n  as  r a t h e r  m in o r  

p e r t u r b a t i o n s  i n  w h a t i s  e s s e n t i a l l y  an  is o c h e m ic a l  

p r o c e s s .



CHAPTER TWELVE

CONCLUSIONS TO GLEN DESSARRY

T h e  f o l l o w i n g  c o n c lu s io n s  may b e  d e r iv e d  f ro m  th e  

s t u d y  o f  th e  G le n  D e s s a r r y  s y e n i t e :

i )  S y s te m a t ic  v a r i a t i o n s  i n  w h o le - r o c k  g e o c h e m is t r y  d o  

e x i s t  w i t h i n  th e  e x p o s e d  s y e n i t e s  ( c . f . ,  R ic h a r d s o n ,  

1968).
i i )  M o s t m a jo r -  a n d  t r a c e - e le m e n t  w h o le - r o c k  a b u n d a n c e  

v a r i a t i o n s  c a n  b e  e x p la in e d  b y  r e f e r e n c e  t o  m a g m a tic  

p r o c e s s e s  i n v o l v i n g  c r y s t a l - l i q u i d  e q u i l i b r i a .

i i i )  T he  p a r e n t a l  c o m p o s i t io n s  o f  th e  m a f ic  a n d  

l e u c o c r a t i c  s y e n i t e  magma p u ls e s  e v o lv e d  i n  a l o w - l e v e l  

magma c h a m b e r b y  e a r l y  s e p a r a t io n  o f  o l i v i n e  a n d  

p y r o x e n e ,  t o  b e  d o m in a te d  l a t e r  b y  c l in o p y r o x e n e ,  

b i o t i t e ,  s p h e n e , a p a t i t e  a n d  a l i t t l e  f e ld s p a r .

i v )  A f t e r  e m p la c e m e n t t o  th e  p r e s e n t l y  e x p o s e d  l e v e l ,  

i n - s i t u  c r y s t a l - l i q u i d  s e p a r a t io n  c o n t in u e d  th e  a l r e a d y  

e s t a b l i s h e d  t r e n d ,  b u t  f e ld s p a r  becam e an i n c r e a s i n g l y  

im p o r t a n t  f r a c t i o n a t i n g  p h a s e ,  t o  b e  j o in e d  b y  a m p h ib o le  

i n  t h e  l a t e r  s ta g e s  o f  c r y s t a l l i s a t i o n .

v )  M in o r  a n d  a c c e s s o r y  m in e r a l  p h a s e s  e x e r c is e d  a 

s u b s t a n t i a l  i n f l u e n c e  on  t h e  d i s t r i b u t i o n  o f  m any 

" i n c o m p a t ib le "  e le m e n ts .

v i )  L o c a l  magma c o n t a m in a t io n  w i t h  M o in e  m e ta s e d im e n ts  

c a u s e d  l a r g e  p e r t u r b a t i o n s  i n  t h e  d i s t r i b u t i o n  o f  

s e le c t e d  t r a c e  e le m e n ts .

v i i )  M a g m a tic  r e a c t io n s  w i t h  ju x ta p o s e d  c o u n t r y  r o c k  

a ls o  s t r o n g l y  i n f l u e n c e d  t r a c e - e le m e n t  v a r i a t i o n s  w i t h i n  

t h e  C o m p le x .

v i i i )  A l l  t h e s e  a b o v e  c o n c lu s io n s  s e v e r e ly  c o n s t r a in  

t h e  e x t e n t  o f  " m e ta m o r p h ic "  e le m e n t  r e d i s t r i b u t i o n  

d u r in g  d e f o r m a t io n .

i x )  C lo s e  s t u d y  o f  s e le c t e d  s a m p le s  o f  p r o g r e s s i v e l y  

d e fo rm e d  l e u c o c r a t i c  s y e n i t e  c o n f i r m  t h a t  d e f o r m a t io n  

c a u s e d  l i t t l e  o p e n -s y s te m  e le m e n t  m ig r a t io n .

x )  T he  c h e m is t r y  o f  m o s t r o c k - f o r m in g  m in e r a l  p h a s e s  

re m a in e d  u n c h a n g e d  d u r in g  d e f o r m a t io n ,  a n d  f e ld s p a r  

e x s o l u t io n  w as an is o c h e m ic a l  p r o c e s s .



x i )  S e v e r a l  t y p e s  o f  m ic r o s c o p ic  m o b i l i t y  o f  

in c o m p a t ib le  e le m e n ts  h a v e  b e e n  d e t e c t e d  b y  m e th o d s  o f  

i n - s i t u  t r a c e - e le m e n t  a n a l y s i s ,  m o s t ly  r e l a t e d  t o  

l a t e - s t a g e  m a g m a tic  p r o c e s s e s .

x i i )  N e v e r t h e le s s ,  U c u lm in a t io n s  i n  s p h e n e , r e l a t e d  t o  

LREE a n d  T h d e p le t i o n ,  a r e  p r o b a b ly  t h e  r e s u l t  o f  

r e c r y s t a l l i s a t i o n  d u r in g  d e f o r m a t io n .  T h is  n e e d  n o t  

h a v e  in v o lv e d  e x t e n s iv e  o p e n -s y s te m  b e h a v io u r ,  a l t h o u g h  

i t  c a n n o t  b e  d e f i n i t i v e l y  r u le d  o u t .

x i i i )  A re a s  o f  e x t e n s iv e  U , LREE a n d  T h d e p le t i o n  i n  

a p a t i t e  o f t e n  show s u c h  a r e l a t i o n s h i p  w i t h  d e f o r m a t io n  

s t r u c t u r e s  as  t o  a rg u e  a g a in s t  a p u r e l y  m a g m a tic  

o r i g i n .  T h is  p r e s u m a b ly  in v o lv e d  a c o e x i s t i n g  

g r a in - b o u n d a r y  f l u i d  w h ic h  re m o v e d  th e s e  e le m e n ts  f ro m  

th e  l o c a l  l i t h o c h e m i c a l  s y s te m .



CHAPTER THIRTEEN

GENERAL DISCUSSION

D e t a i le d  g e o c h e m ic a l  s t u d ie s  o f  t h e  t y p e  a t te m p te d  

h e r e  c a n n o t  p o s s i b l y  b e  r e p r e s e n t a t i v e  o f  t h e  r a n g e  o f  

c o n d i t i o n s  a n d  e n v ir o n m e n ts  e n co m p a sse d  b y  h ig h - g r a d e  

m e ta m o rp h is m . T h e r e f o r e ,  s p e c i f i c  c o n c lu s io n s  d ra w n  

f ro m  t h i s  a p p ro a c h  a r e  n e c e s s a r i l y  r e s t r i c t e d  and 

r e q u i r e  c a r e f u l  t h o u g h t  b e f o r e  t h e y  c a n  b e  a p p l i e d  t o  

o t h e r  c r u s t a l  e n v ir o n m e n ts .  N e v e r t h e le s s ,  t h e  e x a m p le s  

d is c u s s e d  a b o v e  w e re  c h o s e n  f o r  t h e i r  c o n t r a s t i n g  

c h a r a c t e r i s t i c s  s o  t h a t  some t e n t a t i v e ,  b r o a d e r - r a n g in g  

c o n c lu s io n s  m ig h t  b e  p o s s i b l e .  I t  i s  t h e  p u r p o s e  o f  

t h i s  f i n a l  c h a p t e r  t o  s u m m a ris e  th e s e  and  th e  o t h e r  m a in  

c o n c lu s io n s  o f  t h e  w o rk ,  d is c u s s  th e m  b r i e f l y  i n  th e  

l i g h t  o f  p u b l i s h e d  d a ta  a n d  t o  h i g h l i g h t  a r e a s  i n  w h ic h  

f u r t h e r  w o rk  m ig h t  p r o v e  i n s t r u c t i v e .

T he  p u rp o s e  o f  t h e  s t u d y  was t o  d e r i v e  new i n f o r m a t io n  

-  h o w e v e r  l i t t l e  -  a b o u t  t h e  w a y s  i n  w h ic h  e le m e n ts  a re  

m o b i l i s e d  a n d  t r a n s p o r t e d  w i t h i n  t h e  l o c a l  

l i t h o g e o c h e m ic a l  s y s te m  d u r in g  m e ta m o rp h is m . The G le n  

D e s s a r r y  s y e n i t e  p r o v id e d  a r e l a t i v e l y  s m a l l ,  

w e l l - d e f i n e d  i n t r u s i o n  d e fo rm e d  d u r i n g  an 

a m p h i b o l i t e - f a c ie s  m e ta m o rp h ic  e v e n t ,  w h o se  e f f e c t  o n  U 

d i s t r i b u t i o n  c o u ld  t h e r e f o r e  b e  s t u d ie d .  A n  e a r l y  

i n v e s t i g a t i o n  o f  t h e  m i c r o d i s t r i b u t i o n  o f  U w i t h i n  th e  

m in e r a lo g ic a l  f ra m e w o rk  o f  t h e  l e u c o c r a t i c  s y e n i t e  

r e v e a le d  s e v e r a l  f e a t u r e s  o f  s e c o n d a r y  U ( a l s o  LREE and 

T h ) m o ve m e n t a n d  r a is e d  m u l t i p l e  p o s s i b i l i t i e s  f o r  t h e i r  

c a u s e  ( F o w le r ,  1 9 8 1 ) .  S u b s e q u e n t w o rk  r e p o r t e d  a b o v e  

c o n s i s t e n t l y  i n d i c a t e d  th e  d o m in a n c e  o f  m a g m a tic  

c o n t r o l s  o n  t h e  c h e m is t r y  o f  t h e  s a m p le  s u i t e ,  and  

s u g g e s te d  t h a t  a c o n v e n t io n a l  m a g m a tic ,  r a t h e r  th a n  

m e ta m o rp h ic  o r i g i n  f o r  a m p h ib o le  ( c . f . ,  R ic h a r d s o n ,  

1 9 6 8 ) s h o u ld  b e  c o n s id e r e d .  T h is  re m o v e d  th e  

r e q u i r e m e n t  f o r  a f l u i d  p h a s e  t o  e n t e r  t h e  s y e n i t e  a f t e r  

c o n s o l i d a t i o n ,  a n d  made i t  e a s ie r  t o  e x p la in  t h e  l a c k  o f  

c o r r e l a t i o n  b e tw e e n  th e  p r o p o r t i o n  o f  a m p h ib o le  r e l a t i v e  

t o  p y ro x e n e  a n d  t h e  s t a t e  o f  s t r a i n  i n  th e



C o m p le x . W h o le - r o c k  g e o c h e m ic a l  e v id e n c e  d e m o n s tr a te d  

t h a t  f i l t e r - p r e s s e d  p e g m a t i te s  g e n e r a te d  w i t h i n  th e  

m a f ic  s y e n i t e s  c o u ld  b e  c h e m ic a l ly  r e l a t e d  t o  th e m  b y  

r e m o v a l o f  s p h e n e , a l l a n i t e ,  f e ld s p a r  a n d  a m p h ib o le .  

S p hene  and  a l l a n i t e  a re  p r e c i s e l y  th o s e  R E E - r ic h  p h a s e s  

show n t o  h a v e  s e c o n d a r y  t e x t u r a l  r e l a t i o n s h i p s  i n  th e  

e a r l y  f i s s i o n - t r a c k  s t u d y .  S e c o n d a ry  a l l a n i t e  i s  now 

kn o w n  t o  b e  c l o s e l y  s i m i l a r  t o  p e g m a t i t i c  a l l a n i t e  i n  

te rm s  o f  i t s  REE c h e m is t r y .  T h is  was ta k e n  as  s t r o n g  

e v id e n c e  t h a t  t h e  o b s e rv e d  m o b i l i t y  o f  U , LREE a n d  Th 

w as an  a u to m e ta m o rp h ic  e f f e c t  p ro d u c e d  d u r in g  th e  l a t e r  

s ta g e s  o f  a c o m p le x  m a g m a tic  h i s t o r y .

F u r t h e r  e v id e n c e  f o r  t h e  d o m in a n c e  o f  m a g m a tic  

c o n t r o l s  was p r o v id e d  b y  t h e  im p o r ta n c e  o f  c r u s t a l  

c o n t a m in a t io n ,  m e ta s e d im e n t  f e n i t i s a t i o n  a n d  s y e n i t e  

v e i n / x e n o l i t h  r e a c t i o n s ,  a l l  o f  w h ic h  re m a in e d  

e s s e n t i a l l y  u n m o d if ie d  b y  s u b s e q u e n t  p r o c e s s e s .  

N e v e r t h e le s s ,  m ic r o s c o p ic  c h a n g e s  i n  t h e  d i s t r i b u t i o n  o f  

U, T h , L a ,  C e, P r ,  N d , Sm a n d  Eu i n  sp h e n e  a n d  a p a t i t e ,  

c a n  b e  r e l a t e d  d i r e c t l y  t o  r e c r y s t a l l i s a t i o n  d u r in g  

d e f o r m a t io n .  T h e s e  o c c u r r e d  o n ly  on a l o c a l  s c a le  ( le s s  

t h a n  t h a t  o f  a w h o le  r o c k  s a m p le )  a n d  n o  s i g n i f i c a n t  

c h a n g e s  i n  w h o le - r o c k  e le m e n t a l  a b u n d a n c e s  a p p e a r  t o  

h a v e  r e s u l t e d  f r o m  p r o g r e s s iv e  d e f o r m a t io n .

T h e s e  c o n c lu s io n s  a r e  i n  a c c o r d  w i t h  p r e v io u s  s t u d ie s  

o f  a m p h ib o l i t e - g r a d e  d e f o r m a t io n  ( K e r r i c h  e t  a l . ,  1 9 8 0 ) 

a n d  m e ta m o rp h is m  (W a ts o n  e t  a l . ,  1 9 8 2 )  a n d  s u g g e s t  t h a t  

c lo s e d - s y s te m  b e h a v io u r  m ig h t  b e  common d u r in g  

a m p h ib o l i t e - g r a d e  p r o c e s s e s .  H o w e v e r, i t  m ig h t  b e  

e x p e c te d  t h a t  h y d r o u s  r o c k s  u n d e r g o in g  a c t i v e  

d e h y d r a t io n  w o u ld  show  c o n s id e r a b le  o p e n -s y s te m  m o b i l i t y  

o f  e le m e n ts  s t a b l e  i n  t h e  c o e x i s t i n g  f l u i d .  F o r  

e x a m p le ,  U i s  kn o w n  t o  b e  m o b i le  d u r in g  

a m p h i b o l i t e - f a c i e s  p r o c e s s e s ,  e s p e c i a l l y  i f  s u b s t a n t i a l  

g r a in - b o u n d a r y  o r  c r y s t a l - d e f e c t  U w as o r i g i n a l l y  

p r e s e n t  ( M o o rb a th  e t  a l . ,  1969? W a ts o n  e t  a l . ,  1 9 8 2 ; 

D o s t a l  a n d  C a p e d r i ,  1978 a n d  Ahmed a n d  W i ls o n ,  1 9 8 2 ) .  

F u r t h e r ,  i f  t h e  l i t h o l o g i c a l  s y s te m  i s  s a t u r a t e d  b y  an  

e x t e r n a l l y  d e r i v e d  f l u i d  w i t h  w h ic h  i t  i s  n o t  i n



e q u i l i b r i u m ,  s u b s t a n t i a l  mass t r a n s f e r  m ig h t  b e  e x p e c te d  

( e . g . , S e n io r  a n d  L e a k e ,  1 9 7 8 ) .

A l t h o u g h  t h e  c o n d i t io n s  f a v o u r a b le  f o r  e le m e n t  

m o b i l i t y  c a n  b e  l o o s e l y  p r e d i c t e d  o n  th e  b a s is  o f  an  

e le m e n ta r y  u n d e r s ta n d in g  o f  p r o b a b le  i n t e r a c t i o n s  

b e tw e e n  a s u p e r c r i t i c a l  f l u i d  a n d  t h e  m in e r a l  f ra m e w o rk  

o f  i t s  h o s t  r o c k ,  t h e r e  i s  s t i l l  a n e e d  f o r  m ore  

d e t a i l e d  i n f o r m a t io n  on  th e  m e c h a n is m s  b y  w h ic h  e le m e n ts  

a r e  r e le a s e d  a n d / o r  f i x e d  f r o m  s o l u t i o n .  T h is  i s  

p e r h a p s  t h e  m o s t p r o m is in g  a r e a  f o r  f u r t h e r  r e s e a r c h  

i n t o  m e ta m o rp h is m  a t  G le n  D e s s a r r y .  D e t a i l e d  

i n v e s t i g a t i o n  o f  th e  p r o g r e s s  o f  m in e r a l  

r e c r y s t a l l i s a t i o n  a n d  i n t e r n a l  e le m e n t  m o b i l i t y  s u c h  as  

U i n  s p h e n e  d o c u m e n te d  a b o v e  m ig h t  p r o v id e  a v a lu a b le  

i n s i g h t  i n t o  t h e  b e h a v io u r  o f  t r a c e  e le m e n ts  d u r in g  

d e f o r m a t io n  a n d  m e ta m o rp h is m . H o w e v e r, m a g m a tis m  

p r o b a b ly  o f f e r s  m o re  im m e d ia te  a n d  le s s  p a r o c h ia l  

r e s u l t s  -  p a r t i c u l a r l y  th e  r o l e  o f  c r u s t a l  c o n t a m in a t io n  

b o t h  a t  s o u r c e  ( i . e . ,  d o e s  s u b d u c te d  s e d im e n t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  t h e  p r im a r y  g e o c h e m is t r y  o f  th e  m e l t ? )  

a n d  i n  s i t u  (w as a s s i m i l a t i o n  e f f e c t i v e l y  s im p le  m ix in g  

o f  a M o in ia n  m e l t  w i t h  m a f ic  s y e n i t e  o r  w as some 

c o n c u r r e n t  f r a c t i o n a l  c r y s t a l l i s a t i o n  in v o lv e d  as i n  t h e  

p o p u la r  AFC m o d e l f o r  c o n t a m in a t io n ? )

T h e  c o m p le m e n ta ry  p a r t  o f  t h e  t h e s i s  c o n c e rn e d  e le m e n t  

m o b i l i t y  i n  t h e  a m p h ib o l i t e  t o  g r a n u l i t e  f a c ie s  

t r a n s i t i o n ,  w h e re  a b u n d a n t l i t e r a t u r e  d a ta  h a s  i n d i c a t e d  

t h a t  s u b s t a n t i a l  L I L  e le m e n t  m o b i l i t y  o c c u r s  i n  d i v e r s e  

l i t h o l o g i e s  o f  b o th  s e d im e n ta r y  a n d  ig n e o u s  o r i g i n .  T he  

a p p ro a c h  u s e d  t o  t h i s  t o p i c  w as t o  lo c a t e  and  s tu d y  a 

p r o g r a d e  L e w is ia n  t r a n s i t i o n  z o n e  o f  h o r n b le n d e -  

g r a n u l i t e  s u b - f a c ie s .  S in c e  i t  h a s  b e e n  s u g g e s te d  t h a t  

t h e  b u l k  c h e m is t r y  o f  th e  L e w is ia n  c o m p le x  c h a n g e s  

s y s t e m a t i c a l l y  f r o m  S c o u r ie  (w h e re  i t  i s  t o n a l i t i c )  

t h r o u g h  G r u in a r d  B a y ( t r o n d h j e m i t i c )  t o  T o r r id o n  

( g r a n o d i o r i t i c ; R o l l i n s o n ,  1 9 7 8 ;  R o l l in s o n  a n d  F o w le r ,  

i n  p r e p ) ,  some t im e  w as s p e n t  d e m o n s t r a t in g  t h e  

s i m i l a r i t y  o f  t h e  G r u in a r d  B a y  g n e is s e s  i n  te rm s  o f  

m a g m a g e n e s is  a n d  " im m o b i le "  e le m e n t  c h e m is t r y  w i t h



w e l l - c h a r a c t e r i s e d  r e p r e s e n t a t i v e s  o f  th e  a m p h i b o l i t e -  

a n d  g r a n u l i t e - f a c i e s  e n d  m e m b e rs . T h e n c e  th e  s u b s e q u e n t  

p u r e l y  c o m p a r a t iv e  a p p ro a c h  w as c o n s id e r e d  v a l i d ,  

e s p e c i a l l y  w hen b a s e d  u p o n  t o n a l i t e  w i t h  t o n a l i t e ,  

t r o n d h je m i t e  w i t h  t r o n d h je m i t e ,  e t c .

L i t e r a t u r e  d a ta  h a v e  show n t h a t  t h e  d e p le t i o n  

p r o c e s s e s  a r e  b o t h  " s e l e c t i v e "  a n d  " d i f f e r e n t i a l "  b u t  

t h e  p r e s e n t  s t u d y  h a s  d e m o n s t r a te d  t h a t  t h e y  a r e  a ls o  

" p r o g r e s s i v e "  i n  t h e i r  o p e r a t i o n .  The t r a n s i t i o n  ta k e s  

p la c e  i n  a s y s t e m a t ic  w a y , s t r o n g l y  i n f l u e n c e d  b y  

m in e r a lo g y ,  a n d  i s  c o m p a t ib le  w i t h  L IL E  r e m o v a l i n  

h y d r o u s  f l u i d s  g e n e r a te d  b y  p r o g r e s s in g  d e h y d r a t io n  

r e a c t i o n s .  T e s t in g  o f  t h e  " i n t r a c r u s t a l  p a r t i a l  

m e l t i n g "  m o d e l u s in g  a h o r n b le n d e - b e a r in g  re s id u u m  

s u g g e s te d  t h a t  i t  i s  i n a p p r o p r i a t e  f o r  t h e  g e n e s is  o f  

g n e is s e s  w i t h  t h e  REE p a t t e r n s  d o c u m e n te d  f ro m  G r u in a r d  

B a y . M o re o v e r ,  p a r t i t i o n  c o e f f i c i e n t  d a ta  f o r  h i g h l y  

s i l i c i c  m e l t s  a l s o  a r g u e  a g a in s t  th e  f e a s i b i l i t y  o f  

g r a n i t e  e x t r a c t i o n  b e in g  th e  p r o c e s s  r e s p o n s ib le  f o r  

r a d io e le m e n t  r e m o v a l o n  t h e  s c a le  s e e n  i n  th e  L e w is ia n ,  

e v e n  w h en  th e  im p o r t a n t  m in o r  m in e r a ls  o f  t h e  p o s t u la t e d  

r e s id u a  a r e  ig n o r e d  i n  t h e  c a l c u l a t i o n s .

T h e  s i g n i f i c a n c e  o f  m in e r a lo g y  h a s  b e e n  e m p h a s is e d  i n  

o t h e r  s t u d ie s  o f  h ig h e r - g r a d e  m e ta m o rp h ic  t e r r a i n s  

( W in b r im  e t  a l . ,  1984? I y e r  e t  a l . ,  1 9 8 2 ) ,  w h ic h  h a v e  

s h o w n  t h a t  r o c k s  w h ic h  c a r r y  U -  a n d  T h - r i c h  m in e r a ls  

t h a t  re m a in e d  s t a b l e  t h r o u g h o u t  a re  le s s  s e v e r e ly  

d e p le t e d  th a n  th o s e  i n  w h ic h  t h e  r a d io e le m e n t - b e a r in g  

p h a s e s  becam e u n s t a b le .  In d e e d ,  t h i s  i s  a p p l i c a b l e  t o  

d e f o r m a t io n  o f  t h e  G le n  D e s s a r r y  s y e n i t e  w h e re  m any 

" i n c o m p a t ib le "  e le m e n ts  re m a in e d  " lo c k e d "  i n  s t a b l e  

m in o r  p h a s e s .  H o w e v e r, o t h e r  s t u d ie s  h a v e  show n t h a t  

s u c h  s t r o n g  m in e r a lo g i c a l  c o n t r o l  may n o t  b e  i n v i o l a t e  

( e . g . ,  W a ts o n  e t  a l . ,  1 9 8 2 ) ,  e s p e c i a l l y  i f  

r e c r y s t a l l i s a t i o n  a c c o m p a n ie s  th e  h ig h - g r a d e  e v e n t .

T h e  v a r ie d  re s p o n s e s  o f  a p p a r e n t ly  s i m i l a r  l i t h o l o g i e s  

t o  h ig h - g r a d e  m e ta m o rp h is m  m ig h t  a ls o  s u g g e s t  t h a t  

m in e r a lo g i c a l  c o n t r o l s  c a n  b e  o v e r r id d e n .  F o r  e x a m p le ,  

t h e r e  i s  no  d o u b t  t h a t  t h e  L e w is ia n  m e ta - ig n e o u s



g r a n u l i t i c  g n e is s e s  a r e  d e p le te d  i n  L IL E s  w i t h  r e s p e c t  

t o  s i m i l a r  lo w e r - g r a d e  r o c k s  b o th  f ro m  w i t h i n  th e  

L e w is ia n  C o m p le x  a n d  e ls e w h e r e  ( e . g . ,  S h e ra to n  a n d  

B la c k ,  1 9 8 2 ) ,  b u t  lo w - p r e s s u r e  P o l i s h  g r a n u l i t e s  show  no 

s u c h  e x t e n s iv e  d e p le t i o n  (T a rn e y  e t  a l . ,  1 9 7 7 ) .  

F u r t h e r ,  a l t h o u g h  D o s t a l  a n d  C a p e d r i  ( 1 9 7 8 ) ,  D upey e t  

a l .  ( 1 9 7 9 ) ,  C u n e y  (1 9 8 1 )  a n d  B a rb e y  a n d  C u n e y  (1 9 8 2 )  a l l  

sh o w  t h a t  T h  i s  n o t  d e p le t e d  f ro m  m e ta s e d im e n ta r y  r o c k s  

a n d  t h a t  U lo s s  i s  v a r i a b l e ,  t h e  s tu d y  o f  L e w is ia n  

m e ta s e d im e n ts  (O k e k e  e t  a l .  , 1 9 8 3 ) s u g g e s ts  t h a t  th e s e  

h a v e  l o s t  U a n d  T h  i n  a m a n n e r s i m i l a r  t o  t h a t  o f  t h e i r  

h o s t  o r t h o g n e is s e s .  T h e s e  in c o n s i s t e n c ie s  p e rh a p s  

s i g n a l  an e q u a l  d i v e r s i t y  i n  c a u s a t iv e  f a c t o r s .  B a rb e y  

a n d  C u n e y  ( 1 9 8 2 )  c o n te n d  " t h a t  t h e r e  i s  n o  m e ta m o rp h ic  

t r e n d  c h a r a c t e r i s t i c  o f  g r a n u l i t e - f a c i e s  t e r r a i n s " ,  a n d  

e m p h a s is e  t h e  im p o r ta n c e  o f  l i t h o l o g y  a n d  m in e r a lo g y  o f  

t h e  p r o t o l i t h s  i n  c o n t r o l l i n g  th e  n a t u r e  a n d  e x t e n t  o f  

e le m e n t  d e p l e t i o n .

S i g h n o l f i  (1 9 7 1 )  p o in t e d  o u t  th e  p o s s i b l y  i n t e r a c t i v e  

r o l e s  p la y e d  b y  d e h y d r a t io n  a n d  p a r t i a l  m e l t i n g ,  

a l t h o u g h  t h i s  h a s  b e e n  l a r g e l y  n e g le c te d  r e c e n t l y  i n  

f a v o u r  o f  s im p le  r e l i a n c e  o n  one o r  th e  o t h e r .  M any 

s t u d ie s  o f  m e ta s e d im e n ta r y  r o c k s  h a v e  show n th e  r e a l i t y  

o f  m e l t - f l u i d  i n t e r a c t i o n  a t  h ig h  m e ta m o rp h ic  g ra d e s  

( e . g . ,  P h i l l i p s  e t  a l . ,  1 9 8 0 ; M a c c a r ro n e  e t  a l . ,  1 9 8 3 ) ,  

a s  h a v e  m o r e - t h e o r e t i c a l  s t u d ie s  ( P o w e l l ,  1 9 8 3 ) .  

S i m i l a r l y ,  i n  m e ta - ig n e o u s  t e r r a i n s  t h e  a m p h ib o l i t e -  

g r a n u l i t e  b o u n d a r y  i s  o f t e n  m a rk e d  b y  a c o m p le x  

i n t e r p l a y  b e tw e e n  p a r t i a l  m e l t i n g  a n d  m e ta s o m a tis m  

( F r ie n d ,  1 9 8 1 ; J a n a rd h a n  e t  a l . ,  1 9 8 2 ) ,  i n  w h ic h  th e  

e le m e n t a l  e f f e c t s  o f  t h e  d e p le t i o n  p r o c e s s e s  a r e  

s o m e tim e s  o b s c u r e  ( e . g . ,  A l l e n  e t  a l .  , 1 9 8 5 ) .  M uch 

f u r t h e r  w o rk  i s  r e q u i r e d  t o  e l u c i d a t e  p r e c i s e l y  t h e  

r e l a t i v e  c o n t r i b u t i o n s  o f  b o t h  p r o c e s s e s  t o  e le m e n t  

m o b i l i t y .  I d e a l l y  s u i t e d  t o  s u c h  p u r p o s e s  a re  r e l i c t  

t r a n s i t i o n a l  r e g io n s  w h e re  th e  p r o c e s s e s  h a v e  b e e n  

a r r e s t e d  a n d  p r e s e r v e d ,  a s  a t  G r u in a r d  B a y . A ls o  

p o t e n t i a l l y  i n s t r u c t i v e  w o u ld  b e  a c lo s e  c o m p a r a t iv e  

s tu d y  o f  w h y  some g r a n u l i t e s  a r e  s e v e r e ly  d e p le t e d  a n d



y e t  o t h e r s  a r e  n o t  -  i s  t h e r e  a n y  fu n d a m e n ta l  

r e l a t i o n s h i p  w i t h  t h e  p r e s s u r e - t e m p e r a t u r e  r e g im e ,  o r  i s  

a v i t a l  i n g r e d i e n t  m is s in g ,  s u c h  a s  C02~ f l u x i n g  f ro m  a 

s u b ja c e n t  m a n t le ?  I n  t h i s  w a y , d e t a i l e d  l o c a l  

i n v e s t i g a t i o n s  c o u ld  b e  c o m b in e d  w i t h  c a r e f u l  r e g i o n a l  

c o m p a r is o n s  t o  m o r e - c lo s e ly  c o n s t r a in  t h e  c a u s e s  and  

m e c h a n is m s  o f  t h e  m o b i l i t y  o f  u ra n iu m  and  o t h e r  

l i t h o p h i l e s  d u r in g  h ig h - g r a d e  m e ta m o rp h is m .
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APPENDIX

A . 1 : WHOLE-ROCK DATA

S a m p le  p r e p a r a t i o n .

W h o le - r o c k  s a m p le s  ( g e n e r a l l y  a b o u t  1 -  2 K g ) w e re

s p l i t  a n d  c ru s h e d  u s in g  a m a n u a l r o c k  s p l i t t e r ,  a ja w  

c r u s h e r  a n d  a n  a g a te  te m a  m i l l  s e q u e n t i a l l y ,  t o  l e s s -  

th a n - 2 0 0 -m e s h  p o w d e r .  T h is  w as u s e d  i n  a l l  m a jo r  a n d  

t r a c e  e le m e n t  d e t e r m in a t io n s .

M a jo r  e le m e n t  a n a ly s i s .

T he  m a jo r  e le m e n t  o x id e s  S i02 » T iC ^#  A ^ 2 ° 3 / F e 2 °3  

( t o t a l  F e ) ,  MnO, MgO, CaO, N a20 , K2O a n d  P2°5 w e re  

d e te r m in e d  b y  X - r a y  f lu o r e s c e n c e  s p e c t r o m e t r y  u s in g  a 

P h i l i p s  PW1212 s p e c t r o m e te r ,  f o l l o w i n g  t h e  m e th o d  o f  

P a r k e r  ( 1 9 8 2 ) .  B r i e f l y ,  a s i n g l e  p a s s  te c h n iq u e  was u s e d  

w i t h  a C r  X - r a y  tu b e  and  t h r e e  a n a ly s in g  c r y s t a l s  (T 1A P , 

PET a n d  L I F 2 2 ( ) ) ' e r e c t i n g  a c a l i b r a t i o n  a g a in s t  

i n t e r n a t i o n a l  s ta n d a r d  r o c k s .  T he  a c c u r a c y  o f  t h e  m e th o d  

h a s  b e e n  d e s c r ib e d  b y  P a r k e r  ( 1 9 8 2 ) ,  and  i s  s u m m a ris e d  

i n  T a b le  A . l ,  as  i s  i t s  p r e c i s i o n ,  e s t im a t e d  b y  th e  

r e p l i c a t e  a n a ly s e s  o f  one  s a m p le  (M J 0 1 5 ) . N o te  t h a t  t h i s  

s a m p le  was d e l i b e r a t e l y  c h o s e n  t o  b e  th e

c o a r s e s t - g r a in e d  o f  th e  a n a ly s e d  s u i t e  ( f e l d s p a r s  o f t e n

2 - 3 c m ) ,  s u c h  t h a t  th e  d a ta  e n co m p a ss  maximum s a m p lin g  as  

w e l l  a s  a n a l y t i c a l  e r r o r s .  D u p l ic a t e s  w e re  r u n  a s  a 

m a t t e r  o f  c o u r s e ,  a p p r o x im a t e ly  e v e r y  f i f t h  s a m p le , t o  

r o u t i n e l y  m o n i t o r  p r e p a r a t i o n  t e c h n iq u e .  T h e y  a r e  n o t  

r e p o r t e d  h e r e .



P re c is io n :  R e p lic a te  ana lyses o f  MJ015

S i02 57.44 57.15 56.86 57.05 57.41 57.25 57.10 57.28 57.40
T iO , 0.86 0.86 0.88 0 .8 4 0.83 0.89 0.89 0.87 0.88
a 12°3 16.09 16.04 16.04 16.06 16.10 15.98 15.92 16.14 16.10
Fe2o | * 6 .31 6.34 6.40 6.13 6.05 6.36 6.42 6.31 6 .35
MnO 0.17 0.14 0.19 0.17 0.17 0.17 0.18 0.14 0.12
MgO 2.91 2.99 2.97 2.73 2.79 2.95 3.05 3.02 2 .94
CaO 4.70 4.67 4.73 4 .5 8 4 .46 4 .7 6 4.71 4.75 4 .70
Na20 3.60 3.65 3.58 3.66 3.65 3.62 3.58 3.58 3.63
k 2o 6.94 6.98 6.92 6.96 7.07 6 .9 4 6.95 6.90 6.93
P2°5 0.57 0.59 0.62 0 .5 8 0.57 0 .59 0.62 0.61 0.61
LOI 0 .32 0.32 0.30 0.31 0 .2 9 0 .2 8 0.28 0.26 0 .26

X § RSD % P a rke r (1982)
S i02 57.22 0.193 0.337 0.30 0.23
T i02 0.87 0.021 2.413 0.51 1.09

a 12°3 16.05 0.068 0.424 0.57 0.52
Fe2°3 6.30 0.124 1.968 1.05 0.71
MnO 0.16 0.023 14.375 23.06 37.87
Mgo 2.93 0.105 3.583 3.40 5.80
CaO 4.67 0.096 2.056 0.71 0.77
Na90 3.62 0.033 0.912 2.87 7.65
k20 6.95 0.049 0.705 0.23 0 .48

P2°5 0.60 0.020 3.333 3.79 10.63
LOI 0.29 0.023 7.931 2.09 —

A ccu racy: ( a f t e r  P a rker , 1980).
JG-1 JB--1

P arker L i t P a rker L i t
S i02 72.34 72.36 52.69 52.62
T i02 0.26 0 .27 1.30 1.34
a12°3 14.12 14.20 14.61 14.62

Fe2°3 2.14 2.16 9.12 9.01
MnO 0.07 0.06 0.16 0.15
MgO 0.61 0 .7 6 7.40 7.76
CaO 2.17 2.17 9.31 9.35
Na2° 3.24 3.39 2.68 2 .79
K9O 3.98 3.96 1.45 1.42

p2°5 0.10 0 .0 9 0.26 0.26

Tab le  A .Is  Accuracy and p re c is io n  o f  m a jo r-e le m e n t ana lyses



T ra c e  e le m e n t  a n a ly s is *

S r ,  Rb, N b , Y , a n d  Z r ;  B a , C r , N i ,  a n d  V .

T h e s e  t r a c e  e le m e n ts  w e re  a n a ly s e d  b y  s t a n d a r d  X - r a y  

f lu o r e s c e n c e  te c h n iq u e s  a t  B e d fo r d  C o l le g e ,  U n i v e r s i t y  

o f  L o n d o n . F o r  t h e  fo r m e r  g ro u p  ( S r ,  Rb, N b , Y a n d  Z r ) ,  

an  Ag X - r a y  tu b e  w as u s e d , a n d  f o r  th e  l a t t e r  g ro u p  (B a , 

C r ,  N i  a n d  V ) a W tu b e  was u s e d . F u l l  m ass a b s o r p t io n  

c o r r e c t i o n s  w e re  a p p l ie d ,  a n d  a c c u r a c y  a n d  p r e c i s i o n  a r e  

e s t im a t e d  a t  b e t t e r  t h a n  10%. T h e y  c a n  b e  a d ju d g e d  f ro m  

t h e  d a ta  i n  T a b le  A . 2 ( l i t e r a t u r e  v a lu e s  f r o m  A b b e y ,

1 9 8 0 ) .

R a re  e a r t h  e le m e n ts ,  T h , H f  a n d  T a .

The REEs h a v e  b e e n  a n a ly s e d  u s in g  tw o  t e c h n iq u e s  f o r  

t h i s  t h e s i s .  The m a j o r i t y  o f  L e w is ia n  s a m p le s  w e re  

a n a ly s e d  b y  s ta n d a r d  in s t r u m e n t a l  n e u t r o n  a c t i v a t i o n  

te c h n iq u e s  th r o u g h  t h e  i n t e r n a l  f a c i l i t i e s  o f  th e  

B . G . S . ,  f o l l o w i n g  t h e  m e th o d  o f  P la n t  e t  a l .  ( 1 9 7 6 ) .  A l l  

T h , H f  a n d  Ta v a lu e s  w e re  a ls o  d e te r m in e d  u s in g  t h i s  

t e c h n iq u e .  A c c u ra c y  a n d  p r e c i s io n  w e re  m o n i to r e d  

i n t e r n a l l y  a n d  a r e  e s t im a t e d  a t  b e t t e r  t h a n  10%. The 

m a j o r i t y  o f  t h e  G le n  D e s s a r r y  s a m p le s  w e re  a n a ly s e d  f o r  

REEs b y  io n - e x c h a n g e ,  f o l l o w e d  b y  i n d u c t i v e l y - c o u p le d  

p la s m a  s p e c t r o m e t r y ,  f o l l o w i n g  t h e  m e th o d  o f  W a ls h  e t  

a l .  ( 1 9 8 1 ) .  A c c u ra c y  a n d  p r e c i s i o n  a r e  e s t im a t e d  a t  

b e t t e r  t h a n  10%, a n d  c a n  b e  a d ju d g e d  b y  t h e  d a ta  i n  

T a b le  A . 3 f o r  K in g s  C o l le g e  i n t e r n a l  s t a n d a r d s .

U ra n iu m .

A l l  U v a lu e s  w e re  d e te r m in e d  b y  t h e  d e la y e d  n e u t r o n  

m e th o d  ( A m ie l ,  1 9 6 2 ;  B o w ie  e t  a l . ,  1 9 7 3 ) ,  t h r o u g h  th e  

i n t e r n a l  f a c i l i t i e s  o f  t h e  B . G . S .  A c c u ra c y  a n d  p r e c i s i o n  

w e re  m o n i to r e d  i n t e r n a l l y  a n d  a r e  e s t im a t e d  a t  b e t t e r  

t h a n  10% a t  c o n c e n t r a t io n s  i n  e x c e s s  o f  lp p m , b u t  a t  lo w  

l e v e l s  t h e s e  i n e v i t a b l y  s u f f e r ,  p e rh a p s  t o  + / -  20%.



P re c is io n : R e p lic a te  ana lyse s o f  MJ015.
Nb 11 12 11 11 12 11 11
Z r 161 166 165 162 165 153 160
Y 32 33 30 30 33 32 31
S r 2880 2849 2878 2923 2823 2933 2888
Rb 108 107 110 113 107 H P 110
Ba 3340 3291 3338 3358 3255 3264 3242
Cr 57 56 55 53 58 56 56
N i 34 34 33 34 36 32 33
V 131 131 128 128 136 130 130

X 5 RSD %
Nb 11 0 .4 9 4 .4
Z r 162 4.46 2.8
Y 32 1.27 4 .0
Sr 2882 38.53 1 .3
Rb 109 2.14 2.0
Ba 3298 46.80 1 .4
C r 56 1.57 2.8
N i 34 1.25 3 .7
V 131 2.70 2.0

G2 GSP BR AGV BCR W1
Nb 14 27 131 17 13 9

14 110 15 13 9
L i t 13? 23? 100? 16? 19? 9.5?

Z r 333 547 250 223 176 91
343 258 229 178 91

L i t 300 500 250 230 185 105

Y 13 31 33 21 38 23
16 31 22 39 23

L i t 11 29 30 19 40 25

Sr 487 230 1296 651 311 181
481 1284 644 307 180

L i t 480 240 1300 660 330 190

Rb 169 246 45 65 44 21
166 45 65 44 21

L i t 170 250 47 67 47 21
Tab le  A. 2 : A ccuracy and p re c is io n  o f t ra c e  elem ent a n a lyse s .

KC10 KC11 KC13
L i t MBF L i t MBF L i t MBF

La 4 .3 4 . 1 6 2 3 . 0 2 3 . 0 2 5 9 . 0 5 9 . 2 5
Ce 9 . 2 9 . 3 7 4 9 . 0 4 4 . 0 2 120 .i0 1 1 0 .1 8
P r 1.6 1 . 4 6 5 . 9 5 . 1 7 1 3 . 0 1 2 . 3 1
Nd 6.8 6 . 0 8 2 6 . 5 2 4 . 1 9 6 2 . 0 5 5 . 1 4
Sm 1 . 7 1 . 5 4 5 . 2 4 . 8 7 1 4 . 0 1 3 . 4 0
Eu 0 . 7 5 0 . 8 3 1 . 4 0 1 . 4 4 0 . 5 7 0.66
Gd 1 . 9 2.12 5 . 0 4 . 6 4 1 5 . 0 1 5 . 3 5
Dy 2.0 2.00 4 . 4 5 4 . 2 7 1 8 . 0 1 8 . 0 4
E r 1 . 2 5 1.10 2 . 7 2 . 4 2 11.8 1 1 . 3 6
Yb 1.1 1 . 0 8 2.2 2 . 1 7 11.2 1 1 .4 6
L u 0 . 1 6 0.21 0 . 3 2 0 . 3 4 1 . 5 1 . 6 1

T a b le  A . 3 :  REE s t a n d a r d s .



D e n s i t y  d e t e r m in a t i o n s .

D e n s i t y  m e a s u re m e n ts  w e re  made u s in g  a 50 cm^ d e n s i t y  

b o t t l e ,  f o l l o w i n g  s ta n d a r d  t e c h n iq u e s  w i t h  a d e t e r g e n t  

s o l u t i o n  ( t o  a i d  w e t t i n g  th e  p o w d e r)  o f  knQwn d e n s i t y .  

A p p r o x im a t e ly  l g  o f  r o c k  p o w d e r  was u s e d  f o r  e a c h  

d e t e r m in a t i o n .  P u re  q u a r t z  was u s e d  a s  a r e fe r e n c e  

s a m p le , a n d  v a lu e s  f o r  t h i s  a r e  l i s t e d  i n  T a b le  A . 4 

(re co m m e n d e d  v a lu e  = 2 . 6 5 ) .

D e t e r m in a t io n  1 2 3 4 X

V a lu e  2 . 6 6 2  2 . 6 7 1  2 . 6 2 6  2 . 6 3 3  2 . 6 4 8

T a b le  A . 4 :  R e p l ic a t e  d e t e r m in a t io n s  o f  t h e  d e n s i t y  o f

p u r e  q u a r t z .

O x y g e n  i s o t o p e  a n a ly s e s .

O x yg e n  is o t o p e  c o m p o s i t io n s  o f  s a m p le s  o f  t h e  G le n  

D e s s a r r y  s y e n i t e  w e re  a n a ly s e d  a t  th e  l a b o r a t o r i e s  o f  

t h e  B . G . S . ,  G r a y ' s  In n  R o a d , L o n d o n . O xygen  was 

e x t r a c t e d  b y  r e a c t i o n  w i t h  B rF ^  a t  6 0 0 °C f o r  a b o u t  12 

h o u r s  ( C la y to n  a n d  M ayeda , 1 9 6 3 ) .  C o n v e r s io n  t o  CO2 was 

a c h ie v e d  b y  p a s s in g  t h e  e x t r a c t e d  o x y g e n  o v e r  h e a te d  

c a r b o n  r o d s .  I s o t o p i c  m e a s u re m e n ts  w e re  p e r fo r m e d  on  a

V . G .  MM903 f u l l y  a u to m a te d  m ass s p e c t r o m e te r .  A c c u ra c y  

a n d  p r e c i s i o n  a r e  e s t im a te d  a t  b e t t e r  t h a n  + / -  0.5%o. A l l  

d a ta  a r e  r e p o r t e d  u s in g  t h e  s t a n d a r d  8  n o t a t i o n  r e l a t i v e  

t o  SMOW.

G a m m a -ra y  s c i n t i l l o m e t r y .

A  g a m m a -ra y  s c i n t i l l o m e t e r  w as u s e d  i n  th e  f i e l d  t o  

g i v e  an  o n - t h e - s p o t  e s t im a t e  o f  t h e  t o t a l  r a d io e le m e n t  

c o n t e n t  ( p r i n c i p a l l y  K , U a n d  T h )  o f  th e  r o c k  a t  

o u t c r o p .  C a re  was ta k e n  t o  a v o id  s o l i d - a n g l e  e n h a n c e m e n t 

o f  t r u e  r e a d in g s .  I t s  c a r e f u l  u s e  f a c i l i t a t e d  th e  

d e t e r m in a t i o n  o f  s u i t a b l e  m a t e r i a l  f o r  s u b s e q u e n t  

a n a l y s i s ,  b u t  n o  g r e a t  s i g n i f i c a n c e  h a s  b e e n  c o n f e r r e d  

t o  a n y  r a d io e le m e n t  d a ta  c o l l e c t e d  i n  t h i s  w a y . I t  i s  

p u r e l y  a f i e l d  in s t r u m e n t .



Gruinard Bay gneisses, 50.00 to 59.99% SiO>.

S anple: MJ128 MJ171 MJ154 MJ130 MJ156 MT131 MJ124 MJ037 MJ129

SiOo 51.22 51.45 51.90 53.39 54.22 54.55 54.94 55.28 55.63
T iC ^ 1.22 0.85 0.17 0.73 0.40 0.76 1.57 0.24 0 .76
AloOo 17.69 14.00 9.96 16.72 15.66 15.85 18.59 18.49 17.04
Fe^O-,* 9 .52 9.50 9.94 8.59 8.02 8.71 7.41 5.69 7.57
MnO 0.0 9 0.19 0.22 0.16 0.13 0.13 0 .16 0.11 0 .1 4
MgO 4.91 7.84 15.51 4.43 6.49 4 .5 8 2.25 4.91 3.99
CaO 6.83 9.19 7.88 8 .4 4 7.41 7.71 8.69 9.23 7.77
NaoO 3.25 2.57 1.72 3.83 3.54 3.29 3.94 4.21 4 .21
k 2o 2 .8 9 2.09 1.01 1.35 1.65 1.70 0 .99 0.87 1 .30

p2°5 0 .3 6 0.33 0.02 0.28 0.22 0.40 0.10 0.04 0.12
HoO- 0 .03 0.06 0.12 0 .0 9 0.13 0 .0 8 0.03 0.07 0.05
LOI 1.10 1.20 1.23 0.75 1.80 0.95 0.91 0.60 0.81
T o ta l 99.11 99.32 99.68 98.76 99.67 98.71 99.58 99.74 99.39

CIPW Norms*
Qz 0 .0 0 0.83 0.10 3.43 3.21 7.34 8.18 2.54 5.27
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O r 17.08 12.35 5.97 7.98 9.75 10.05 5.85 5.14 7 .68
P I 52.65 42.24 31.03 56.85 51.92 51.30 63.45 64.61 59.38
(Ab) 27.50 21.75 14.55 32.41 29.95 27.84 33.34 35.62 35.62
(An) 25.15 20.49 16.47 24.44 21.97 23.46 30.11 28.98 23.76
D i 5.12 18.27 17.78 12.55 10.66 9.79 9 .94 13.20 11.25
(Wb) 2.67 9.58 9.39 6.51 5.58 5.08 5.15 6.91 5.85
(En) 1 .8 4 6.98 7.23 4.33 3.97 3.41 3.41 4.95 3.95
(Fs) 0 .6 0 1.71 1.17 1.71 1.11 1.30 1.37 1.34 1.45
Hy 13.33 15.63 36.47 9.36 15.60 11.05 3.07 9.25 8 .19
(En) 10.04 12.55 31.40 6.71 12.19 8.00 2.19 7.28 5.99
(Fs) 3.29 3.08 5.07 2.65 3.41 3.05 0.88 1.97 2.20
01 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) 0 .2 4 - - - - - - - -
(Fa) 0 .0 9 - - - - - - - -
Mt 5.77 5.77 6.03 5.22 4.87 5.29 4.49 3.45 4 .6 0
11 2.32 1.61 0.32 1.39 0 .7 6 1.44 2 .98 0.46 1 .44
Bn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.85 0.78 0.05 0.66 0.52 0.95 0 .24 0.09 0 .2 8

T race elem ents 
S r 487 477 154 503 360 475 176 407 520
Ba 1809 804 104 817 737 1075 332 439 827
Kb 53 52 25 22 25 30 20 12 22

U 0 .2 4 0.17 0.11 0.11 0 .29 0.23 0 .3 4 0.14 0 .07
Th 13.0 2.2 1.5 0 .4 3 .4 7 .8 0.6 0 .3 0 .3
Z r 103 114 29 81 112 131 143 103 59
Nb 11 6 2 8 4 9 6 5 7
Y 29 19 5 37 24 38 20 <2 25

C r 111 213 1180 176 314 96 275 228 57
N i 61 193 523 58 158 103 147 205 47
V 442 179 91 152 112 134 343 61 150

Total iron expressed as Fe2C>3• CIPW norms calculated ty setting
Fe2°3/Fe0 = 0.8, after Weaver and T a m e y  (1980).

*



Gruinard Bay gneisses, 50.00 to 59.99% SiO?

Saiqple: MJ168 MJ157 MJ158 MJ181 MJ192 MJ179 MJ165 MJ148

S i°2 56.50 56.97 57.44 57.64 57.86 58.37 58.39 59.44
T i02 0.74 0 .6 7 0.72 1.00 0.45 0.88 , 0 .7 4 0 .32
A I2O3 14.80 16.82 15.62 17.79 18.93 17.17 15.74 16.75
Fe2°3 * 8.87 7.18 7.86 7.05 4.17 6.63 7 .70 5.21
MnO 0.14 0 .0 9 0.13 0.10 0 .08 0.08 0.11 0.11
Mgo 5.00 4 .3 9 4.70 2.24 2.73 1.99 3.05 4 .8 3
CaO 7.11 5 .5 0 5.55 7.18 7.68 6.91 6 .8 2 5.08
Na20 2.95 4 .6 5 3.96 4.78 5.38 4.86 2 .84 4 .3 4
k 2o 2.06 0 .79 1.37 0 .98 1.28 0.77 1.88 1.36

p2°5 0.24 0.20 0.12 0.27 0.17 0.23 0.13 0 .0 8
h2o- 0 .09 0 .1 3 0.13 0.07 0.10 0.39 0 .0 9 0.13
LOI 1.08 1.68 1.90 0.65 0.81 0 .74 1.75 1.39
T o ta l 99.58 99.07 99.50 99.75 99.64 99.02 99.24 99 .04

CIFW Norms*
Qz 10.13 8 .2 6 10.12 8.90 3.59 10.93 15.99 10.35
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 12.17 4 .6 7 8.10 5.79 7.56 4.55 11.11 8 .0 4
P I 46.02 62.04 54.31 64.64 69.25 63.88 48.68 58.93
(Ab) 24.96 39.35 33.51 40.45 45.52 41.12 24.03 36.72
(An) 21.06 22.69 20.80 24.19 23.72 22.76 24.65 22.21
D i 10.15 2.63 4.77 7.83 10.60 8.14 6.75 1.97
(Wb) 5.28 1.37 2.48 4 .0 4 5 .54 4.18 3 .48 1.03
(En) 3.58 0 .96 1.71 2.51 3.93 2.54 2.19 0 .75
(Fs) 1.29 0.30 0.57 1.29 1.13 1.42 1.07 0 .1 8
Hy 12.07 13.15 13.30 4.66 3.70 3.77 8 .05 13.98
(En) 8 .87 9 .9 8 9.99 3.07 2.87 2.42 5 .40 11.27
(Fs) 3.20 3.17 3.31 1.58 0.83 1.35 2.65 2.71
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - - - - -
(Fa) - - - - - - - -
Mt 5.38 4 .3 6 4.77 4.28 2.54 4.03 4 .6 7 3.16
11 1.41 1.27 1.37 1.90 0 .85 1.67 1.41 0 .61
Bin 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.57 0.47 0 .28 0 .64 0.40 0 .54 0 .3 1 0 .1 9

Trace elem ents 
S r 405 607 467 460 827 449 613 496
Ba 830 251 463 546 532 384 1018 1163
Kb 34 14 21 14 28 12 38 23

U 0.10 0 .1 4 0.09 0.05 0.31 0.04 0.12 0.21
Th 1.0 2.0 2.5 0.2 6.0 0.6 3 .2 0.2
Z r 128 74 62 93 147 81 153 276
Nb 9 7 7 8 6 7 9 5
Y 43 13 17 13 22 18 16 6
Cr 164 47 55 13 25 12 104 228
N i 103 70 70 22 9 29 80 173
V 118 102 126 110 124 95 118 48

* Total iron expressed as • CIPW norms calculated by setting
Fe2°3/FeO = 0.8, after Weaver and T a mey (1980).



G ru in a rd  Bay gne isses , 60 .00 t o  69. 99% SiO 2 l

Sample: MJ152 MJ150 MJ126 MJ134 MJ182 MJ166 MJ180 MJ164 MT195

SiOo
T i°2

60.38 61.20 62.14 62.30 62.90 62.91 64.97 65.26 65.43
0.32 0.09 1.13 0.45 0 .3 8 0.54 0.53 0.51 0.49

AloOo 13.66 17.65 16.22 16.01 16.50 15.22 16.13 15.25 16.56
Fe^Oo* 7.53 4 .39 6.13 5.16 4 .6 5 6.15 4.72 4.98 3.60M W
MnO 0.14 0 .09 0.09 0.07 0 .0 6 0.07 0.07 0.12 0.05
MgO 6.56 3.47 2.46 2.62 2 .54 2.62 1.71 1.82 1.51
CaO 6.04 5.34 5.32 5.92 6 .2 9 5.13 4 .7 4 4.90 4.32
Na20 3.27 5.23 4 .8 8 4.27 4 .5 0 3.11 4 .55 3.54 5.06
KoO 0.78 0.77 1.14 1.25 0.81 1.87 1.30 1.73 1.41

p2°5 0.03 0.07 0.11 0.06 0 .06 0.12 0.14 0.12 0.21
HoO- 0.11 0.10 0.05 0.05 0 .0 5 0.13 0 .0 6 0.09 0.11
LOI 0 .71 0.68 0.70 0.72 0 .5 9 1.53 0 .7 4 1.16 0.89
T o ta l 99.53 99.08 100.37 98.88 99.33 99.40 99.66 99.48 99.64

CIPW Norms*
Qz 16.83 11.56 15.97 17.55 17.91 23.13 21.49 25.36 19.87
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 4.61 4 .55 6 .74 7.39 4 .7 9 11.05 7.68 10.22 8.33
P I 47.96 66.66 60.28 56.96 60.51 48.36 58.25 50.57 61.12
(Ab) 27.67 44.25 41.29 36.13 38.08 26.32 38.50 29.95 42.82
(An) 20.29 22.41 18.99 20.83 22.43 22.05 19.75 20.61 18.31
D i 7.47 2.87 5.23 6.44 6.62 2.07 2.26 2.31 1.38
(«a) 3 .96 1.51 2.79 3.40 3 .50 1.09 1.19 1.22 0.73
(En) 3.11 1.16 2.34 2.63 2.71 0.83 0.91 0.90 0.58
(Fs) 0 .40 0 .19 0.09 0.41 0 .4 1 0.15 0 .16 0.19 0.06
Hy 14.93 8.69 3.93 4.51 4 .16 6.72 3.95 4.40 3.53
(En) 13.22 7.48 3.78 3.90 3.61 5.69 3.35 3.63 3.18
(Fs) 1.71 1.21 0.15 0.61 0 .55 1.03 0.59 0.77 0.35
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Po) - - - - - - - - -
(Fa) - - - - - - - - -
Mt 5.89 3.44 4 .78 4.03 3 .64 4.81 3 .68 3.89 2.81
11 0.61 0 .1 7 2.15 0.85 0 .72 1.03 1.01 0.97 0.93
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.07 0 .1 7 0.26 0 .14 0 .1 4 0 .28 0.33 0.28 0.50

T race  elem ents 
S r 336 554 560 409 433 566 488 589 485
Ba 586 655 548 567 395 1114 640 914 548
Kb 12 13 22 22 12 38 24 37 31

U 0.22 0.08 0.13 0 .04 0 .15 0.08 0.11 0.15 0.07
Th 0 .4 0.2 0.6 0.1 0.2 3 .0 0 .4 3 .8 1 .9
Z r 194 140 108 67 157 210 116 189 94
Nb 3 2 8 3 3 4 4 4 4
Y 21 3 8 12 15 8 4 8 6
C r 409 69 73 66 33 75 5 47 15
N i 215 94 35 49 40 55 26 37 21
V 74 22 125 78 62 88 74 78 56

Total iron expressed as Fe2C>3; CIPW norms calculated ty setting
Fe2°3/Fe0 = 1»2, after Weaver and Tamey (1980).

*



Gruinard Bay gneisses, 60.00 to 69.99% Si09

Sanple: MJ178 MJ149 MJ169 MJ125 MJ163

SiOo 65.69 66.18 66.70 67.62 68.85
T i02 0.51 0.06 0 .48 0.59 0.32
AloOo 15.26 16.64 15.31 15.45 13.68

Fe2°3 4.55 2.90 4 .77 3.23 4.37
MnO 0.06 0.08 0.06 0 .04 0.07
MgO 1.66 2.25 1.59 1.00 1.53
CaO 5.03 5.00 4 .7 9 4.16 4 .92
N a ^ 4.14 5.00 4 .02 5.33 3.44
K90 1.07 0.58 1.11 1.02 1.46

p2°5 0.15 0.06 0 .15 0.15 0 .06
h2o- 0.06 0.09 0.06 0.05 0.08
LOI 0.89 0.47 0.82 1.50 0 .8 4
T o ta l 99.07 99.31 99.86 100.14 99.62

CIFW Norms*
Qz 25.24 21.22 26.98 23.63 31.55
Co 0.00 0.00 0.00 0.00 0.00
Or 6.32 3.43 6.56 6.03 8.63
P I 54.93 63.56 54.47 60.32 46.68
(Ab) 35.03 42.31 34.02 45.10 29.11
(An) 19.89 21.25 20.45 15.22 17.57
D i 3.23 2.51 1.85 3.47 5.13
(Wo) 1.70 1.32 0 .9 7 1.85 2.69
(En) 1.30 1.01 0.73 1.54 1.95
(Fs) 0.23 0.17 0.15 0.08 0.50

3.32 5.38 3.91 0.99 2.34
(En) 2.83 4 .59 3.23 0.95 1.86
(Fs) 0.49 0.79 0.68 0.05 0 .48
01 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - -
(Fa) - - - - -
Mt 3.55 2.26 3.73 2.52 3.42
11 0.97 0.11 0 .9 1 1.12 0.61
ftn 0.00 0.00 0.00 0.00 0.00
Ap 0.36 0 .14 0 .3 6 0.36 0.14

Trace elem ents 
S r 488 537 476 417 583
Ba 496 477 510 506 613
Fb 21 16 23 26 30

U 0.19 0.09 0 .0 8 0.02 0.14
Th 0.6 0 .1 0.2 0.2 1 .4
Z r 153 142 114 172 136
Nb 3 <2 3 4 5
Y 7 < 2 8 3 13

Cr 17 42 24 <2 38
N i 22 59 21 13 43
V 73 14 78 67 69

Total iron expressed as • CIPW norms calculated fcy setting
Fe2°3/Fe0 - 1*2/ after Weaver and T a m e y  (1980).



Gruinard Bay gneisses, greater than 70.00% SiO?

Sanple : MJ183 MJ039 MJ116 MJ117 MJ118 MJ115 MJ144

S i02 70.35 70.54 70.68 71.07 71.76 71.93 74.59
T i02 0.37 0.27 0 .47 0 .40 0.23 0.43 0.07

a12°3 15.28 14.62 15.16 15.55 15.18 14.23 13.01

Fe2°3 2.81 2.42 2.25 2.28 2.36 3.00 1.36
MnO 0 .0 4 0 .0 4 0 .0 4 0.02 0.02 0.02 0.02
MgO 0.67 1.14 0 .69 0 .58 0.28 1.12 0 .9 4
CaO 3.31 2.93 2.90 3.82 2.42 3.12 3.81
NaoO 4.36 4.73 4.62 4.27 4.09 4.28 4.05
K 0 O 1.56 1.20 2.03 1.37 3.21 1.14 0.51

p2°5 0.11 0.12 0.08 0.06 0.03 0.01 0.05
h2o - 0 .06 0.15 0 .07 0 .0 4 0.05 0 .0 4 0 .0 9
LOI 0 .60 1.40 1 .24 0.91 0.94 0.70 0 .45
T o ta l 99.52 99.56 100.23 100.37 100.57 100.02 98.95

CIPW Norms*
Qz 31.24 30.80 29.02 32.11 28.28 34.35 40.25
Co 0.66 0.50 0 .28 0 .24 0.72 0.31 0.00
Or 9.22 7.09 12.00 8.10 19.19 6.71 3.01
P I 52.60 53.78 52.96 54.69 49.12 51.63 50.08
(Ab) 36.89 40.02 39.09 36.13 37.17 36.22 34.27
(An) 15.70 13.75 13.86 18.56 11.95 15.41 15.81
D i 0.00 0.00 0.00 0.00 0.00 0.00 2.15
(Wo) - — — — - - 1.15
(En) - - - - - - 1.00
(Fs) - - - - - - 0.00
Hy 1.67 2.84 1.72 1 .4 4 0.78 2.79 1.34
(En) 1.67 2.84 1.72 1.44 0.78 2.79 1.34
(Fs) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - - - —
(Fa) - - - - - - -
Mt 0.77 0.83 0.12 0.29 0.60 0.02 0.70
11 0.70 0.51 0 .89 0 .7 6 0.32 0.82 0.13
Hm 1.69 1.34 1.70 1.60 0.92 1.94 0 .60
Ap 0.26 0.28 0 .19 0 .1 4 0.06 0.02 0.12
Trace elem ents
Sr 436 535 374 534 473 469 463
Ba 772 685 1096 534 2387 752 532
Rb 39 10 46 35 55 29 15

U 0.16 0.03 0.20 0.13 0.14 0.02 0.22
Th 0.2 0.1 6 .9 2 .5 14.0 0.1 0.2
Z r 142 103 227 201 137 22 433
Nb 3 < 2 3 3 <2 2 <2
Y 2 <2 3 2 2 <2 2
Cr 3 14 <2 2 <2 40 30
N i 6 22 4 3 6 31 37
V 32 37 42 39 58 50 11

Total iron expressed as Fe2C>3; CIPW norms calculated by setting
Fe2°3/Fe0 = 4.2, after Weaver and Tamey (1980).



Gruinard Bay gneisses, "anorthosites”

Sairp le: MJ188 MJ193 MJ198 MJ197 MJ199 MJ190

S i02 53.32 54.53 56.08 56.67 56.83 58.27
T i02 0.60 0.56 0.31 0.28 0.27 , 0 .46
A1203 21.08 20.17 21.09 21.65 21.36 19.43

Fe2°3* 6 .44 5.89 3.90 3.39 3.50 3.92
MnO 0.07 0.07 0 .0 3 0.03 0.03 0.07
MgO 2.74 3.15 2.31 1.62 1.96 2 .40
CaO 6.70 6.29 6 .19 6.25 6 .18 7.87
NaoO 5.57 5.58 5.99 6.54 6.39 5.51
K90 1.74 1.68 1.43 1.45 1.43 0 .82

p2°5 0.36 0.30 0.11 0.11 0.09 0 .16
h2o- 0 .08 0.11 0 .0 8 0.09 0.09 0.09
LOI 0.76 1.02 0 .7 6 0.75 0.82 0 .55
T o ta l 99.46 99.35 98.28 98.93 98.95 99.55

CIPW Norms*
Qz 0.00 0.00 0.00 0.00 0.00 4 .9 0
Co 0.00 0.00 0.00 0.00 0.00 0.00
Or 10.28 9.93 8 .45 8.57 8.45 4 .85
P I 71.35 72.24 77.12 78.45 79.11 72.49
(Ab) 43.97 47.22 50.69 53.01 53.73 46.62
(An) 27.38 25.03 26.43 25.44 25.38 25.86
Ne 1.71 0.00 0.00 1.26 0.18 0.00
D i 2.83 3.39 2.85 3.91 3.77 9 .7 0
(Wo) 1.47 1.76 1.48 2.03 1.96 5.07
(En) 0 .94 1.20 1.02 1.89 1.33 3.57
(Fs) 0.43 0.43 0 .3 4 0.86 0.48 1.06
Hy 0.00 1.70 3.67 0.00 0.00 3.12
(En) - 1.25 2 .7 4 - - 2.41
(Fs) - 0.45 0.93 - - 0.72
01 6.18 5.28 1.91 2.76 3.48 0.00
(Fo) 4.12 3.78 1.39 1.89 2.49 -

(Fa) 2.06 1.50 0.52 0.86 0.99 —

M t 3.91 3.58 2.36 2.06 2.12 2.38
11 1.14 1.06 0 .5 9 0.53 0.51 0 .87
Ap 0.85 0.71 0 .2 6 0.26 0.21 0 .3 8

T race elem ents 
S r 907 865 949 1011 990 718
Ba 643 555 526 669 546 846
Fib 47 40 28 29 30 17

U 0.22 0.15 0.05 0.05 0.01 0.25
Th 2.2 1.3 0 .3 0 .3 0 .5 3 .0
Z r 65 58 70 49 64 206
Nb 5 4 2 <2 <2 5
Y 12 14 13 10 8 20
Cr 26 35 19 11 14 24
N i 25 31 12 14 12 10
V 148 129 71 71 59 123

Total iron expressed as Fe203? CIPW norms calculated by setting
Fe2°3/Fe0 = 0.8• after Weaver and Tamey (1980).



Central Block granulites, 50.00 to 59.99% SiO?

Sample: MJ080 MJ051 MJ077 MJ053 MJ073 MJ043 MJ082 MJ076

SiOo 50.23 50.26 50.27 58.11 58.22 58.31 58.69 59.90
T iC ^ 0.91 0.79 0.62 0.66 0 .7 8 0 .14 , 0 .84 0.58
A10CU 16.42 13.57 12.66 15.23 15.83 17.99 15.31 15.96
Fe00-,* 12.02 14.34 13.47 8 .5 4 7.79 4 .8 8 8.24 6.19
MnO 0.23 0 .26 0.19 0.14 0.15 0 .09 0.13 0.12
MgO 5.58 5.99 9.10 3.41 3.87 3.66 4.17 3.42
CaO 9.82 10.56 9.85 8 .16 7.50 7.44 7.74 6.52
NaoO 3.45 2.32 2.59 4.47 3.99 5.72 4.23 4.28
KoO 0.64 0.72 0.72 0 .8 2 0.91 0 .5 4 0.67 1.29

p2°5 0.10 0.06 0.03 0.12 0.21 0.15 0.18 0 .24
h2° - 0 .15 0 .08 0.06 0 .0 8 0.05 0 .0 4 0.07 0 .04
LOI 0.68 0.60 0.59 0.36 0 .82 0.86 0.34 1.51
T o ta l 100.23 99.55 100.15 100.10 100.12 99.82 100.61 100.05

CIPW Norms*
Qz 0.21 4.92 0.42 9 .18 11.42 3.71 10.99 12.49
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 3.78 4.25 4.25 4 .85 5.38 3.19 3.96 7.62
P I 56.62 44.12 42.71 56.89 56.36 70.22 56.60 56.74
(Ab) 29.19 19.63 21.92 37.82 33.76 48.40 35.79 36.22
(An) 27.43 24.49 20.79 19.07 22.60 21.82 20.81 20.53
D i 16.67 22.32 22.34 16.72 10.65 11.30 13.19 8.23
(Wb) 8.62 11.49 11.64 8.61 5.53 5.89 6.85 4 .28
(En) 5.53 7.05 8.01 5.33 3.68 4.09 4.60 2.90
(Fs) 2.52 3.78 2.69 2.78 1.45 1.32 1.74 1.05
Hy 12.17 12.08 19.58 4.81 8.30 6.64 7.97 7.64
(En) 8 .36 7.87 14.65 3.16 5.96 5.02 5.78 5.62
(Fs) 3.80 4.22 4.92 1.65 2.34 1.62 2.18 2.03
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - - - - -
(Fa) - - - - - - - -
Mt 7.29 8.70 8.18 5.18 4.73 2.96 5.00 3.76
11 1.73 1.50 1.18 1.25 1 .48 0.27 1.60 1.10
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.24 0 .14 0.07 0 .2 8 0 .5 0 0.36 0.43 0.57

T race  elem ents 
S r 232 172 116 360 405 783 595 782
Ba 217 169 135 320 407 810 538 1442
Kb 3 10 4 5 7 4 2 6
U 0.09 0.13 0.04 0.09 0.11 0.05 0.07 0.01
Th 0.2 0.2 0.2 0 .3 0 .4 0.2 0.2 0.2
Z r 61 51 39 84 100 261 167 80
Nb 5 5 5 3 5 <2 5 2
Y 29 27 27 16 17 10 22 12
Cr 382 306 524 89 127 336 185 181
N i 101 86 117 63 72 101 145 39
V 253 258 271 156 134 63 116 117

* Total iron expressed as Fe203? CIPW norms calculated fcy setting
Fe2°3/FeO = 0.8, after Weaver and T a m e y  (1980).



Central Block granulites, 60.00 to 69.99% SiO?.

Sanple : MJ045 MJ046 MJ040 MJ070 MJ081 MJ067 MJ042 MJ083 MJ079

SiOo 60.58 60.62 61.90 62.08 62.08 62.19 63.89 64.97 65.26
TiO ^ 0.80 0 .28 0.65 0.79 0.39 0.80 0.57 0.59 0 .50
AloOo 16.96 17.72 15.94 15.31 13.48 18.00 15.74 16.19 15.97
F e t o t * 6.16 5.34 6.40 6.47 7.41 5.08 5.06 4 .74 5.22
MnO 0.0 8 0 .08 0.11 0.12 0.13 0.07 0.10 0.08 0.12
Mgo 2.72 2.37 3.41 2.71 4.23 1.39 2.09 1.91 2 .06
CaO 5.96 7.12 6.57 6.51 7.31 5.91 5.83 5.08 5.41
NanO 5.38 5.14 4*59 4.25 3.68 4.91 4.60 4.47 4.22
k 2° 0 .61 0 .6 0 0.26 0.89 0 .65 1.00 1.00 1.01 1.24

p2°5 0 .3 8 0 .1 4 0.10 0.14 0.09 0.27 0 .14 0.19 0 .13
H90 -
LOI

0.05 0.05 0.04 0.10 0.05 0 .03 0 .0 4 0 .0 4 0 .05
0 .59 0 .76 0.29 0.61 0.65 0.68 1.07 0.65 0 .27

T o ta l 100.27 100.22 100.26 99.98 100.15 100.33 100.13 99.92 100.45

CIPW Norms*
Qz 12.65 11.76 16.93 18.37 19.33 16.38 19.58 22.21 22.28
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 3.60 3.55 1.54 5.26 3 .84 5.91 5.91 5.97 7.33
P I 65.62 67.00 60.96 56.03 49.48 65.67 58.27 58.95 56.68
(Ab) 45.10 43.49 38.84 35.96 31.14 41.55 38.92 37.82 35.71
(An) 20.52 23.51 22.12 20.07 18.34 24.12 19.35 21.13 20.97
D i 5.11 8.67 7.75 8.93 13.73 2.71 6.85 2.24 3.98
(Wb) 2.71 4 .5 5 4.10 4.72 7.24 1.43 3.62 1.18 2.10
(En) 2.16 3.35 3.21 3.68 5.49 1.13 2.78 0.92 1.57
(Fs) 0 .24 0.77 0.43 0.52 1.01 0.14 0.45 0.13 0 .32
Hy 5.07 3.15 5.99 3.50 5.98 2.61 2.82 4.38 4 .29
(En) 4.56 2.56 5.28 3.06 5.05 2.33 2.42 3.83 3.56
(Fs) 0 .50 0.59 0.71 0.43 0.93 0 .28 0.39 0.55 0.72
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - - - - - -
(Fa) - - - - - - - - -
M t 4 .8 0 4 .1 8 5.00 5.06 5.79 3.97 3 .% 3.71 4 .0 7
11 1.56 0.53 1.23 1.50 0 .7 4 1.52 1.08 1.12 0.95
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.92 0.33 0.24 0.33 0.21 0 .6 4 0.33 0.45 0 .31

T ra ce  elem ents 
S r 931 1276 481 498 431 754 449 660 398
Ba 856 1011 143 467 547 617 648 533 543
Kb 4 3 <2 5 2 3 5 5 7

U 0.20 0.07 0.01 0.08 0.03 0.05 0.11 0.01 0 .0 4
Th 0 .5 0.2 0.2 0 .4 0.2 0.1 0.1 0.1 0.2
Z r 107 41 87 239 168 143 114 95 105
Nb 6 2 2 5 2 4 4 3 4
Y 17 10 14 17 15 6 11 6 14

C r 46 71 130 51 281 6 96 23 42
N i 47 58 110 29 80 19 46 23 31
V 121 95 142 110 99 81 100 82 64

Total iron expressed as Fe203; CIPW norms calculated by setting
Fe2°3/Fe0 “ 1*2# after Weaver and T a mey (1980).

*



Central Block granulites, 60.00 to 69.99% SiOp.

S anp le : MJ059 MJ055 MJ066 MJ054 MJ062 MJ069 MJ049 MJ060 MJ065

S i02 65.32 66.40 66.81 67.31 67.41 67.60 68.06 68.23 68.28
T i02 0.71 0.57 0.48 0 .46 0.49 0.46 0.43, 0 .4 9 0.42
a 12°3 14.55 16.57 16.50 16.85 16.12 15.90 16.43 16.18 16.30
Fe203* 5.86 3.35 3.52 2 .64 3.30 3.99 3.07 3.19 3.13
MnO 0.09 0.06 0.05 0.05 0.05 0.05 0.03 0 .0 9 0.05
MgO 2.65 1.05 0.80 0 .79 2.12 1.26 1.12 1 .8 4 0 .76
CaO 4.06 4.78 4.01 4 .6 2 1.78 5.25 3.87 3 .08 3.39
Na20 4.54 5.11 5.00 5.26 6.05 4 .30 5.04 4 .7 0 5.01
k 2o 0.64 1.17 1.32 1.13 1.03 0.92 1.21 0 .7 8 1.74

p2°5 0.21 0.14 0.19 0.12 0.13 0.21 0.18 0.13 0.15
h9o- 0.07 0.08 0 .04 0 .07 0 .08 0.05 0.07 0 .07 0 .03
LOI 1.72 0.89 1.41 0 .82 1.89 0 .44 0.74 1.42 0.81
T o ta l 100.42 100.17 100.13 100.12 100.45 100.43 100.25 100.20 100.07

CIPW Norms*
Qz 24.31 21.54 23.24 22.25 21.52 26.98 24.52 28.77 24.32
Co 0.00 0.00 0.01 0.00 2.13 0.00 0.22 2.32 0 .37
Or 3.78 6.91 7.80 6.68 6.09 5.44 7.15 4.61 10.28
P I 55.85 62.06 60.96 63 .54 59.17 57.75 60.67 54.20 58.23
(Ab) 38.42 43.24 42.31 44.51 51.19 36.39 42.65 39.77 42.39
(An) 17.43 18.82 18.65 19.03 7.98 21.37 18.02 14.43 15.84
D i 1.05 3.13 0.00 2.44 0.00 2.62 0.00 0.00 0.00
(Wo) 0.56 1.66 - 1 .30 - 1 .38 - — —
(En) 0 .44 1.35 - 1 .06 - 1.04 - - -
(Fs) 0.06 0.12 - 0 .0 9 - 0.20 - - -
Hy 6.95 1.38 2.40 0 .99 5.61 2.48 3.10 4 .9 4 2 .29
(En) 6.16 1.27 1.99 0 .9 1 5.28 2.09 2.79 4 .5 8 1.89
(Fs) 0.79 0.11 0.41 0 .0 8 0.33 0.39 0.31 0 .36 0 .4 0
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
(Fo) - - - — - - - — —
(Fa) - - - - - - - - -
Mt 4 .58 2.62 2.75 2.06 2.58 3.12 2.41 2.49 2 .4 4
11 1.35 1.08 0.91 0 .8 7 0.93 0 .8 7 0.82 0 .9 3 0 .8 0
Hm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ap 0.50 0.33 0.45 0 .2 8 0.31 0 .50 0.43 0 .31 0 .3 6

T race  elem ents 
S r 491 677 707 752 604 458 717 477 604
Ba 353 710 717 783 346 589 695 373 826
Kb 6 7 14 6 12 5 10 11 28

U 0.09 0.09 0.11 0 .0 4 0.07 0.05 0 .24 0.12 0 .0 7
Th 0 .7 0.1 0.1 0 .7 0.1 0.1 0 .7 0.1 0.1
Z r 205 118 136 129 165 138 119 178 115
Nb 6 4 3 2 2 3 6 2 <2
Y 10 3 5 2 2 8 2 <2 3

C r 15 24 2 33 13 14 13 19 2
N i 31 61 5 34 14 21 16 16 5
V 82 59 48 44 47 51 48 57 44

* Total iron expressed as Fe203; CIPW norms calculated by setting
Fe2°3/Fe0 = 1*2, after Weaver and T a mey (1980).



Central Block granulites, 60.00 to 69.99% SiOp.

Sanple : MJ071 MJ047 MJ085 MJ075 MJ044

S i02 68.64 68.87 68.95 69.44 69.67
T i02 0.48 0.37 0.37 0.38 0.48
A l2°3 15.95 15.96 16.30 15.68 15.06
Fe203* 3.69 3.21 2.59 3.20 3.57
MnQ 0.05 0.05 0.06 0.04 0.07
MgO 0.93 1.31 0.75 1.01 1.20
CaO 4.67 3.03 3.68 3.99 4.29
NaoO 4.18 4.31 4.96 4.32 4 .48
k 2o 0.89 1.82 1.03 1.44 0.76
P2°5 0.16 0 .14 0.11 0.12 0.07
h2o- 0 .14 0.11 0.06 0.05 0 .04
LOI 0 .5 4 0.78 1.23 0.61 0.45
T o ta l 100.32 99.96 100.09 100.28 100.14

CIPW Norms*
Qz 29.77 28.56 27.32 28.88 30.16
Co 0.00 1.73 0 .6 0 0.05 0.00
Or 5.26 10.75 6.09 8.51 4.49
P I 57.49 50.59 59.51 55.57 56.65
(Ab) 35.37 36.47 41.97 36.55 37.91
(An) 22.12 14.12 17.54 19.01 18.74
D i 0.00 0.00 0.00 0.00 1.65
(Wo) - — - - 0 .87
(En) - - - - 0 .67
(Fs) - - - - 0.11
Hy 2.78 3.76 2.18 2.98 2.68
(En) 2.32 3.26 1.87 2.52 2.32
(Fs) 0.47 0.50 0.31 0.46 0.36
01 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - -
(Fa) - - - - -
Mt 2.89 2.50 2.03 2.51 2.78
11 0.91 0.70 0 .70 0.72 0.91
Bn 0.00 0.00 0.00 0.00 0.00
Ap 0.3 8 0.33 0 .2 6 0 .28 0.17

T race
Sr

elem ents
407 554 411 377 520

Ba 708 602 1074 743 493
Kb 5 21 8 13 5

U 0.01 0.05 0.03 0.05 0.03
Th 0.1 0.1 0.1 0.1 0.1
Z r 126 111 95 132 75
Nb 2 3 <2 2 4
Y 4 5 < 2 6 4

Cr 15 18 7 19 25
N i 18 17 14 18 23
V 48 51 44 44 73

Total iron expressed as Fe203; CIPW norms calculated by setting
F^Os/FeO = 1.2, after Weaver and T amey (1980).



Central Block granulites, greater than 70.00% Si09

S anp le : MJ052 MJ074 MJ056 MJ072 MJ078

S i02 70.49 70.62 70.70 71.94 72.57
T iO j 0.32 0.36 0.29 0.31 0.17
AloOo 15.21 15.56 15.60 14.96 15.91
__ M  O .
Fe2°3 2.38 2.89 2.00 2.35 1.24
MnO 0.06 0 .0 4 0.02 0.04 0.05
MgO 0.80 0.94 0.45 0.51 0.26
CaO 2.50 3.33 2.91 3.47 1.87
Na20 4.33 4.59 4 .65 3.87 5.38
k 2o 3.23 1.22 2.49 2.00 2.43

p2°5 0.18 0.12 0.10 0.09 0.03
h2° - 0.05 0.05 0.07 0.05 0.03
LOI 0.68 0 .74 0 .7 4 0.75 0.55
T o ta l 100.23 100.46 100.02 100.34 100.49

CIPW Norms*
Qz 26.90 31.05 27.50 33.83 27.67
Co 0.48 0.92 0.20 0.34 1.10
Or 19.09 7.21 14.71 11.82 14.36
P I 47.87 54.58 53.13 49.37 54.61
(Ab) 36.64 38.84 39.35 32.75 45.52
(An) 11.23 15.74 13.78 16.63 9 .08
D i 0.00 0.00 0.00 0.00 0.00
(Wo) — - — — —

(En) - - - - -

(Fs) - - - - -

Hy 1.99 2.34 1.12 1.27 0.65
(En) 1.99 2.34 1.12 1.27 0.65
(Fs) 0.00 0.00 0.00 0.00 0.00
01 0.00 0.00 0.00 0.00 0.00
(Fo) - - - - —

(Fa) - - - - -

Mt 0.72 0.83 0 .45 0.65 0.41
11 0.61 0.68 0.55 0.59 0.32
Hn 1.38 1.72 1.27 1.41 0.70
Ap 0.43 0 .2 8 0 .2 4 0.21 0.07

T race  elements 
S r 830 400 450 342 569
Ba 774 685 1291 892 947
Kb 42 11 31 17 17

U 0.04 0.12 0.13 0.03 0.01
Th 0.1 0.1 0.2 0.1 0.1
Z r 139 130 83 144 36
Nb 4 3 2 2 < 2
Y 7 5 2 3 < 2

C r 3 10 5 2 < 2
N i 3 17 14 13 3
V 35 44 29 29 15

Total iron expressed as Fe203; CIPW norms calculated ty setting
Fe2°3/Fe0 = 4.2, after Weaver and T a m e y  (1980).



Central Block granulites, "anorthosites

S anple: MJ058 MJ057

S i02 58.21 60.22
T i02 0.66 0.06

a12°3 21.46 22.52

Fe2°3 * 3.32 1.23
MnO 0.06 0 .03
MgO 1.59 0.91
CaO 2.55 3.61
Na20 7.99 8.03
k 2o 1.79 1.77
P2°5 0 .1 4 0.01
HoO- 0.08 0 .08
LOI 2.32 1.78
T o ta l 100.17 100.25

CIPW Norms*
Qz 0 .00 0.00
Co 2.08 0.85
Or 10.58 10.46
P I 75.83 81.84
(Ab) 64.09 64.00
(An) 11.74 17.84
Ne 1.91 2.14
D i 0.00 0.00
(Wo) - —
(En) - -
(Fs) - -
Hy 0.00 0.00
(En) - —
(Fs) - -
01 3.60 2.14
(Fo) 2 .77 1.59
(Fa) 0 .83 0.55
Mt 2.02 0 .7 4
11 1.25 0.11
Ap 0.33 0.02
T race elem ents 
S r 680 792
Ba 430 599
Eb 19 19

U 0.21 0.02
Th 0 .7 0 .1
Z r 92 17
Nb 5 <2
Y 2 <2
Cr 36 19
N i 33 26
V 55 56

Total iron expressed as ; CIPW norms calculated by setting
F^Os/FeO = 0.8, after Weaver and T a m e y  (1980).



Glen Dessarry Canplex, ultramafics

Sanple : GD48 GD49

S i02 39.80 49.93
TiC>2 2.39 0.77
Al^Oo 5.52 3.91
Fe2°3 * 17.75 9.51
MnO 0.28 0.21
MgO 11.43 12.47
CaO 16.99 21.58
Na20 0.85 1.31
K2O 1.75 0 .24

p2°5 2.12 0.46
HoO-
L 5 l

0.02 0.03
0.33 0.21

T o ta lx 99.51 100.69

CIFW Norms*
Qz 0 .00 0.00
Go 0.00 0.00
Or 0.00 1.42
P I 6 .08 9.02
(Ab) - 4 .9 4
(An) 6 .08 4 .0 8
Lc 8.11 0.00
Ne 3.90 3.33
Wb 0.00 1.43
D i 51.27 76.35
(Wb) 26.85 40.32
(En) 19.33 31.06
(Fs) 5.09 4 .98
h y 0.00 0.00
(En) - -
(Fs) - -
01 8.26 0.00
(Fo) 6 .40 -
(Fa) 1.86 -
Cs 0.02 0.00
Mt 10.77 5.77
11 4 .5 4 1.46
Ap 5.02 1.09

Trace e lem ents 
S r 646 419
Ba 1819 118
Rb 67 5

U 2.30 1.30
T in . 6 .5 5 .8
Z r 153 187
Nb 10 4
Y 53 33

C r 127 121
N i 117 66
V 391 190

Total iron expressed as Fe203; CIPW norms calculated by setting
Fe203/Fe0 =0.8, arter Richardson (1968).

x Totals include BaO and SrO.



Glen Dessarry Complex, mafic syenites

Sanple: <3D43 GD42 GD45 MJ012 MJ020 GD44 GD18 GDI 9 GD31

SiOo
T i02

49.10 51.63 51.80 51.82 51.82 52.60 52.88 53.02 53.32
1.38 1.32 1.23 1.25 1.29 1.15 1.31, 1.28 1.18

a12°3 13.47 12.70 14.48 12.00 14.12 14.81 14.24 14.05 14.05
Fe203* 12.13 10.27 10.16 10.13 10.20 9.55 9.46 9.37 9.42
MnO 0.21 0 .1 9 0.17 0.20 0.21 0 .1 6 0.17 0.18 0.16
MgO 6.11 5 .8 8 4.20 5.84 5.25 3.97 5.00 5.04 4 .56
CaO 9.33 8.23 5.96 8.98 7.98 5.58 7.10 6.99 6.99
Na^O 2.95 3.36 3.98 3.65 3.06 4 .0 2 3.82 3.80 3.49
K20 2 .25 4 .30 4.71 4.20 4.81 4 .8 1 4 .5 0 4.56 4.62

p2°5 0 .81 0.68 0.97 1.11 0.81 0.91 0.67 0.66 0.70
h2o -
L/DI

0 .0 3 0 .0 3 0 .0 4 0.03 0 .08 0.05 0.00 0.01 0.02
0 .5 3 0 .4 9 0.33 0.27 0.28 0.32 0.32 0 .30 0.36

T o ta lx 98.55 99.49 99.40 100.56 100.55 99.40 99.92 99.71 99.42

CIPW Norms*
Qz 0 .8 4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 13.30 25.41 27.83 24.82 28.42 28.42 26.59 26.95 27.30
P I 41.83 31.80 38.78 28.97 34.54 41.32 37.58 37.26 38.56
(Ab) 24.96 24.93 31.05 25.02 23.95 33.16 29.16 29.44 29.53
(An) 16.87 6.87 7.73 3.96 10.59 8 .16 8.42 7.81 9.03
Lc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ne 0.00 1.90 1.42 3.18 1.05 0 .4 7 1.71 1.47 0.00
Wb 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D i 19.02 23.20 12.23 26.23 18.67 10.72 17.62 17.73 16.60
(Wc) 10.07 12.32 6.47 13.92 9.90 5.67 9.36 9.42 8.80
(En) 7 .93 9 .92 5.05 11.15 7.88 4 .4 2 7.57 7.59 6 .98
(Fs) 1.01 0.96 0.72 1.16 0.39 0 .63 0.69 0.72 0.82
Hy 8.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.12
(En) 7 .28 - - - - - - - 2.79
(Fs) 0 .93 - - - - - - - 0.33
01 0.00 3.66 4.39 2.65 4.10 4 .4 4 3.77 3.84 1.25
(Fo) - 3.31 3.79 2.38 3.64 3.83 3.42 3.48 1.11
(Fa) - 0.35 0.60 0.27 0.46 0 .60 0 .3 4 0.36 0 .1 4
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 9 .4 8 8.03 7.95 7.92 7.97 7.47 7.39 7.32 7.37
11 2.62 2.51 2.34 2.37 2.45 2 .18 2.49 2.43 2.24
Ap 1.92 1.61 2.30 2.63 1.92 2.16 1.59 1.56 1.66
Trace e lem ents 
S r 2648 1719 7078 4686 2948 7393 1957 2039 2626
Ba 2142 1832 4800 4690 2599 5315 1918 1911 2179
Rb 76 106 96 105 109 95 114 117 82

U 6.35 4.45 2.60 1.89 2.95 2.15 4 .80 5.00 5.55
Th 28 .8 17.7 9 .6 9 .8 16.2 7 .2 19.6 17.7 36.4
Z r 159 345 32 161 197 79 277 289 186
Nb 44 26 17 11 21 14 32 32 34
Y 76 42 35 51 41 29 40 41 39

Cr 150 119 59 118 78 53 91 86 77
N i 59 48 40 73 44 38 39 38 35
V 259 238 206 209 227 196 206 206 208

*  T o ta l i r o n  expressed as E^Oo,* CIPW norms c a lc u la te d  by s e t t in g
Fe203/FeO =1.3, after Richardson (1968).

x Totals include BaO and SrO.



Glen Dessarry Canplex, mafic syenites

Sanple : MJ013 0320 GD46 GD52 GD27 GD29 MJ026 GD28 MJ015

SiOo 53.54 53.76 53.77 54.29 56.70 56.88 56.96 57.24 57.28
T i02 1.33 1.26 1.25 1.08 0 .9 0 0.86 0.88 0.86 0.87
A I9O0 14.50 13.94 14.20 15.58 15.36 15.19 18.74 15.34 16.14
Fe20 3* 9 .27 9.06 8.75 7.89 6 .9 9 6.84 6 .24 6.62 6.31
MnO 0.1 7 0.17 0.17 0.13 0 .1 5 0.15 0.09 0.20 0.14
MgO 5.12 4.72 4 .64 3.96 3.26 3.07 1.49 2.99 3.02
CaO 6.92 6.75 6 .48 6.85 5.14 4.79 3.91 4 .77 4.75
Na20 3.76 3.76 3.96 3.87 3.71 3.08 4.96 3.05 3.58
KoO 4.61 4 .83 5.00 4 .44 5.81 7.32 4 .9 9 7.28 6.90

p2°5 0.67 0.62 0.62 0.60 0 .6 2 0 .58 0 .38 0.56 0.61
h2o - 0 .03 0.02 0.03 0.05 0 .0 4 0.03 0.06 0.03 0.02
LOI 0 .3 4 0.22 0.25 0.47 0 .4 6 0.29 0.19 0.31 0.26
T o ta lx 100.70 99.55 99.54 99.76 99.90 99.76 100.26 99.94 100.59

CIPW Norms*
Qz 0 .00 0.00 0.00 0.00 1.19 0 .30 0.17 0 .9 4 0.00
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 27.24 28.54 29.55 26.24 34.33 43.26 29.55 43.02 40.77
P I 39.34 37.30 35.65 44.77 39.49 32.07 55.75 32.47 37.88
(Ab) 30.27 30.41 29.45 32.75 31.39 26.06 40.87 25.81 30.29
(An) 9.07 6.89 6.20 12.03 8.10 6.00 14.88 6.67 7.59
Lc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ne 0 .8 4 0 .76 2.20 0.00 0.00 0.00 0.00 0.00 0.00
Wo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D i 16.39 17.72 17.20 14.18 10.52 11.02 1.65 10.53 9 .44
(Wb) 8.72 9.41 9 .14 7.53 5.57 5.83 0.87 5.57 5.01
(En) 7.09 7.59 7.40 6.06 4 .4 0 4.57 0.66 4.35 3.99
(Fs) 0 .5 8 0.72 0.65 0.59 0 .5 4 0.61 0.12 0.61 0 .44
Hy 0.00 0.00 0.00 1.99 4 .1 8 3.48 3.66 3 .54 1.54
(En) - - - 1.81 3.72 3.07 3.10 3.10 1.39
(Fs) - - - 0.18 0 .4 6 0.41 0.56 0 .4 4 0.15
01 4.32 3.22 3.19 1.54 0.00 0.00 0.00 0.00 1.68
(Fo) 3 .96 2.92 2.91 1.39 - - - - 1.50
(Fa) 0 .36 0.30 0 .2 8 0.15 - - - - 0.18
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mt 7.25 7.08 6 .8 4 6.16 5.47 5.35 4.87 5.18 4.93
11 2.53 2.39 2.37 2.05 1.71 1.63 1.67 1.63 1.65
Ap 1.59 1.47 1.47 1.42 1.47 1.37 0.90 1.33 1.44

Trace e lem ents 
S r 1933 2015 1923 2467 2628 2415 6279 2494 2933
Ba 1933 1795 1717 2320 3993 3492 5582 3562 3264
Rb 117 131 133 103 93 121 83 120 110
U 4 .9 8 4.95 4.85 4 .00 1 .9 0 1.70 1.22 1.50 2.04
Th 18.0 15.9 17.6 14.8 8 .4 9 .2 6 .9 9 .0 9 .3
Z r 308 281 252 385 153 126 71 133 160
Nb 28 28 27 32 14 12 10 14 11
Y 42 37 37 41 37 31 31 34 31

C r 87 85 81 55 78 67 4 69 56
N i 42 38 36 23 40 31 10 34 33
V 200 190 188 147 155 146 132 147 130

*  T o ta l i r c n  expressed as Fe20o ; CIPW norms c a lc u la te d  by  s e t t in g
Fe203/FeO =1.3, after Richardson (1968).

x Totals include BaO and SrO.



Glen Dessarry Carpi ex, mafic syenites

Sanple : MJ029 GD30 MJ016 MJ024

S i0 2 57.98 59.25 59.31 61.56
T i0 2 0.90 0.62 0.91 0.57

a 12°3 16.22 16.28 17.54 17.70
Fe203* 6 .54 5.37 5.82 3.74
MnO 0.11 0 .0 8 0.10 0.07
MgO 2.82 1.75 1.24 0.93
CaO 4.4 2 3.74 4.02 2.87
NaoO 4.12 4 .27 6.01 5.49
k2o 5.87 6.47 4 .4 4 5.97

p2°5 0.49 0.41 0.31 0 .24
h2o- 0 .09 0 .0 3 0.02 0 .06
LOI 0 .48 0.17 0.07 0 .09
T o ta lx 100.41 99.60 100.74 100.40

CIPW Norms*
Qz 1.13 1.91 0.00 1.19
Co 0.00 0 .0 0 0 .00 0 .0 0
Or 34.69 38.23 26.24 35.28
P I 43.29 42.28 58.04 52.48
(Ab) 34.86 36.13 50.27 46.45
(An) 8 .43 6 .15 7.77 6.02
Lc 0 .00 0 .0 0 0.00 0.00
Ne 0.00 0 .0 0 0.32 0.00
Vfo 0.00 0 .0 0 0.21 0.00
D i 8 .11 7.71 7.63 5.26
(Wo) 4 .30 4 .0 6 4.03 2.78
(En) 3.43 3.07 3.09 2.14
(Fs) 0 .38 0 .5 8 0.51 0 .34
Hy 3.99 1.53 0.00 0.20
(En) 3.60 1.29 - 0.17
(Fs) 0 .40 0 .2 4 - 0.03
01 0.00 0 .00 0.00 0 .00
(Fo) - - - -
(Fa) - - - -
Cs 0.0 0 0 .0 0 0 .00 0 .00
Mt 5.12 4 .20 4.55 2.93
11 1.71 1 .18 1.73 1.08
Ap 1.16 0.97 0.73 0.57

Trace elem ents 
S r 1694 6097 4887 5373
Ba 1557 3915 3374 4293
Kb 161 99 69 77

U 9.57 1.15 0.90 1.08
Th 34.0 6 .1 6 .6 5 .9
Z r 401 36 88 54
Nb 35 11 15 14
Y 40 27 27 29

C r 43 24 2 < 2
N i 22 16 7 6
V 109 100 107 74

T o ta l i r o n  expressed as Fe2Oo? CIPW norms c a lc u la te d  by  s e t t in g  
Fe203/Fe0 = 1 . 3 ,  a f t e r  R ichardson (1968). 

x  T o ta ls  in c lu d e  BaO and SrO.



Glen Dessarry Complex, leuoocratic syenites

Sanple: IGS
45671

IGS
45670

IGS
42780 MJ001 MJ011 MJ002

IGS
45672

IGS
42778 GD33

S i°2 58.00 58.88 59.31 59.80 60.08 60.23 60.2a 60.61 60.64
T i0 2 0 .8 4 0.72 0.61 0.69 0.59 0.69 0 .5 8 0.67 0.63

a 12°3 15.98 16.86 17.42 17.63 16.63 17.83 17.47 17.21 17.13
Fe203* 6 .48 5.72 5.32 4.82 4.58 4 .57 4 .6 4 4.98 4 .4 4
MnO 0.13 0.11 0.12 0.10 0.10 0 .09 0 .09 0.10 0.07
MgO 2.65 1.69 1.39 1.34 1.44 1.32 1.43 1.03 0.81
CaO 4.3 4 3.52 2.54 2.93 3.34 2.73 3.21 2.98 2.19
NaoO 3.34 4 .0 4 5.65 4.59 5.06 5.14 5.07 5.26 4.52
k2o 5.65 5.96 5.68 6.65 6.46 6.36 5.67 6.24 7.69

p2°5 0.52 0.41 0 .35 0.36 0.42 0.31 0 .3 7 0.28 0.23
h2o- 0 .05 0.03 0.05 0.03 0.06 0.03 0.03 0 .0 4 0.06
LOI 0.45 0 .37 0.36 0.19 0.30 0.20 0 .33 0.21 0 .19
T o ta lx 99.09 99.18 99.66 100.00 100.28 100.38 100.03 100.55 99.51

CIPW Norms*
Qz 5.79 4 .0 0 0 .00 0 .84 0.00 0 .0 0 1.75 0.21 0.45
Co 0 .0 0 0.00 0 .00 0.00 0.00 0 .00 0.00 0.00 0 .0 0
Or 33.39 35.22 33.56 39.30 38.17 37.58 33.51 36.87 45.44
P I 40.19 44.45 51.94 46.70 45.81 50.29 51.07 49.43 41.99
(Ab) 28.26 34.19 46.54 38.84 42.23 43.49 42.90 44.51 38.25
(An) 11.92 10.27 5.40 7.86 3.58 6.80 8.17 4.92 3.74
Lc 0.00 0 .0 0 0 .00 0 .00 0.00 0 .00 0 .0 0 0.00 0 .00
Ne 0.00 0.00 0.69 0.00 0.32 0 .00 0 .00 0.00 0.00
Wo 0.0 0 0.00 0 .00 0.00 0.00 0 .00 0 .0 0 0.00 0 .00
D i 4 .9 4 3.62 3.96 3.46 8.20 3.77 4 .2 8 6.49 4 .54
(wo) 2 .59 1.89 2.05 1.80 4 .28 1.97 2.23 3.35 2.35
(En) 1.90 1.30 1.35 1.25 2.98 1.40 1.55 2.16 1.49
(Fs) 0.45 0 .44 0.56 0.40 0 .94 0.41 0 .5 0 0.98 0.71
Hy 5.83 3.89 0.00 2.75 0.00 1.16 2.67 0.59 0 .78
(En) 4 .70 2.91 - 2.08 - 0 .9 0 2.02 0.41 0.53
(Fs) 1.12 0 .98 - 0.67 - 0.26 0 .66 0.19 0.25
O l 0 .0 0 0 .0 0 2.17 0 .00 0.57 0 .9 2 0 .0 0 0 .00 0 .00
(Fo) - - 1.48 - 0.42 0 .7 0 - — —

(Fa) - - 0 .69 - 0.15 0 .22 - - —

Cs 0.0 0 0 .00 0 .00 0 .00 0.00 0 .0 0 0 .00 0.00 0.00
M t 4.67 4.13 3 .84 3.48 3.31 3.29 3.35 3.60 3.20
11 1.60 1.37 1.16 1.31 1.12 1.31 1.10 1.27 1.20
Ap 1.23 0 .97 0 .83 0.85 0 .99 0 .73 0 .8 8 0.66 0 .5 4

Trace elem ents 
S r 3169 3994 4146 4164 5054 4198 4333 4678 4303
Ba 2543 3544 3269 3383 5524 3434 3110 3508 3551
Kb 92 95 122 106 115 119 116 100 136

U 2.40 1.50 1.10 2.31 2.60 2.03 2.80 1.50 1.45
Th 12.0 12.0 8 .4 12.0 11.3 11.3 15.0 8 .7 8 .3
Z r 134 188 80 222 121 159 104 31 55
Nb 12 24 14 27 18 24 11 20 24
Y 35 28 28 32 34 31 26 32 28

Cr 64 26 10 9 9 6 21 < 2 < 2
N i 32 15 13 10 12 11 15 6 7
V 132 118 94 82 97 81 86 79 82

* Total iron expressed as Fe203; CIPW norms calculated ty setting
Fe2Q3/FeO = 1.1, after Richardson (1968).

x Totals include BaO and SrO.



Glen Dessarry Carp lex, leucocratic syenites.

Sample: IGS IGS IGS
MJ010 MJ008 42774 MJ005 48474 MJ027 45660 MJ003 MJ009

S i02 60.75 60.78 60.81 61.14 61.19 61.24 61.24 61.28 61.28
T i02 0.66 0.61 0 .70 0.61 0.62 0.62 0.68 0 .60 0 .70
A I2O3 17.39 17.55 17.44 17.68 17.73 17.78 17.64 17.73 17.38
Fe203* 4 .6 4 4 .1 8 4.65 4.09 4.46 4 .2 4 4.46 4.03 4 .2 6
MnO 0.0 8 0.08 0 .08 0.08 0.08 0.08 0.06 0.10 0 .09
MgO 1.01 1.02 1.00 0.93 0.62 1.03 0.78 0.99 1.08
CaO 2.95 2.77 2.60 2.70 2.46 2.71 2.60 2.96 2.73
NaoO 5.25 5.39 4 .97 5.85 5.00 4 .8 6 4.14 5.59 5.41
k2o 6.36 6.22 6.14 6.27 6.11 6.25 6.33 6.00 6.05

P2°5 0.31 0.30 0.25 0.25 0.20 0 .2 7 0.22 0.26 0.29
H20 - 0.02 0.06 0.03 0.02 0.04 0.06 0.04 0.02 0.02
LOI 0 .1 7 0.20 0.17 0.16 0.27 0.12 0.38 0.17 0.16
T o ta lx 100.58 100.33 99.85 100.86 99.84 100.52 99.62 100.85 100.42

CIPW Norms*
Qz 0 .0 8 0.00 2.51 0.00 3.29 2.80 6.56 0.00 1.03
Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Or 37.58 36.76 36.28 37.05 36.11 36.93 37.41 35.46 35.75
P I 49.53 50.93 49.20 48.71 50.20 49.36 45.89 52.87 51.05
(Ab) 44.42 45.61 42.05 45.25 42.31 41.12 35.03 47.30 45.78
(An) 5 .10 5.32 7.14 3.46 7.89 8 .2 4 10.85 5.57 5.27
Lc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ne 0.00 0.00 0.00 2.30 0.00 0.00 0.00 0.00 0.00
Wo 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
D i 6 .04 5.18 3.31 6.62 2.45 2.76 0.49 5.96 5.10
(Wo) 3.14 2.70 1.72 3.44 1.26 1 .44 0.25 3.10 2.66
(En) 2 .08 1.84 1.16 2.32 0.73 0 .98 0.16 2.10 1.87
(Fs) 0 .8 3 0.65 0 .4 4 0.36 0.47 0.35 0.07 0.75 0.56
Hy 0.61 0.95 1.84 0.00 1.35 2.15 2.57 0.20 1.06
(En) 0 .4 4 0.70 1.34 - 0.82 1.59 1.78 0.15 0.81
(Fs) 0 .1 8 0.25 0 .50 - 0.53 0.56 0.79 0.05 0 .2 4
01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.21 0.00
(Fo) - - - - - - - 0 .15 -
(Fa) - - - - - - - 0.06 -
Cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M t 3.35 3.02 3.35 2.94 3.22 3.06 3.22 2.90 3.07
11 1.25 1.16 1.33 1.16 1.18 1.18 1.29 1.14 1.33
Ap 0.73 0.71 0 .59 0.59 0.47 0 .6 4 0.52 0.62 0.69

T race elem ents 
Sr 4930 5718 5077 5281 5377 5465 5380 5530 4308
Ba 3676 4417 3664 4093 3773 5451 3749 4189 4083
Rb 125 98 98 97 94 79 93 81 120
U 1.85 1.26 1.30 1.27 1.20 1.06 1.30 1.18 1.68
Th 10.0 7 .0 8.6 6.3 8.2 7.3 7 .4 6.2 7 .4
Z r 104 64 42 66 12 60 12 67 82
Nb 20 15 23 15 18 15 20 15 20
Y 27 27 32 27 28 25 32 31 29

Cr <2 <2 <2 15 <2 < 2 <2 <2 < 2
N i 7 6 7 6 5 7 6 6 7
V 79 78 87 81 87 86 95 80 88

* Total iron expressed as Fe2C>3; CIPW norms calculated by setting
Fe203/Fe0 = 1.1, after Richardson (1968).

x Totals include BaO and SrO.



Glen Dessarry Carpiex, leucocratic syenites

Sanple: IGS IGS
45662 MJ006 42781

si02 61.45 61.99 62.05
T i02 0.71 0 .4 8 0.59

a12°3 17.40 18.35 18.12

Fe2°3* 4 .7 2 3.21 3.26
MnO 0.0 8 0.06 0.04
MgO 0.8 7 0 .62 0.42
CaO 2.85 2.05 1.70
NaoO 4.7 8 5.88 5.31
k2o 6.18 6 .4 0 6.59

P2°5 0 .2 8 0.20 0.12
h2o- 0 .03 0.01 0.04
LOI 0 .3 4 0 .15 0.32
T o ta lx 100.56 100.59 99.76

CIPW Norms*
Qz 3 .93 0.00 2.13
Co 0.00 0.00 0.00
Or 36.52 37.82 38.94
P I 48.22 52.99 51.08
(Ab) 40.45 48.22 44.93
(An) 7.77 4 .7 7 6.14
Lc 0.00 0.00 0.00
Ne 0.00 0.83 0.00
Wo 0.00 0.00 0.00
D i 3.66 3.30 1.21
(Wb) 1.90 1.71 0.63
(En) 1.23 1.11 0.41
(Fs) 0 .5 4 0 .4 8 0.18
Hy 1.35 0.00 0.92
(En) 0 .9 4 - 0.64
(Fs) 0 .41 - 0.28
01 0.00 0 .4 4 0.00
(Fo) - 0 .30 -
(Fa) - 0 .1 4 -
Cs 0.00 0.00 0.00
Mt 3.41 2.32 2.35
11 1.35 0.91 1.12
Ap 0.66 0.47 0.28

Trace elem ents 
Sr 4073 5933 6190
Ba 3496 4330 4218
Kb 92 101 124

U 1.90 1.31 1.80
H i 9 .2 4 .9 9 .7
Z r 70 46 44
Nb 27 12 27
Y 37 22 28

Cr <2 <2 <2
N i 6 3 4
V 95 63 68

Total iron expressed as Fe203? CIPW norms calculated by setting
Fe203/Fe0 = 1.1, after Richardscn (1968).

x Totals include BaO and SrO.



Glen Dessarry Complex, pegmatites.

Sanple: GDI 3 GD34 GD35 GD32

S i0 2 64.98 67.29 68.43 72.21
T i02 0.06 0.02 0.07 0 .0 4
A l203 19.95 19.51 17.49 15.76
Fe203* 0.63 0.20 1.13 0 .5 5
MnO 0.00 0.00 0.01 0 .0 0
MgO 0.11 0.00 0.05 0 .0 0
CaO 2.13 1.90 2 .0 4 1 .65
Na20 7.51 9.35 6.78 5.96
k2o 3.73 1.01 2.76 3.31

p2°5 0.19 0.07 0 .10 0 .07
h9o- 0 .05 0.06 0 .0 4 0 .0 2
LOI 0.36 0.23 0.15 0 .1 4
T o ta lx 100.15 100.06 99.25 99.87

CIPW Norms*
Qz 2.55 5.23 13.80 21.56
Co 0.14 0.00 0 .0 0 0 .0 0
Or 22.04 5.97 16.31 19.56
P I 72.87 87.40 66.51 56.91
(Ab) 63.55 79.12 57.37 50.43
(An) 9.33 8.28 9.14 6 .4 7
Lc 0.00 0.00 0 .00 0 .0 0
Ne 0.00 0.00 0 .00 0 .0 0
Wb 0.00 0.12 0 .00 0 .0 4
D i 0 .00 0.36 0 .2 9 1 .0 4
(Wb) - 0.17 0 .1 4 0 .4 9
(En) - 0.00 0.01 0 .0 0
(Fs) - 0.19 0 .1 4 0.55
Hy 0.89 0.00 1.15 0 .0 0
(En) 0 .27 - 0.11 -
(Fs) 0.62 - 1.04 -
01 0.00 0.00 0.00 0 .0 0
(Fo) - - - -
(Fa) - - - -
Cs 0.00 0.00 0 .0 0 0 .0 0
Mt 0.19 0.06 0.35 0 .1 7
11 0.11 0 .0 4 0.13 0 .0 8
Ap 0.45 0.17 0 .2 4 0 .1 7

Trace elem ents
Sr 2530 3318 1038 726
Ba 1373 257 651 630
Kb 83 17 56 78

U 0.6 0 0.30 0 .7 0 0 .7 0
Th 6 .4 0 .8 4 .8 2 .9
Z r < 2 < 2 25 28
Nb 2 < 2 8 3
Y 14 6 34 13

C r < 2 < 2 < 2 < 2
N i < 2 < 2 < 2 < 2
V 7 < 2 5 2

Total iron expressed as Fe^Oo; CIPW norms calculated ty setting
F8203 t e & e & 3 lngfiK  ̂ 5 hanls§&.(1968)-



Glen Dessarry Ccnplex, Moine metasediments

Sanple: GD3 MJ019

S i02 68.15 70.39
T i02 0.86 0.81
A I2O3 14.69 13.65

Fe2 °3 * 4 .3 8 5.73
MnO 0.06 0.11
MgO 1.21 1.55
CaO 1.97 1.66
Na20 3.33 2.56
K90 4 .21 2.81
P2Os 0 .0 8 0.08
h9o-
LOI

0.02 0.04
0.46 1.06

T o ta l 99.42 

CIPW Norms*

100.45

Qz 25.11 36.53
Co 1.26 3.57
Or 24.88 16.61
P I 37.43 29.37
(Ab) 28.18 21.66
(An) 9 .25 7.71
Lc 0.00 0.00
Ne 0.00 0.00
Wb 0.00 0.00
D i 0.00 0.00
(Wo) - -
(En) - -
(Fs) - -
Hy 6.88 9.50
(En) 3.01 3.86
(Fs) 3 .86 5.64
01 0.00 0.00
(Fo) - -
(Fa) - -
Cs 0.00 0.00
Mt 1.20 1.58
11 1.63 1.54
Ap 0 .19  

Trace elem ents

0.19

S r 296 292
Ba 1039 532
Fb 153 96

U 2.70 2.43
Th 12.6 17.0
Z r 405 360
Nb 17 18
Y 41 51

C r 39 44
N i 24 25
V 62 54

GD6 GDI GD2

72.24 73.26 74.31
0 .74 0 .78 0.70

13.31 12.20 12.01
3.45 3.45 3.01
0.02 0.08 0.05
0 .8 4 0.93 0.92
1.94 1.81 1.18
2.56 3.04 2.47
3.69 3.81 4 .66
0.08 0.06 0.05
0 .0 4 0.06 0.03
0.73 0.44 0 .38

99.64 99.92 99.77

36.72 34.60 37.22
1.77 0.00 0.88

21.81 22.51 27.54
30.76 34.11 26.43
21.66 25.72 20.90

9.10 8 .39 5.53
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.16 0.00
- 0.08 -
- 0 .0 4 -
- 0.05 -

5.00 5.19 4.78
2.09 2.28 2.29
2.91 2.91 2.49
0.00 0.00 0.00

0.00 0.00 0.00
0 .9 4 0 .9 4 0.83
1.41 1.48 1.33
0.19 0 .14 0.12

314 291 308
1053 1019 1253

127 133 140

2.00 8 .50 2.40
10.1 20.3 11.7

398 632 570
17 19 17
41 99 32

28 29 23
12 11 7
50 51 47

Total iron expressed as Fe2Oo? CIPW norms calculated by setting
Fe203/Fe0 = 0.26, after Butler (1965).



Glen Dessarry Complex / "fenitised" Moine

Sample: MT018 MJ014 GD7 GD8 GD39 MJ023 GD40 GD41

S i0 2 62.80 63.57 64.12 64.45 64.82 66.12 76.68 79.00
T i0 2 1.67 1.18 0.64 0.72 0.47 1.20 . 0 .73 0 .44
A l2C>3 17.61 16.20 17.93 17.96 17.97 16.50 11.01 10.51

Fe2°3* 3.36 6.49 2.26 2.60 1.79 6.26 2.10 1.59
MnO 0.08 0.09 0.03 0 .03 0.01 0 .08 0.01 0.02
MgO 0.73 1.79 0 .34 0.53 0.31 1.66 0.41 0.21
CaO 1.88 1.64 1.08 1 .28 0.97 1.24 0 .9 6 0.79
Na20 6.43 3.99 6.27 6.82 5.97 2.22 2.27 2.10
k 2o 4.95 4.05 6 .14 5.38 6.40 3.54 4 .5 9 4 .36
p2°5 0.21 0.05 0.13 0 .1 4 0.13 0.06 0 .06 0.07
HoO- 0.08 0.02 0.17 0.03 0.05 0 .10 0 .06 0 .03
LOI 0.45 0 .7 4 0.59 0 .30 0.36 1.42 0.35 0 .39
T o ta l 100.25 99.81 99.65 100.24 99.25 100.40 99.23 99.51

CIEW Norms*
Qz 2.04 16.14 1.39 0 .80 2.94 32.17 42.82 47.75
Co 0.00 2.39 0.00 0 .0 0 0.00 6.91 0.71 1.07
Or 29.25 23.93 36.28 31.79 37.82 20.92 27.12 25.76
P I 58.98 41.57 55.70 60.21 53.85 24.54 23.58 21.23
(Ab) 54.41 33.76 53.05 57.71 50.52 18.79 19.21 17.77
(An) 4.57 7.81 2.65 2 .50 3.33 5.76 4.37 3.46
Lc 0.00 0.00 0.00 0 .00 0.00 0 .00 0 .00 0 .00
Ne 0.00 0 .00 0 .00 0 .0 0 0.00 0 .0 0 0 .00 0 .00
Wo 0.00 0.00 0.00 0 .0 0 0.00 0.00 0 .00 0.00
D i 2.77 0.00 1.37 2.46 0.53 0 .0 0 0 .00 0 .0 0
(Wb) 1.41 - 0.67 1.22 0.26 — — —

(En) 0.78 - 0.23 0 .5 0 0.10 - - -

(Fs) 0.58 - 0.46 0 .7 4 0.17 - - —

Hy 1.82 10.35 1.83 2 .0 4 1.87 9.69 2.31 1.72
(En) 1.04 4 .46 0.61 0.82 0.68 4.13 1.02 0.52
(Fs) 0.78 5.89 1.21 1.21 1.20 5.56 1.29 1.19
01 0.00 0.00 0.00 0.00 0.00 0 .00 0 .0 0 0 .0 0
(Fo) - - - - - - - -

(Fa) - - - - - - - -

Cs 0.00 0.00 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0
M t 0.93 1.78 0.62 0.71 0.49 1.73 0 .58 0.43
11 3.17 2.24 1.22 1.37 0.89 2.28 1.39 0 .8 4
*P 0.50 0.12 0.31 0 .33 0.31 0 .14 0 .1 4 0.17

Trace elem ents 
S r 386 583 630 515 538 375 247 345
Ba 822 977 708 721 723 902 1321 1072
Rb 102 124 102 117 91 78 126 117

U 7.06 8.16 2.15 5.25 1.45 3.35 1.45 1.20
Th 32.0 35.0 8 .0 21.1 4 .3 10.2 7 .1 7 .0
Z r 938 647 446 399 96 586 561 323
Nb 89 34 32 65 19 26 17 8
Y 69 53 22 31 16 58 23 32

C r 11 71 < 2 5 < 2 89 10 6
N i 6 26 3 4 2 21 5 4
V 59 179 43 50 40 108 29 20

* Total iron expressed as Fe^Oo? CIPW norms calculated by setting
Fe203/Fe0 = 0.2b, after Butler (1965).



Glen Dessarry Carpi ex, ve in /xenolith  reaction

S anple:
GD24 GD22

IGS
45642

S i02 56.87 58.27 61.66
T i0 2 0.88 1.00 0.48
a i2o3 15.21 13.40 18.73
Fe203* 6.70 7.56 5.09
MnD 0.13 0.18 0.06
MgO 3.21 4.11 0 .84
CaO 4.87 6.39 1.02
Na?0 3.61 2 .48 4.26
k2o 4.95 4 .90 5.60

p2°5 0.51 0.66 0.07
h2o- 0 .26 0 .0 4 0.07
LOI 1.96 0 .34 1.02
T o ta lx 99.76 99.91 99.42

CIPW Norms*
Qz 4 .92 10.19 11.79
Co 0.00 0.00 3.97
Or 29.25 28.96 33.09
P I 41.23 31.94 40.65
(Ab) 30.55 20.99 36.05
(An) 10.68 10.96 4.60
Lc 0.00 0.00 0.00
Ne 0.00 0.00 0.00
Wo 0.00 0.00 0.00
D i 7.99 12.93 0.00
(Wo) 4.24 6.86 -

(En) 3.37 5.49 —

(Fs) 0 .38 0.58 -

Hy 5.15 5.25 3.02
(En) 4 .62 4 .75 2.09
(Fs) 0.53 0.50 0.93
01 0.00 0.00 0.00
(Po) - - -

(Fa) - - -

Cs 0.00 0.00 0.00
M t 5.23 5.92 3.97
11 1.67 1.90 0.91
Ap 1.21 1.56 0.17

T race elem ents 
S r 2659 2525 2309
Ba 2512 2559 2249
Rb 109 81 113

U 4.80 2.70 7.80
Th 17.8 6.6 138
Z r 305 76 143
Nb 28 21 10
Y 40 54 18

Cr 54 74 7
N i 30 38 6
V 152 178 57

T o ta l i r o n  expressed as Fe2C>3; CIPW norms c a lc u la te d  by s e t t in g  
Fe203/F e0 = 1 .3 , a f t e r  R ichardson (1 9 6 8 ). 

x  T o ta ls  in c lu d e  BaO and SrO.



264

G r u in a r d  B ay g n e is s e s ,  5 0 . 00 t o  59 .99% S i 0 0 .

M J128 M J130 MJ131 M J129 MJ181 M J179
La 127 64 110 48 29 26
Ce 222 115 218 96 51 , 49
Nd 79 58 115 49 31 25
Sm 13 16 19 10 4 .4  5 .7
Eu 3 .0 2.1 2.1 1 .9  1 .2  1 .5
Tb 1 .2 1 .3 1.8 - -  -
Dy 5 .1 6.1 - 3 .9  1 .6 2.0
Yb 2 .0 2.0 2 .3 2.2 1 .0  1 .3
Lu 0 . 32 0 .2 9  0 .3 5  0 .2 6  0 . 14 0 . 1 8

H f 3 .5 2.2 4 . 0 1 . 9  2 .6 3 . 1

G r u in a r d  B a y g n e i s s e s ,  6 0 . 00 t o  69 .99% S i O ? .

M J150 M J126 M J134 M J178 M J149
La 23 37 29 35 22
Ce 39 59 39 52 33
Nd 12 17 16 15 9 .6
Sm 1 .3 3 .6 - 3 .1 1.2
Eu 0 . 9 3 1.2 1.1 1.1 0 . 9 0
Tb - 0 . 4 2 - - -
Dy 0.68 1 . 9 2.2 1 . 3 0 . 5 2
Yb 0 . 4 1 0 . 6 3 0 . 8 7 0 . 5 0 0 . 3 0
L u — 0.11 0.12 0 . 0 8 —

H f 4 . 5 3 . 8 1.6 4 . 4 3 . 6

G r u in a r d B a y  g n e is s e s , g r e a t e r  th a n 7 0 .0 0 %  SiO .

M J183 M J117 M J118 MJ115 M J144
L a 24 33 75 19 16
Ce 34 47 107 23 31
P r 3 .2 4 .2 9 .2 1.8 -
Nd 12 14 31 5 .4 11
Sm 1 .3 1 .3 2.6 0 . 4 7 1.1
Eu 0 . 7 5 0 . 9 0 1.1 0 . 6 5 0 . 6 5
Gd 0 . 8 1 0 . 8 0 1.1 0 . 6 5 0 . 6 5
Dy 0 . 3 8 0 . 3 5 0 . 3 4 0 . 1 4 0 . 3 4
E r 0 . 1 4 0 . 1 5 0.12 0 . 0 8 -
Yb 0 . 1 7 0.20 0 . 1 6 0 . 0 8 0 . 3 9
Lu 0 . 0 3 0 . 0 4 0 . 0 3 0.02 0 . 0 7

H f 4 . 2 5 . 6 4 . 2 0 . 5 1 1 . 5
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G r u in a r d  B a y , " a n o r t h o s i t e s " .

M J198 M J197 M J199 M J190
L a 20 21 17 44
Ce - 46 37 88
Nd 18 19 13 37
Sm 4 .5 3 .9 3 .1 7 .8
Eu 1.6 1.2 1 .4 1.6
Tb 0 . 4 4 - 0 . 2 8 -
Dy 2 . 3 1 . 7 1 . 3 3 . 5
Yb - 0 . 4 8 0 . 7 6 0 . 9 8
L u 0 . 1 4 - 0.10 -
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C e n t r a l  B lo c k  g r a n u l i t e s ,  5 0 . 0 0  t o  5 9 .9 9 %  S i O ? .

M J080 MJ053 M J073
La 21 20 22
Ce 50 48 52
Nd 19 21 23
Sm 4 .6 4 .2 4 .9
Eu 1 .4 1.6 1.6
Dy 4 .3 2.0 2.8
Yb 3 .0 1.2 1 .3
Lu 0 . 4 4 — 0.20
H f 1 . 9 3 . 1 1 . 9

C e n t r a l  B lo c k  g r a n u l i t e s , 6 0 . 0 0  t o  6 0 .9 9 %  S i O ? . 

M J040 M J079 M J054 M J075
La 21 20 21 21
Ce 50 42 40 43
Nd 22 18 13 14
Sm 4 .4 3 . 6 1.8 2.6
Eu 1 .5 1.2 1.6 1 .3
T b - - 0 . 2 5 -
Dy 2 . 3 2.6 - -
Yb 1 . 4 - 0 . 3 2 0 . 6 2
Lu 0.20 0.22 — —

H f 2.6 3 . 7 2 . 9 3 . 6

C e n t r a l  B lo c k  g r a n u l i t e s ,  g r e a t e r  th a n  7 0 .0 0 %  S iO p .

M J072 M J078
La 16 7 .4
Ce 22 12
Nd 7 .0 4 .0
Sm 1 .3 0 . 4 7
Eu 0.8 0 . 6 1
Tb - -
Dy - -
Yb 0 . 1 9 0 . 1 4
Lu 0 . 0 3 —

H f 3 . 2 0 . 4 7
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Glen Dessarry Complex, ultramafics.

GD48 GD49
La 130 4 4 . 4
Ce 246 9 0 . 2
P r 2 9 . 2 11.8
Nd 136 5 8 . 4
Sm 2 1 . 3 1 0 . 7
Gu 5 . 3 8 2 . 8 2
Gd 1 6 . 4 8 . 5 5
Dy 1 0 . 4 6.10
E r 4 . 8 1 2 . 8 7
Yb 3 . 9 3 2 . 6 2
Lu 0 . 5 8 0 . 4 1

H f 5 . 6
Ta - 0 . 3

G le n  D e s s a r r y  C o m p le x , m a f ic  s y e n i t e s .

GD43 GD44 GD31 MJ013 GD46 GD52 GD27
La 8 3 . 2 8 1 . 6 9 6 . 0 86.0 88.0 9 9 . 9 100
Ce 162 145 168 180 136 163 180
P r 2 0 . 5 1 6 . 9 1 8 . 2 - - 1 7 . 3 1 9 . 6
Nd 101 7 5 . 4 7 9 . 2 - 3 9 . 0 7 1 . 7 8 4 . 1
Sm 1 9 . 1 1 1 . 4 1 2 . 7 1 3 . 0 1 4 . 0 11.0 1 2 . 9
Eu 3 . 5 3 3 . 6 2 3 . 4 1 3 . 8 0 3 . 5 0 2 . 8 7 4 . 0 6
Gd 1 6 . 2 8 . 3 8 9 . 5 7 - - 8 . 5 0 9 . 3 5
Tb - - - 1.10 1 . 3 0 - -
Dy 1 3 . 1 5 . 2 0 6 . 5 4 6 . 6 0 5 . 7 0 6 . 3 8 6 . 3 2
E r 6 . 6 1 2 . 3 8 3 . 2 8 - - 3 . 4 0 3 . 1 4
Yb 5 . 4 8 2 . 0 4 3 . 0 6 2 . 3 0 2 . 8 0 3 . 2 5 3 . 0 8
L u 0 . 7 6 0 . 2 9 0 . 4 5 — 0 . 4 5 0 . 4 8 0 . 4 6

H f 5 . 9 2 . 7 5 . 4 7 . 7 6.6 9 . 6 4 . 8
Ta 1 . 5 0 . 7 6 1.2 1 . 7 1 . 7 1.2 0 . 5 4

GD28 M J029 GD30
L a 9 5 . 4 9 2 . 0 86.2
Ce 173 215 157
P r 1 8 . 0 - 1 7 . 7
Nd 7 5 . 7 — 7 6 . 4
Sm 1 1 .4 11.0 11.2
Eu 3 . 9 7 3 . 1 0 3 . 3 5
Gd 8 . 3 8 — 7 . 6 8
T b - 1 . 4 0 -

Dy 5 . 7 2 5 . 7 0 4 . 7 5
E r 2 . 9 1 — 2.11
Yb 2 . 8 4 3 . 1 0 1 . 7 9
L u 0 . 4 2 — 0 . 2 6

H f 4 . 7 10.0 2.8
Ta 0 . 7 5 1.8 1.1



268

Glen Dessarry Complex, leucocratic syenites.

M J001 M J002 MJ005 M J009 M J006
L a 9 8 . 1 9 8 . 5 8 7 . 0 8 2 . 1 6 3 . 2
Ce 193 186 151 166 U 4
P r 2 0 . 7 20.0 1 7 . 0 1 8 . 1 12.8
Nd 8 7 . 5 8 2 . 9 7 3 . 2 7 7 . 1 5 3 . 7
Sm 1 3 . 0 1 2 . 4 11.2 11.8 8.21
Eu 3 . 5 6 3 . 4 2 3 . 3 7 3 . 3 6 2 . 7 5
Gd 9 . 3 2 8 . 5 6 7 . 7 9 8 . 3 8 5 . 7 6
Dy 5 . 7 7 5 . 2 8 4 . 8 1 5 . 3 1 3 . 6 3
E r 2 . 6 9 2 . 4 6 2 . 2 4 2 . 4 5 1 . 6 9
Y b 2 . 4 5 2 . 2 3 1 . 8 4 2.12 1 . 4 6
Lu 0 . 3 6 0 . 3 3 0 . 2 6 0 . 3 1 0.21
H f 5 . 9 4 . 5 2.2 2 . 5 1 . 5
Ta 2.2 1 . 9 1 . 4 1 . 5 1.1

G le n  D e s s a r r y  C o m p le x , p e g m a t i t e s .

GD13 GD34 GD35 GD32
L a 5 2 . 1 3 . 9 7 3 2 . 5 8 . 4 6
Ce 9 6 . 3 7 . 2 6 6 0 . 3 2 3 . 9
P r 9 . 8 0 0 . 8 3 6 . 5 1 1 . 9 5
Nd 3 9 . 5 3 . 6 7 2 8 . 2 8 . 2 4
Sm 6 . 0 9 0.88 5 . 4 5 2 . 0 6
Eu 1 . 2 8 0 . 4 1 1 . 1 9 0 . 5 1
Gd 4 . 1 2 0 . 9 5 4 . 9 6 1 . 8 3
Dy 2 . 4 2 1.01 4 . 7 5 1 . 6 5
E r 0 . 9 7 0 . 5 4 2 . 5 9 0 . 9 6
Yb 0 . 8 3 0 . 4 7 2 . 3 1 0 . 9 9
L u 0.12 0 . 0 7 0 . 3 2 0 . 1 5

H f 0 . 1 7 0.11 0 . 3 6 0 . 8 2
Ta 0 . 2 8 0 . 1 8 0 . 3 8 0.20

G le n  D e s s a r r y  C o m p le x , M o in e  m e ta s e d im e n ts .

La
GD3

5 0 . 4
M J019
5 7 . 0

GDI
7 5 . 0

Ce 103 135 155
P r 11.2 - -
Nd 5 1 . 8 6 0 . 0 -
Sm 10.1 11.0 1 7 . 0
Eu 2.10 2.00 2 . 5 0
Gd 8 . 9 7 - -
Tb - 1 . 6 0 2 . 7 0
Dy 6 . 7 6 - -
E r 3 . 0 9 - -
Yb 2 . 5 8 5 . 3 0 11.0
L u 0 . 4 0 0 . 8 9 1 . 6 0

H f 1 1 . 5 11.0 1 9 . 0
Ta 0 . 7 7 0 . 8 9 1 . 7

GD2 GD7 M J018 GD8
4 2 . 7 5 0 . 0 - 6 9 . 4
8 3 . 2 8 7 . 0 355 139
9 . 4 2 - - 1 3 . 4
4 1 . 9 3 2 . 0 105 5 4 . 5
7 . 6 8 6 . 4 0 11.0 8 . 9 1
1 . 7 2 2.20 4 . 8 0 2 . 3 3
6 . 4 0 — — 6 . 3 5

5 . 1 0 2 . 8 0 11.0 4 . 8 8
2 . 9 1 - — 2 . 5 3
3 . 0 2 1 . 9 0 - 2 . 4 3
0 . 5 0 0 . 2 6 0 . 8 9 0 . 3 5

1 6 . 6 9 . 1 2 4 . 0 9 . 2
0 . 8 2 1 . 7 0 . 8 9 3 . 7 6
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Glen Dessarry Complex, Moine metasediments.

GD39 GD40
La 3 5 . 9 2 4 . 9
Ce 6 1 . 7 5 0 . 4
P r 6 . 3 2 5 . 5 6
Nd 2 7 . 1 2 5 . 1
Sm 4 . 3 5 4 . 8 5
Eu 1 . 5 9 1 . 4 5
Gd 3 . 1 6 4 . 0 6
Dy 2 . 2 8 3 . 1 6
E r 1 . 1 3 1 . 7 2
Yb 1 . 0 7 1 . 7 2
Lu 0 . 1 7 0 . 2 9

H f 2.1 1 9 . 2
Ta 0 . 7 7 0 . 8 1

G le n  D e s s a r r y  C o m p le x / V e in / X e n o l i t h  R e a c t io n .

GD24 GD22
IG S

4 5 6 4 2
La 9 6 . 8 8 2 . 4 260
Ce 163 150 490
P r 1 7 . 6 1 7 . 8 -

Nd 7 4 . 4 8 2 . 3 160
Sm 11.2 1 4 . 4 2 6 . 0
Eu 3 . 0 4 3 . 2 5 3 . 4 0
Gd 8 . 3 9 1 1 . 7 -

Dy 6.02 8.88 4 . 4 0
E r 3 . 0 5 4 . 4 0 -

Yb 2 . 9 1 3 . 8 4 0 . 5 4
Lu 0 . 4 4 0 . 5 4 —

H f 7 . 3 2 . 7 3 . 8
Ta 1.1 0.88 1 . 9



O x y g e n  i s o t o p e s .

S a m p le 5 1 8 0

GD49 + 7 .1 p y r o x e n i t e

GD29 + 7 . 9
GD46 + 7 . 7 m a f ic

M J013 + 7 . 7 s y e n i t e s
M J015 + 9 . 1

GD33 +8.8 l e u c o c r a t i c
M J001 +8.2 s y e n i t e s
M J002 +8.6

GD34 + 8 . 5 p e g m a t i te s
GD35 + 9 . 3

GDI +8.1
GD3 + 9 . 4 M o in e
GD7 + 9 . 6

GD29H + 6 . 5 a m p h ib o le s
M J015H + 6.2

D e n s i t y  d e t e r m in a t io n s .

S a m p le  N um ber M J003 MJ005 M J008 M J027

V a lu e 2 . 7 6 2 2 . 7 4 5 2 . 7 4 6 2 . 7 4 5



A . 2 :  MINERAL ANALYSES.

E l e c t r o n  p ro b e  m ic r o a n a ly s is .

T h e  m a j o r i t y  o f  m in e r a l  a n a ly s e s  w e re  p e r fo r m e d  on  a 

C a m b r id g e  In s t r u m e n t s  M ic r o s c a n  5 e l e c t r o n  p r o b e ,  f i t t e d  

w i t h  a L in k  S y s te m s  e n e rg y  d i s p e r s i v e  d e t e c t o r .  

O p e r a t in g  c o n d i t i o n s  w e re  15 KV w i t h  a s p e c im e n  c u r r e n t  

o f  4 . 0  o r  3 .5  n A , t h e  l a t t e r  f o r  a l k a l i  f e ld s p a r s  t o  

a v o id  Na lo s s  d u r in g  a n a ly s i s .  T h e  c a l i b r a t i o n  was 

e r e c t e d  a g a in s t  a v a r i e t y  o f  p u r e  m e ta ls ,  m e ta l  o x id e s  

a n d  e n d -m e m b e r m in e r a ls .  A c c u ra c y  a n d  p r e c i s i o n  w e re  

r o u t i n e l y  m o n i to r e d  b y  r e f e r e n c e  t o  s ta n d a r d  m in e r a ls  

a n d  c a n  b e  a d ju d g e d  f ro m  t h e  t y p i c a l  s ta n d a r d  d a ta  

l i s t e d  i n  T a b le  A . 5.

Z i r c o n o l i t e  w as a n a ly s e d  o n  a C a m b r id g e  I n s t r u m e n t s  

M ic r o s c a n  9 e l e c t r o n  p ro b e  a t  t h e  B r i t i s h  Museum 

( N a t u r a l  H i s t o r y ) ,  u s in g  a w a v e le n g th  d i s p e r s i v e  

t e c h n iq u e .  P u re  m e ta ls  o r  m e ta l  o x id e s  w e re  u s e d  as 

s t a n d a r d s .

P e r id o t

SiOo 40.37 40.70 40.64 40.17 40.54 40.85
FeO 8.99 8.89 8 .7 6 8 .91 9.19 8 .4 9
MmO 0.19 0.19 0.12 0.22 0.16 0 .17
MgO 50.05 50.23 50.08 49.78 49.65 50.18
CaO 0.12 0.03 0.11 0.13 0.13 0.02
Na90 0.49 0 .37 0 .7 4 0 .62 0.03 0.67
NiO 0.35 0.42 0.35 0.32 0 .44 0 .42
T o ta l 100.56 100.83 100.80 100.15 100.14 100.80

J a d e ite

SiC>2 59.32 58.91 58.71 58.55 58.79 59.08
A I2O3 25.33 24.74 25.27 24.88 24.15 24.45
MgO 0.2 6 0 .3 6 0 .4 8 0.63 0.68 0.22
CaO 0.19 0.26 0.42 0.49 0.85 0.43
Na20 15.38 15.06 15.28 15.16 14.88 14.99
T o ta l 100.48 99.33 100.16 99.71 99.35 99.17

T ab le  A. 5; T y p ic a l p e r id o t  and ja d e ite  p robe s ta n d a rd  ana lyse s .



I o n  p ro b e  m ic r o a n a ly s i s .

S e c o n d a r y - io n  m ass s p e c t r o m e t r y  was u s e d  t o  m e a s u re  

LREE, U a n d  Th c o n c e n t r a t io n s  i n  a c c e s s o r y  m in e r a ls  i n  

t h e  G le n  D e s s a r r y  s y e n i t e .  A l l  m e a s u re m e n ts  w e re  made on  

a n  A . E . I .  IM 2 0  io n  p r o b e ,  i n c o r p o r a t i n g  a MS 702R m ass 

s p e c t r o m e te r ,  a t  t h e  U n i v e r s i t y  o f  C a m b r id g e  ( H in to n  and  

L o n g ,  1 9 7 9 ) .

V a r i a t i o n s  i n  c o u n t  r a t e s  w e re  m o n i to r e d  b y  r e f e r e n c e  

t o  T i  (s p h e n e )  a n d  Ca ( a p a t i t e )  c o u n ts .  

S e m i - q u a n t i f i c a t i o n  was a c h e iv e d  m e r e ly  b y  u s in g  

e l e c t r o n  p r o b e  d a ta  f o r  Ce i n  s p h e n e , a n d  b y  a n a ly s in g  a 

s a m p le  o f  a l l a n i t e  (w h o s e  LREE c o n t e n t  i s  a l s o  know n  

f ro m  EPMA) a n d  a s s u m in g  n e g l i g i b l e  m a t r i x  e f f e c t s  a n d  

s i m i l a r  i o n - y i e l d s  f o r  e a ch  e le m e n t .

F i s s io n  t r a c k  a n a ly s i s .

F i s s io n  t r a c k  a n a ly s i s  was c a r r i e d  o u t  th r o u g h  th e  

i n t e r n a l  f a c i l i t i e s  o f  t h e  B . G . S .  (B o w ie  e t  a l . ,  1 9 7 3 ) .  

P o l is h e d  t h i n  s e c t io n s  w e re  ta p e d  t o  d i s c s  o f  L e x a n  

p o ly c a r b o n a te  p l a s t i c ,  a n d  lo a d e d  i n  p u r e  a lu m in iu m  

c a n n is t e r s .  T h e s e  w e re  i r r a d i a t e d  a t  an i n t e g r a t e d  

n e u t r o n  d o s e  o f  5 x 1 0 ^  ncm“ ^ /  u s in g  th e  HERALD r e a c t o r  

f a c i l i t y  a t  A . W . R . E . ,  A ld e r m a s to n .  A f t e r  a s u i t a b l e  

c o o l i n g  p e r i o d ,  d e t e c t o r  d i s c s  w e re  e tc h e d  i n  6N NaOH a t  

7 0 °C f o r  a b o u t  10 m in u te s .
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Glen Dessarry syenite, clincpyroxenes.

GD48 (u lt ra m a f ic )

S i02 51.38 50.69 50.88 49.95 49.79 51.07 51.49 50.71
T i02 0.69 0.71 0.65 0.79 0 .7 7 0.69 0.55 0 .9 4
A l2°3 2.55 2 .78 2.55 4 .38 4 .5 4 3 .2 8 2.15 3.23
FeO 7.53 7.26 7.55 7.50 7.32 7.94 7.94 8.55
MnD 0.4 2 0 .2 9 0 .2 6 0.39 0 .2 9 - 0.38 —

MgO 12.99 13.15 13.13 12.69 12.51 13.24 13.32 12.51
CaO 22.61 22.83 22.72 22.36 22.37 22.65 22.72 22.27
Na20 1.24 1.37 1.39 1.56 1.41 1.65 1.35 1.61
T o ta l 99.41 99.08 99.13 99.62 99.00 100.52 99.90 99.82

S i 1.930 1.912 1.920 1.875 1.878 1.901 1.930 1.904
A1 0.070 0.088 0.080 0.125 0.122 0.099 0.070 0.096
A1 0.043 0.036 0.033 0.069 0.079 0.044 0.025 0.047
T i 0.019 0.020 0.018 0.022 0.022 0.019 0.016 0.027
Fe 0.237 0.229 0.238 0.235 0.231 0.247 0.249 0.269
Mg 0.727 0.739 0.738 0.710 0.703 0.734 0.744 0.700
Mn 0.013 0.009 0.008 0.012 0.009 - 0.012 —

Ca 0.910 0.923 0.918 0.899 0.904 0.903 0.912 0.896
Na 0.090 0.100 0.102 0.114 0.103 0 .119 0.098 0.117

GD30 (m a fic  s y e n ite )

si02 52.28 51.93 52.47 52.21 51.29 52.26 52.05 51.96
T i02 - - - - - - - -

m 2°3 1.07 1.12 1.11 1.13 1.89 0.93 1.65 0 .9 8
FeO 11.24 11.25 10.81 11.16 11.33 10.84 11.57 11.18
MnO 0.59 0.67 0 .60 0.54 0 .5 8 0.67 0.59 0 .62
MgO 11.19 11.21 11.21 11.40 10.81 11.25 10.58 10.98
CaO 22.50 22.38 22.57 22.27 21.64 22.06 21.69 22.45
Na20 1.49 1 .59 1.60 1.49 2 .0 4 1.70 1.76 1.32
T o ta l 100.36 100.15 100.37 100.20 99.58 99.71 99.89 99.49

S i 1.978 1.971 1.981 1.976 1.958 1.986 1.978 1.983
A1 0.022 0.029 0.019 0.024 0.042 0.014 0.022 0.017
A1 0.026 0.022 0.031 0.027 0.043 0.028 0.052 0.027
T i — — — — — — — —

Fe 0.356 0.357 0.341 0.353 0.362 0.345 0.368 0 .357
Mg 0.631 0.634 0.631 0.643 0.615 0.637 0.599 0.625
Mn 0.019 0.022 0.019 0.017 0.019 0.022 0.019 0.020
Ca 0.912 0.910 0.913 0.903 0.885 0.898 0.883 0.918
Na 0.109 0.117 0.117 0.109 0.151 0.125 0.130 0 .098
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Glen Dessarry syenite, clincpyroxenes.

_____ MJ003 (deformed leucocratic syenite)

S i02 51.62 51.24 52.13 51.91 51.71 52.04 51.92 52.22
T i02 - - - - - 0 .27 0 .1 4 0.22
A l2°3 1.77 1.84 1.87 1.56 1 .90 2.23 1.69 2.19
FeO 12.14 12.17 12.01 11.92 11.74 11.28 11.78 12.17
MnO 0.73 0.73 0 .60 0.61 0 .7 9 0.64 0 .6 4 0 .55
MgO 10.28 10.33 10.69 10.68 10.77 10.51 10.81 10.25
CaO 20.89 20.60 20.60 21.15 21.94 20.94 21.60 20.77
N a ^ 2.24 2.47 2.23 2.29 1 .64 2.29 2.23 2.59
T o ta l 99.67 99.38 100.13 100.12 100.49 100.20 100.81 100.96

S i 1.973 1.966 1.976 1.973 1.959 1.967 1.961 1.967
A1 0.027 0.034 0.024 0.027 0.041 0.033 0.039 0.033
A1 0.052 0.049 0.060 0.043 0.043 0.067 0.036 0.064
T i - - - - - 0.008 0.004 0.006
Fe 0.388 0.390 0.381 0.379 0.372 0.357 0.372 0.383
Mg 0.586 0.591 0.604 0.605 0.608 0.592 0.609 0.575
Mn 0.024 0 .024 0.019 0.020 0.025 0.020 0.020 0.018
Ca 0.855 0.847 0.837 0.861 0.890 0.848 0.874 0.838
Na 0.166 0.184 0.164 0.169 0.120 0.168 0.163 0.189

MJ003 MJ008 (undeformed le u c o c ra t ic  s y e n ite )

S i°2 51.95 51.33 51.42 51.81 52.37 51.93 51.72 51.12
T i02 0 .1 9 - - - - - - 0.22
M 2°3 1.54 1.47 1.16 0.83 1.00 1.03 1.20 1.39
FeO 11.65 11.92 12.49 11.86 12.28 12.58 12.43 13.48
MnO 0.54 0.78 0.77 0 .78 0 .7 2 0 .6 4 0 .7 4 0 .78
MgO 10.52 10.61 10.24 10.76 10.79 10.06 10.30 9.55
CaO 21.16 20.93 21.42 22.06 22.10 20.31 21.18 20.20
Na20 2.30 2.30 1.71 1.68 1.73 2.48 2.12 2.47
T o ta l 99.85 99.34 99.21 99.78 100.99 99.03 99.69 99.21

S i 1.977 1.970 1.979 1.980 1.978 1.999 1.981 1.976
A1 0.023 0.030 0.021 0.020 0.022 0.001 0.019 0.024
A1 0.046 0.036 0.032 0.018 0.023 0.045 0.035 0.039
T i 0.005 - - - - - - 0.006
Fe 0.371 0.383 0.402 0.379 0.388 0.405 0.398 0.436
Mg 0.597 0.607 0.588 0.613 0.608 0.577 0.588 0.550
Mn 0.017 0.025 0.025 0.025 0.023 0.021 0.024 0.026
Ca 0.863 0.861 0.883 0.903 0.895 0.837 0.869 0.837
Na 0.170 0.171 0.128 0.125 0.127 0.185 0.157 0.185



275

Glen Dessarry syenite, clinopyroxenes.

MJ008

S i02 51.85 50.23
T i0 2 — 1.06
a i 2o3 1.06 2.98
FeO 13.01 10.17
MnO 0.9 4 0.41
MgO 9.65 10.90
CaO 20.62 20.80
Na20 2.24 2.53
T o ta l 99.37 99.08

S i 1.996 1.918
A1 0.004 0.082
A1 0.044 0.052
T i - 0.030
Fe 0.419 0.325
m 0.554 0.620
Mn 0.031 0.013
Ca 0.850 0.851
Na 0.167 0.187

IGS 42778

50.49 50.50 51.94
1.88 1 .94 0 .44
2.99 3 .18 3.40

10.04 10.43 10.30
0 .4 2 0.52 0.47

10.81 10.71 10.92
20.96 20.64 20.49

2.65 2.72 2.87
100.24 100.64 100.83

1.905 1.901 1.941
0.095 0.099 0.059
0 .038 0.042 0.090
0.053 0.055 0.012
0.317 0.328 0.322
0.608 0.601 0.608
0.013 0.017 0.015
0.848 0.832 0.820
0.194 0.198 0.208

s y e n ite )

50.46 52.29 51.94
0 .7 6 0 .26 0 .4 4
3.45 2 .3 8 3.40

11.71 10.98 10.30
0 .5 5 0 .4 9 0.47
9 .70 10.68 10.92

19.53 19.85 20.49
3.43 3.19 2.87

99.59 100.12 100.83

1.927 1.973 1.941
0.073 0.027 0.059
0.082 0.078 0.090
0.022 0.007 0.012
0.374 0.346 0.322
0.552 0.600 0.608
0.018 0.016 0.015
0.799 0.802 0.820
0.254 0.233 0.208

IGS 42774 ( le u c o c r a t ic  s y e n ite )

SiOo
T i0 2
A l2°3
FeO
MnO
MgO
CaO
Na20
T o ta l

S i
A1
A1
T i
Fe
Mg
Mn
Ca
Na

51.12
0.97
3.11

10.56
0.48

10.66
20.39

2.89
100.19

1.929
0.071
0.068
0.027
0.333
0.600
0.015
0.825
0.212

51.68

1.00
12.36

0.85
10.40
21.68

1 .98
99.95

1.977
0.023
0.022

0.395
0.593
0.028
0.889
0.147

52.16

0.80
11.91

0.86
10.62
21.95

1.62
99.92

1.989
0.011
0.025

0.380
0.604
0.028
0.897
0.120
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Lewisian, clinopyroxenes.

MJ036

S i°2 51.62 51.54 52.04 51.92
T i02 0.37 0.31 0.15 0.10
a12°3 3.00 3.20 2.63 2.53
FeO 9.28 8.57 8.59 8.61
MnO 0.35 0.25 0.23 0 .2 4
MgO 12.69 12.88 13.11 12.90
CaO 21.92 22.67 22.83 22.64
Na20 1.06 1.01 0.92 0 .56
T o ta l 100.29 100.43 100.50 99.50

S i 1.929 1.920 1.937 1.948
A1 0.071 0.080 0.063 0.052
A1 0.061 0.061 0.052 0 .060
T i 0.010 0.009 0.004 0.003
Fe 0.290 0.267 0.267 0.270
Mg 0.707 0.715 0.727 0.722
Mn 0.011 0.008 0.007 0.008
Ca 0.877 0.905 0.910 0.910
Na 0.077 0.073 0.066 0.041

MJ037

S i02 51.84 51.27 51.72 52.29
T i0 2 0.15 0.17 0 .17 0 .2 8
A I2O3 2.44 2.64 2.64 2 .38
FeO 8.34 8.73 9.15 8 .83
MnO 0.19 0.36 0.23 0 .19
MgO 13.07 12.85 12.90 13.10
CaO 22.72 22.24 22.31 22.29
Na20 0.91 0.89 0.78 0 .81
T o ta l 99.66 99.15 99.90 100.17

S i 1.943 1.936 1.938 1.949
A1 0.057 0.064 0.062 0.051
A1 0.051 0.053 0.055 0.054
T i 0 .004 0.005 0.005 0.008
Fe 0.261 0.276 0.287 0.275
Mg 0.730 0.723 0.721 0.728
Mn 0.006 0.012 0.007 0.006
Ca 0.912 0.900 0.896 0.890
Na 0.066 0.065 0.057 0.059
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L e w is ia n , o rth o p yro xe n e s.

S i02 51.81 52.07
T i02 — —
A I2O3 1.30 1 .44
FeO 24.81 24.69
MnO 0.49 0.51
MgO 20.49 20.72
CaO 0.5 0 0.46
Na20 0.61 0 .48
T o ta l 100.01 100.37

S i 1.958 1.957
A1 0.042 0.043
A1 0.016 0.021
T i -

Fe 0.784 0.776
Mg 1.154 1.161
Mn 0.016 0.016
Ca 0.020 0.019
Na 0.045 0.035

MJ036

51.97 52.08 51.71

1.16 1.36 1.25
24.08 24.46 23.92

0 .6 5 0.55 0.67
20.71 20.65 20.48

0 .4 9 0.39 0.40
0.53 0.70 0 .5 4

99.59 100.19 98.97

1.966 1.961 1.968
0.034 0.039 0.032
0.018 0.021 0.024

0.762 0 .770 0.761
1.168 1.159 1.162
0.021 0.018 0.022
0.020 0.016 0.016
0.039 0.051 0.040
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Glen Dessarry syenite, feldspars.

P e r th i te ,  GD30 (m a fic  s y e n ite )

S i02 64.44 64.22 64.76 64.02 64.10 64.10
a12°3 19.96 20.15 20.05 20.17 19.73 20.15
CaO 0.80 0.78 0.88 0.68 0.74 0.85
BaO 0.36 0.40 0.35 0.46 0.36 0 .36
Na90 5.23 5.72 5.63 5.50 5.35 6.56
k2o 8.82 8.08 8 .0 4 8.68 8 .8 4 7.23
T o ta l 99.61 99.35 99.71 99.51 99.12 99.25

S i 11.725 11.692 11.732 11.674 11.731 11.664
A l 4.275 4.308 4.268 4.326 4.255 4.321
A1 0.005 0.015 0.012 0.008 - -

Ca 0.156 0.152 0.171 0.133 0.145 0.166
Ba 0.026 0.029 0.025 0.033 0.026 0.026
Na 1.845 2.019 1.977 1.945 1.898 2.314
K 2.047 1.876 1.858 2.019 2.064 1.678

AB 45.29 49.53 49.06 47.09 45.93 55.32
AN 3.83 3.73 4 .2 4 3.22 3.51 3.96
OR 50.88 46.73 46.70 49.69 50.56 40.72

P e r th ite , MJ008 (undeformed le u c o c ra t ic  s y e n ite )

S i02 63.58 63.90 63.61 64.09 63.66 63.99
A I2O3 19.61 19.92 19.58 19.62 19.62 19.79
CaO 0.46 0 .56 0 .3 9 0 .50 0.56 0.57
BaO 1.05 0.56 0.68 0.69 0.76 0.59
Na90 3.06 4 .19 3.58 3.85 3.89 3.99

* 2° 11.77 10.55 11.58 10.98 11.01 10.83
T o ta l 99.53 99.68 99.42 99.73 99.50 99.76

S i 11.746 11.709 11.740 11.758 11.727 11.728
A l 4.254 4.291 4.258 4.242 4.259 4.272
A l 0.015 0.010 - - - 0.002
Ca 0.091 0.110 0.077 0.098 0.111 0.112
Ba 0.076 0.040 0.049 0.050 0.055 0.042
Na 1.096 1.489 1.281 1.369 1.389 1.418
K 2.773 2.466 2.726 2.569 2.587 2.532

AB 27.15 36.27 30.99 33.51 33.55 34.55
AN 2.26 2.68 1.87 2.40 2.67 2.73
OR 70.59 61.05 67.14 64.09 63.79 62.72
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Glen Dessarry syenite, feldspars.

Plagioclase, MJ003 (defomed leucocratic syenite)

S i0 2 66.21 65.37
A l2°3 21.82 20.95
CaO 1.5 5 1.72
BaO - -
Na20 10.94 10.34
k 2o 0 .3 2 0 .34
T o ta l 100.84 98.72

S i 11.548 11.630
A1 4.452 4.370
A1 0.033 0.022
Ca 0.290 0.328
Ba - -

Na 3.699 3.567
K 0.071 0.077

AB 91.11 89.80
AN 7.13 8.26
OR 1.75 1.94

66.31 66.14 65.98
21.52 20.73 21.03

1.52 1.13 1.42

10.69 10.99 10.75
0.34 0.32 0.36

100.38 99.31 99.54

11.603 11.693 11.645
4.397 4.307 4.355
0.040 0.012 0.018
0.285 0.214 0.269

3.627 3.767 3.678
0.076 0.072 0.081

90.95 92.94 91.32
7.15 5.28 6.67
1.90 1.78 2.01

K -F e ld sp a r, MJ003 (d e fo m e d  le u c o c ra t ic  s y e n ite )

S i0 2 63.15 63.22 63.56 63.50 63.07
A1203 19.31 19.48 19.06 19.28 19.06
CaO - - - - -
BaO 1.20 1.05 1.02 1.13 1.00
Na90 1.63 1.59 1.66 1.83 1.69

14.37 14.32 14.32 14.17 14.21
T o ta l 99 .66 99.66 99.62 99.91 99.03

S i 11.772 11.764 11.827 11.790 11.807
A1 4.228 4.236 4.173 4.210 4.193
A1 0.013 0.035 0.007 0.008 0.011
Ca - - - - —
Ba 0.088 0.077 0.074 0.082 0.073
Na 0.589 0.574 0.599 0.659 0.613
K 3.417 3.399 3.399 3.356 3.393

AB 14.39 14.17 14.71 16.08 15.04
AN — — — — —
OR 85.61 85.83 85.29 83.92 84.96
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Glen Dessarry syenite, feldspars.

Plagioclase, IGS 45671 (leucocratic syenite)

S i02 65.62 66.08 65.64 67.52
A I2O3 21.41 21.74 21.84 20.46
CaO 2.09 2.02 2.08 0 .7 0
Na20 10.71 10.61 10.57 11.23
k2o - - - -
T o ta l 99.83 100.45 100.13 99.91

S i 11.555 11.552 11.518 11.816
A1 4.443 4.448 4.482 4 .184
A1 - 0.030 0.033 0.036
Ca 0.394 0.378 0.391 0.131
Na 3.657 3.596 3.596 3.810

AB 32.000 32.000 32.000 32.000
AN 90.27 90.48 90.19 96.67
OR 9.73 9.52 9.81 3.33

K - fe ld s p a r ,  IGS 45671 ( le u c o c ra t ic  s y e n ite )

S i02
a 2°3
CaO
Na90
k 20
T o ta l

S i
A1
A1
Ca
Na
K

AB
AN
OR

64.45
18.94

0.15
1.42

14.59
99.55

11.905
4.095
0.028
0.030
0.509
3.437

12.79
0.75

86.46

64.49
19.07

0 .1 4
1.40

14.61
99.71

11.892
4.108
0.036
0.028
0.501
3.436

12.63
0.70

86.68

65.05
19.43

0.16
1.58

14.27
100.49

11.877
4.123
0.057
0.031
0.559
3.323

14.29
0 .80

84.91
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L e w is ia n , fe ld s p a rs .

P la g io c la s e , MJ037

SiO?
M 2*3
CaO
NaoO
k 2o
T o ta l

S i
A l
A1
Ca
Na
K

AB
AN
OR

57.50
26.36

8.78
6.22
0.16

99.02

10.387
5.611

1.699
2.178
0.037

55.65
43.41

0.94

57.43
26.71

8 .7 0
6.60

0.25
99.69

10.326
5.659

1.676
2.301
0.057

57.03
41.55

1.42

57.30
26.55

8 .74
6.41
0.13

99.13

10.347
5.650

1.691
2.244
0.030

56.60
42.65

0.76

57.65
26.56

8.70
6.30

99.21

10.382
5.618
0.018
1.679
2.200

56.72
43.28

57.90
26.93

8.74
6.75 
0.12

100.44

10.328
5.660

1.670
2.334
0.027

57.90
41.43

0.68
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Glen Dessarry syenite, biotites.

GD48 (u lt ra m a fic )

S i02 36.70 37.18 36.69 36.18 37.30
T i02 2.12 1.87 2.16 2.09 2.08

a12°3 13.99 13.84 14.23 14.87 13.66
FeO 14.89 14.08 14.03 14.61 15.06
MnD 0.30 0 .19 0 .17 0.24 -
MgO 16.19 16.58 16.39 16.12 16.41
CaO - 0.25 0.23 0.19 0.15
NaoO 0.61 0.46 0.62 0.64 0 .3 0
K90 10.00 9 .7 6 9.69 9.86 9.80
HiO 3.95 3 .% 3.95 3.96 3.97
T o ta l 98.75 98.17 98.16 98.76 98.73

S i 5.563 5.632 5.562 5.476 5.634
A1 2.437 2.368 2.438 2.524 2.366
A1 0.062 0.102 0.104 0.128 0.066
T i 0.242 0.213 0.246 0.238 0.236
Fe 1.888 1.784 1.779 1.849 1.902
Mn 0.039 0.024 0.022 0.031 —
Mg 3.658 3.743 3.703 3.636 3.695
Ca - 0.041 0.037 0.031 0.024
Na 0.179 0.135 0.182 0.188 0.088
K 1.933 1.886 1.874 1.903 1.888

GD30 ( r a f i c  s y e n ite )

S i°2 37.02 37.04 37.04 36.99 37.08
T i02 2.22 2.11 2.36 2.11 2.41

M 2°3 13.91 13.85 13.59 14.01 13.39
FeO 18.92 18.91 19.21 18.95 19.56
MnO 0.29 0.43 0.29 0.33 0 .2 4
M3O 12.64 12.44 12.31 12.36 12.15
CaO 0.32 0.36 - 0.28 0.25
Na90 0.77 0.59 0.31 0.53 0 .33
k2o 8.76 8.89 9.20 9.03 8.86
h2o 3.91 3.90 3.88 3.90 3.88
T o ta l 98.76 98.52 98.19 98.49 98.35

S i 5.673 5.695 5.719 5.689 5.721
A1 2.327 2.305 2.281 2.311 2.279
A1 0.185 0.204 0.191 0.228 0.156
T i 0.256 0.244 0.274 0.244 0.280
Fe 2.425 2.431 2.480 2.437 2.524
Mn 0.038 0.056 0.038 0.043 0.031
Mg 2.887 2.851 2.833 2.833 2.794
Ca 0.053 0.059 - 0.046 0.074
Na 0.229 0.176 0.093 0.158 0.099
K 1.712 1.743 1.812 1.771 1.744
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MJ003 (deform ed le u c o c ra t ic  s y e n ite )

Glen Dessarry syenite, biotites.

S i0 2 35.52 35.41 35.56 34.87 36.38 36.04 35.87
T ia> 2.59 2.15 2.09 2.15 2.25 2 .24 2.34
A1203 13.55 13.71 13.91 13.87 13.28 13.84 13.67
FeO 22.05 21.91 21.11 23.31 21.38 21.61 21.48
MnO 0.33 0.65 0.49 0 .47 0.35 0 .3 7 0.56
MgO 11.16 11.05 11.33 12.13 11.08 11.47 11.28
CaO 0.26 0.30 0 .24 0 .2 2 0.38 0 .2 6 0 .14
Na20 0.42 0.65 0.76 0 .35 0.31 0.33 0.47
K~0 8.32 8.51 8.53 7.36 9.37 8 .7 8 8.75
Hi© 3.82 3.81 3.82 3.83 3.84 3 .86 3.84
T o ta l 98.02 98.15 97.84 98.56 98.62 98.80 98.40

S i 5.572 5.564 5.578 5.451 5.676 5.599 5.602
A1 2.428 2.436 2.422 2.549 2.324 2.401 2.398
A1 0.077 0.102 0.149 0.005 0.118 0.133 0.118
T i 0.036 0.254 0.247 0.253 0.264 0.262 0.275
Fe 2.893 2.879 2.769 3.047 2.790 2.808 2.805
Mn 0.044 0.087 0.065 0.062 0.046 0.049 0.074
Mg 2.609 2.588 2.649 2.826 2.577 2.656 2.647
Ca 0.044 0.051 0.040 0.037 0.064 0.043 0.023
Na 0.128 0.198 0.231 0.106 0.094 0.099 0.142
K 1.665 1.705 1.707 1.467 1.865 1.740 1.743

MJ008 (undeformed le u c o c ra t ic  s y e n ite )

SiOo
T i0 2
M 2O3
FeO
MnO
MgO
CaO
Na90
k A

h2°
T o ta l

S i
A1
A1
T i
Fe
Mn
Mg
Ca
Na
K

36.98
2.18

12.30
18.90

0.46
12.82

0 .64
9.73
3 .84

97.85

36.67
2.16

13.68
18.83

0.52
12.75

0.35
9.72
3.88

98.56

37.05
2.12

13.29
18.93

0.51
12.70

0.46
9 .78
3.89

98.73

36.98
2.21

13.20
19.39

0.47
12.16

0.36
9.98
3.87

98.62

36.74
2 .1 6

13.20
19.34

0 .4 8
12.25

0 .26
0 .4 8
9 .83
3 .8 7

98.61

5.695
2.305
0.106
0.252
2.507
0.063
2.830
0.043
0.144
1.944

5.765
2.235
0.025
0.256
2.464
0.061
2.979

0.193
1.935

5.661
2.339
0.149
0.251
2.431
0.068
2.934

0.105
1.914

5.713
2.287
0.128
0.246
2.411
0.067
2.919

0.138
1.924

5.726
2.274
0.135
0.257
2.511
0.062
2.806

0.108
1.971
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Glen Dessarry syenite, biotites.

IGS 45671 ( le u c o c ra t ic  s y e n ite )

sio2 36.82 37.19 37.32 36.57 36. 55
T i02 2.62 2.17 2.46 2.72 2 . 75
A I2O3 14.17 14.09 13.50 13.33 13. 55
FeO 19.65 18.92 19.76 19.49 19. 75
MnO 0.37 0.47 0 .33 0.32 0. 44
MgO 11.98 12.83 12.42 12.25 12.00
CaO - - — -
N a ^ 0 .2 4 0.37 0.12 0.51
k 2o 9.26 9.61 9.63 9.72 9. 25
H2O 3.90 3.93 3.92 3.88 3. 86
T o ta l 99.01 99.58 99.46 98.79 98. 15

S i 5.650 5.666 5.710 5.653 5. 668
A1 2.350 2.334 2.290 2.347 2. 332
A1 0.212 0.196 0.144 0.081 0 . 144
T i 0.302 0.249 0.283 0.316 0. 321
Fe 2.521 2.411 2.528 2.519 2. 561
Mn 0.048 0.061 0.043 0.042 0 . 058
m 2.740 2.914 2.832 2.822 2 . 774
Ca - - - -
Na 0.071 0.109 0.036 0.153
K 1.812 1.868 1.879 1.916 1. 830

IGS 42774 ( le u c o c ra t ic  s y e n ite )

s i0 2 36.09
T i02 2 .86
A I2O3 13.33
FeO 19.43
MnO 0.5 9
MgO 12.18
CaO -

NaoO 0 .6 4
I^O 9.13
h2o 3.85
T o ta l 98.10

S i 5.615
A1 2.385
A1 0.059
T i 0 .335
Fe 2.528
Mn 0.078
Mg 2.825
Ca -
Na 0.193
K 1.812
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SiOo

T i0 2
A l2°3
FeO
MnO
MgO
CaO
NaoO
KoO
H^O
T o ta l

S i
A1
A l
T i
Fe
Mn
M g

Ca
Na
K

Lewisian, biotites.

MJ037

36.49 36.13 36.59 36.97 36.72 36.81 36.89 37.21
4.39 4 .32 4 .48 3.71 3.71 4 .3 4 4 .29 3.70

14.53 14.51 14.46 14.27 14.72 14.43 14.50 15.20
16.04 16.47 16.37 16.37 16.70 16.55 16.28 15.32

0 .17 0.13 0.13 - 0.18 - 0.20 0
13.05 12.71 13.03 13.44 12.86 12.57 12.52 14.02

0.26 0.52 0.33 0.33 0.33 0.15 0.22 0.31
9.90 9 .7 4 9 .78 9.96 9 .54 10.07 9.63 9 .9 5
3.94 3.92 3.96 3.95 3.94 3 .94 3 .94 4 .0 1

98.77 98.45 99.13 99.00 98.70 98.86 98.63 99.72

5.542 5.521 5.541 5.603 5.581 5.592 5.603 5.561
2.458 2.479 2.459 2.397 2.419 2.408 2.397 2.439
0.142 0.134 0.122 0.152 0.218 0.176 0.198 0.237
0.501 0.496 0.510 0.423 0.424 0.496 0.490 0.416
2.037 2.105 2.073 2.075 2.123 2.103 2.068 1.915
0.022 0.017 0.017 - 0.023 — 0.026 -
2.954 2.895 2.941 3.036 2.913 2.846 2.834 3.123

- - - - - - 0.026 -
0.077 0.154 0.097 0.097 0.097 0.044 0.065 0.090
1.918 1.898 1.889 1.925 1.849 1.951 1.866 1.896

MJ036

si02 36.91 37.06
T i02 3.16 3.21
A I2O3 14.72 14.98
FeO 15.76 15.85
MnO - 0.18
MgO 14.05 14.02
CaO 0.27 0.19
Na^O 0.48 0.31
k20 9.30 9.55
h2° 3.96 3.99
T o ta l 98.61 99.34

S i 5.584 5.571
A l 2.416 2.429
A l 0.209 0.225
T i 0.360 0.363
Fe 1.994 1.993
Mn - 0.023
Mg 3.168 3.142
Ca 0.044 0.031
Na 0.141 0.090
K 1.795 1.831
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Glen Dessarry syenite, anphiboles.

GD48 (u lt ra m a f ic )

S i0 2 42. 21 45 .71 45.,98 47 .68 45. 57
A l0Oo 10. 86 7 .88 8.,20 6 .68 8 . 10
FeO 11. 90 11 .35 10.,12 10 .04 ' l l . 11

Fe2®3 2. 90 2 .09 3.,27 1 .90 2. 11
MgO 12. 43 14 .09 14.,60 15 .31 13. 89
MrO 0. 31 0 .36 0,.38 0 .26 0 . 39
T i0 2 1. 28 0 .60 0,,34 0 .33 0 . 46
CaO 11. 82 11 .80 11.,89 12 .02 11. 83
Na90 2. 25 2 .22 2.,18 1 .78 2. 06
K2O 1. 24 0 .78 0.,81 0 .68 0 . 73
T o ta l 97. 20 96 .88 97.,78 96 .68 96. 25

S i 6 . 337 6 .796 6.,754 7 .017 6. 806
A1 1. 663 1 .204 1..246 0 .983 1. 194
A1 0 . 259 0 .177 0.,174 0 .176 0. 232
T i 0 . 145 0 .067 0.,038 0 .037 0 . 052
Fe3 0 . 328 0 .234 0..361 0 .211 0 . 237

2. 781 3 .122 3.,196 3 .358 3. 092
F ? 1. 487 1 .400 1.,231 1 .219 1. 387
Fe2 0 . 007 0 .011 0.,013 0 .016 0. 000
Mn - -
Mn 0 . 039 0 .045 0,.047 0 .032 0 . 049
Ca 1. 901 1 .880 1.,872 1 .895 1. 893
Na 0 . 053 0 .064 0..069 0 .056 0 . 057
Na 0 . 602 0 .576 0.,552 0 .452 0 . 539
K 0. 238 0 .148 0.,152 0 .128 0 . 139

GD30 (m a fic  s y e n ite )

S i02 43.82 43 .86 43..79 43 .14 42 .90 42. 43 42.,48 43..31
a i 2o3 8.39 8 .99 8..61 9 .70 9 .19 9. 66 9.,28 9.,08
FeO 16.18 15 .82 15..98 16 .47 15 .46 16. 45 17.,00 16..47

Fe2°3 2.93 3 .24 3..21 2 .94 3 .97 2. 88 2.,62 2.,88
MgO 10.22 10 .30 10..23 10 .04 10 .15 9. 84 9.,58 9..86
MnO 0.55 0 .48 0..46 0 .32 0 .51 0 . 42 0.,59 0..51
T i0 9 0.53 0 .58 0..54 0 .70 0 .56 0 . 56 0.,71 0,,56
CaO 11.83 11 .64 11..56 11 .38 11 .13 11. 24 10.,96 10,.70
N&oO 1.84 1 .71 1..77 2 .18 2 .03 2. 22 2.,28 2,.29
k 2° 1.18 1 .20 1..20 1 .21 1 .23 1. 39 1.,43 1.,31
T o ta l 97.28 98 .11 97..34 98 .09 97 .13 97. 09 96.,93 96,.97

S i 6.683 6 .622 6..666 6 .532 6 .554 6. 511 6.,546 6,.633
A1 1.318 1 .378 1..335 1 .468 1 .446 1. 490 1.,454 1,,368
A1 0.191 0 .222 0..211 0 .264 0 .210 0 . 258 0.,232 0,.272
T i 0.061 0 .066 0..062 0 .078 0 .064 0 . 065 0.,082 0,.065
Fe3 0.336 0 .369 0..367 0 .335 0 .456 0 . 332 0.,304 0.,331
Mg 2.323 2 .318 2.,321 2 .266 2 .311 2. 250 2.,200 2.,250
Fe2 2.064 1 .998 2..034 2 .056 1 .958 2. 095 2,,182 2,.082
Fe2 — 0 .031 0 .017 0 . 016 0.,009 0,.028
Mn 0.025 0 .028 0..006
Mn 0.046 0 .033 0.,053 0 .041 0 .066 0 . 055 0.,077 0,.066
Ca 1.902 1 .928 1..885 1 .846 1 .822 1. 848 1..810 1,.756
Na 0.052 0 .038 0..061 0 .082 0 .095 0 . 081 0.,104 0,.150
Na 0.492 0 .462 0..461 0 .558 0 .506 0 . 579 0.,577 0,.530
K 0.230 0 .231 0.,233 0 .234 0 .240 0 . 272 0.,281 0,.256



287

MJ003 (deformed le u c o c ra t ic  s y e n ite )

Glen Dessarry syenite, amphiboles.

Si02 43.35 44.73 41.61 41.69 41.09 42.45 40.23 40.91
AloOo 8 .6 5 7.86 9.81 9.65 9.75 8.97, 10.00 10.49
FeO 17.57 17.20 17.91 18.12 17.21 18.02 17.52 18.99
FeoOo 1.80 2.47 3.49 3.51 4.31 2.95 4.71 2 .58
MgO 9.37 9.82 8.62 8 .3 4 8 .8 4 8.73 8.06 7.79
MnO 0.6 3 0.52 0.73 0 .6 4 0.59 0.63 0.68 0.52
T i0 2 0 .5 8 0.50 0.69 0.57 0.69 0.62 0.83 0 .7 6
CaO 11.16 11.09 11.08 10.96 11.02 10.87 10.79 11.18
Na-,0 2 .1 8 1.86 2.36 2.19 2.48 2.18 2.16 2.13
k 2 ° 1.11 0.98 1.44 1.39 1.31 1.21 1.60 1.61
T o ta l 96.40 97.03 97.74 97.06 97.28 96.63 96.58 96.96

S i 6 .697 6.828 6.420 6.473 6.367 6.590 6.310 6.382
A1 1.303 1.172 1.580 1.528 1.633 1.411 1.690 1.618
A1 0.273 0.243 0.205 0.239 0.148 0.231 0.160 0.312
T i 0.067 0.057 0.080 0.067 0.080 0.072 0.098 0.089
Fe3 0.210 0.284 0.406 0.410 0.502 0.344 0.556 0.303

2.157 2.234 1.982 1.930 2.041 2.020 1.884 1.811
Fe2 2.270 2.182 2.311 2.353 2.228 2.333 2.298 2.477
Fe2 - 0.013 - - 0.002 0.007 - -
Mn 0.023 - 0.017 0.002 - - 0.004 0.008
Mn 0.060 0.067 0.078 0.082 0.077 0.083 0.087 0.061
Ca 1.847 1.814 1.832 1.823 1.830 1.808 1.814 1.869
Na 0.093 0.106 0.090 0.095 0.091 0.103 0.100 0.070
Na 0.560 0.445 0.616 0.565 0.654 0.554 0.557 0.574
K 0.219 0.191 0.284 0.275 0.259 0.240 0.320 0.320

MJ008 (undeformed le u c o c ra t ic  s y e n ite )

S i0 2 42.32 42.51 42.41 42.56 42.62 42.21 42.52 40.93

A12°3 9.52 9.01 9 .04 9.57 9 .34 9 .18 8 .87 10.11
FeO 16.87 17.57 16.37 16.92 17.90 17.43 16.65 17.62

Fe2°3 2.75 1.96 3.37 2 .99 1 .60 2.06 3.77 4 .37
MgO 9.40 9.24 9.46 9.37 8 .99 9.27 9.32 8.31
MnO 0 .7 4 0.70 0.80 0 .7 5 0.71 0 .72 0.63 0 .6 6
T i0 2 0.73 0.61 0.62 0.50 0.43 0 .64 0.49 0.71
CaO 10.72 11.33 10.97 10.87 11.30 10.99 11.44 10.93
NaoO 2.42 2.14 2.04 2 .34 2.17 2.38 1.88 2.23

k 2° 1.45 1.35 1.35 1.27 1.33 1.45 1.31 1.52
T o ta l 96.92 96.42 96.43 97.14 96.39 96.33 96.89 97.39

S i 6.525 6.597 6.564 6.541 6.613 6.562 6.564 6.350
A1 1.475 1.403 1.436 1.459 1.387 1.438 1.436 1.651
A1 0.255 0.245 0.214 0.275 0.321 0.244 0.178 0.199
T i 0.085 0.071 0.072 0.058 0.050 0.075 0.057 0.083
Fe3 0.319 0.228 0.392 0.346 0.186 0.241 0.439 0.511
Mgr 2.160 2.137 2.182 2.146 2.079 2.148 2.144 1.921
Fe2 2.175 2.280 2.119 2.175 2.323 2.266 2.150 2.285
Fe2 0.006 - — - - — — —
Mn - 0.038 0.021 - 0.040 0.026 0.032 0.002
Mn 0.090 0.054 0.084 0.098 0.053 0.068 0.050 0.085
Ca 1.771 1.884 1.819 1.790 1.879 1.831 1.892 1.817
Na 0.139 0.062 0.097 0.112 0.068 0.101 0.058 0 .098
Na 0.585 0.582 0.516 0.585 0.584 0.617 0.505 0.573
K 0.285 0.267 0.267 0.249 0.263 0.288 0.258 0.301
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G len D essarry  s y e n ite ,  am phiboles. 

_______ IGS 45671 ( le u o o c ra t ic  s y e n ite )

S i02 44.50 44.66 45.00 44.43 45.63 43.95
A I2O3 8.59 8.10 8 .4 0 8.28 6.95 8 .46
FeO 17.13 16.22 16.23 16.31 15.50 16.51

Fe2°3 2.17 2.41 2.90 2.32 2.01 2.16
MgO 9.93 10.55 10.29 10.28 11.22 10.05
MeO 0.56 0.37 0 .41 0.43 0 .5 4 0 .53
T i02 0.65 0.66 0 .69 0.59 0.71 0 .9 8
CaO 11.23 11.41 10.99 11.15 11.27 11.26
Na^O 1.95 1.71 1.74 1.75 1.84 1.69
K2O 1.27 1.16 1.17 1.22 0.83 1.22
T o ta l 97.98 97.25 97.51 96.75 96.50 96.81

S i 6.736 6.776 6.797 6.779 6.931 6.717
A1 1.264 1.224 1.203 1.221 1.069 1.283
A1 0.269 0.225 0.292 0.268 0.176 0.242
T i 0 .074 0.075 0.078 0.068 0.081 0.113
Fe3 0.247 0.275 0.295 0.266 0.230 0.248

2.240 2.386 2.316 2.338 2.540 2.289
Fe2 2.169 2.039 2.018 2.061 1.970 2.108
Fe2 - 0.020 0.031 0.020 - 0.002
Mn 0.002 - - - 0.004 -
Mn 0.070 0.048 0.053 0.056 0.065 0.069
Ca 1.821 1.855 1.779 1.823 1.834 1.844
Na 0.109 0.078 0.138 0.102 0.101 0.086
Na 0.464 0.426 0.372 0.416 0.441 0.415
K 0.245 0.225 0.225 0.238 0.161 

L e u c o c ra tic  s y e n ite

0.238

S i°2 42.25 42.73 42.60 44.10 42.57 43.27

a12°3 7.77 10.06 10.12 8.51 9.75 9.96
FeO 15.82 18.27 17.73 16.63 17.45 17.60

Fe2°3 3.42 1.80 1 .4 9 2.67 1.83 2.12
MgO 10.51 8.94 9 .0 8 9.76 9.43 9 .3 8
MnO 0.51 0.40 0 .4 9 0.34 0.41 0 .2 9
T102 0.87 0.83 0 .76 0.48 0.72 0.66
CaO 11.38 11.25 11.17 11.43 11.41 11.24
Na90 1.73 2.21 2.30 1.56 2.06 2.06
k2° 1 .08 1.47 1.45 1.04 1.48 1.43
T o ta l 97.33 97.96 97.19 96.52 97.10 98.01

S i 6.727 6.526 6 .540 6.755 6.541 6.572
A1 1.273 1.475 1.460 1.245 1.459 1.428
A1 0.120 0.337 0.372 0.292 0.307 0.355
T i 0.100 0.095 0.088 0.055 0.083 0.075
Fe3 0.391 0.207 0.172 0.308 0.211 0.243
Mg^ 2.381 2.035 2.077 2.228 2.159 2.123
Fe2 2.009 2.326 2.277 2.117 2.239 2.204
Fe2 0.002 0.007 - 0.014 0.003 0.032
Mn - - 0.015 - - -
Mn 0.066 0.052 0.049 0.044 0.053 0.037
Ca 1.854 1.841 1.837 1.876 1.879 1.829
Na 0.078 0.100 0.114 0.066 0.065 0.102
Na 0.432 0.554 0.571 0.397 0.549 0.505
K 0.210 0.286 0.284 0.203 0.290 0.277
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Lewisian, amphiboles.

MJ182 (am p h ib o le -q u a rtz  s y m p le c tite s )

S i02 44.69 45.03 44.78
A l2°3 10.61 10.78 10.71
FeO 12.82 13.80 13.17
Fe2°3 2.97 2.16 3.21
MgO 11.62 11.42 11.46
MnD 0.22 0.27 0 .2 4
T i0 2 0.27 0 .25 0.23
CaO 11.99 12.02 12.07
Na90 1.50 1.69 1.59
k2o 0.79 0 .79 0.73
T o ta l 97.48 98.21 98 .18

S i 6.634 6 .650 6.615
A1 1.366 1.350 1.385
A1 0.491 0.527 0.480
T i 0.030 0.028 0.026
Fe3 0.332 0.240 0.356
Mg 2.571 2.513 2.523
Fe2 1.576 1.692 1.615
Fe2 0.016 0.012 0.012
Mn - - -
Mn 0.028 0.034 0.030
Ca 1.907 1.902 1.911
Na 0.050 0.052 0.048
Na 0.382 0 .432 0.408
K 0.150 0.149 0.138

44.29 44.74 44.85 44.73 45.20
10.71 10.39 10.37 10.26 10.83
12.90 12.74 12.88 13.09 13.35

2.69 2.74 3.14 2.80 2.23
11.33 11.47 11.25 11.33 11.40

0.33 0.46 0 .2 0 0 .22 0 .2 8
0.29 0.10 0 .3 1 0.22 0.22

11.91 11.90 11.62 11.81 11.72
1.55 1.48 1.26 1.45 1.51
0.66 0.71 0.63 0.60 0.72

96.66 96.74 96 .50 96.51 97.45

6.631 6.687 6.706 6.700 6.696
1.369 1.313 1.294 1.300 1.304
0.521 0.518 0.534 0.512 0.587
0.033 0.011 0.035 0.025 0.025
0.303 0.309 0.353 0.315 0.248
2.528 2.555 2.507 2.529 2.517
1.616 1.593 1.572 1.619 1.624
- - 0.039 0.021 0.030
- 0.014 - - -

0.042 0.044 0.025 0.028 0.035
1.911 1.906 1.862 1.895 1.860
0.048 0.050 0.074 0.056 0.075
0.402 0.379 0.291 0.365 0.359
0.126 0.135 0.120 0.115 0.136

MJ182 (a n p h ib o le -q u a rtz  s y n p le c t ite s )

S i02 45.14 44.61

^ 2 ^ 3 9.84 11.78
FeO 14.38 13.31
Fe2°3 0.71 3.13
MgO 11.42 11.35
MnO 0.19 0.21
T i0 2 0.32 0.23
CaO 12.04 12.12
Na90 1.64 1.63
k 2o 0.79 0.68
T o ta l 96.47 98.05

S i 6.778 6.603
A1 1.222 1.397
A1 0.520 0.484
T i 0.036 0.026
Fe3 0.080 0.349
Mg 2.556 2.504
Fe2 1.806 1.638
Fe2 — 0.010
Mn 0.001 -
Mn 0.023 0.026
Ca 1.937 1.922
Na 0.040 0.042
Na 0.438 0.426
K 0.151 0.128
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Lewisian, anphiboles.

MJ182 ( " p la t y 11 a n p h ib o le )

S i0 2 44.07 43.79 43.39 43.49 44.68 44.56 43.41 43.78
AloOo 11.48 11.02 11.85 10.99 10.06 10.82 11.12 11.48

£» J
FeO 14.63 14.22 15.09 14.07 14.18 15.16 14.53 15.27
FGoOo 2.20 2.76 1.20 2.26 1.71 1.00 1.94 1 .50
MgO 10.50 10.49 9.81 10.56 10.92 10.69 10.43 10.13
MnO 0.31 0.42 0.44 0 .36 0.31 0 .37 0.33 0 .3 6
T i0 2 0 .4 4 0 .5 4 0.27 0 .3 9 0 .48 0 .5 5 0 .58 0 .5 9
CaO 12.01 11.89 12.30 11.73 11.86 12.09 11.79 11.87
NaoO 1.62 1.53 1.57 1.67 1.48 1.71 1.67 1.71
K2O 0.89 0.89 0.68 0 .8 0 0.59 0.81 0.89 0 .81
T o ta l 98.14 97.55 96.60 96.33 94.27 97.76 96.70 97 .50

S i 6.551 6.554 6.555 6.578 6.729 6.644 6.554 6.560
A1 1.449 1.446 1.445 1.422 1.271 1.356 1.446 1.441
A1 0.563 0.499 0.666 0.538 0.515 0.546 0.533 0.587
T i 0.049 0.061 0.031 0.044 0.054 0.062 0.066 0 .067
Fe3 0.246 0.311 0.136 0.258 0.194 0.111 0.221 0.170
wg0 2.326 2.340 2.209 2.380 2.451 2.375 2.347 2.262
Fe2 1.817 1.780 1.907 1.780 1.786 1.891 1.834 1.913
Fe2 0.002 — - - 0.001 - 0.001 -
Mn — 0.010 0.052 - - 0.015 - 0.002
Mn 0.039 0.043 0.004 0.046 0.040 0.032 0.042 0 .044
Ca 1.913 1.907 1.991 1.901 1.914 1.932 1.907 1.906
Na 0.047 0.050 0.005 0.053 0.046 0.037 0.050 0.050
Na 0.420 0.394 0.455 0.437 0.386 0.458 0.439 0.466
K 0.169 0.170 0.131 0.154 0.113 0 .154 0.171 0.155

MJ182 ( " p la ty "  am phibole)

s i0 2 42.80 43.42
a i 2o3 11.67 11.13
FeO 13.85 14.49

Fe2°3 3.57 2.56
MgO 10.11 10.43
MnO 0.3 9 0.25
T i0 2 0 .4 8 0.65
CaO 11.78 11.97
N a ^ 1 .58 1.59
k2° 0.83 0.91
T o ta l 97.06 97.40

S i 6.449 6.518
A1 1.551 1.482
A1 0.522 0.488
T i 0 .054 0.073
Fe3 0.405 0.289
Mg, 2.270 2.334
Fe2 1.745 1.816
Fe2 — 0.003
Mn 0.004 -

Mn 0.046 0.032
Ca 1.902 1.925
Na 0.052 0.040
Na 0.409 0.423
K 0.160 0.174
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Lewisian, amphiboles.

MJ036

S i0 2 42.78 42.91 43.35 43.20 43.78 42.96 43 .18
A l2°3 11.28 11.29 11.39 11.72 11.35 11.14 11.19
FeO 13.14 12.20 12.99 12.56 13.70 12.62 13.41
Fe2°3 0.79 1.21 1.13 1.16 0.26 0.66 0 .00
MgO 11.40 11.95 11.70 11.69 11.50 11.96 11.81
MnO 0.13 0.32 0 .12 0 .08 0.00 0.05 0 .0 0
T1O2 1.92 1.94 1.84 1 .48 1.99 2.02 2.09
CaO 11.39 11.33 11.66 11.50 11.75 11.52 11.74
Na90 1.59 1.71 1.41 1.47 1.46 1.66 1.80
K20 1.72 1.71 1.69 1.69 1.72 1.67 1.68
T o ta l 96.14 96.57 97.27 96.56 97.51 96.26 96.90

S i 6.464 6.440 6.465 6.474 6.513 6.465 6.470
A1 1.536 1.560 1.535 1.527 1.487 1.535 1.530
A1 0.437 0.438 0.468 0.544 0.503 0.441 0.446
T i 0.218 0.219 0.206 0.167 0.223 0.229 0.236
Fe3 0.090 0.137 0.127 0.131 0.029 0.074 0.000

2.567 2.673 2.601 2.611 2.550 2.682 2.637
Fe2 1.652 1.531 1.599 1.547 1.696 1.574 1.680
Fe2 0.009 - 0.021 0.028 0.008 0.001 —
Mn - 0.002 - - - - -
Mn 0.017 0.039 0.015 0.010 0.000 0.006 0.000
Ca 1.844 1.822 1.863 1.847 1.873 1.858 1.885
Na 0.130 0.139 0.101 0.116 0.119 0.121 0.115
Na 0.335 0.359 0.307 0.311 0.302 0.363 0.408
K 0.332 0.327 0.322 0.323 0.326 0.321 0.321

MJ037

Si02 42.52 42.48 42.03
A l9 °3 12.00 12.52 12.03
FeO 14.38 14.09 14.17
Fe2°3 0 .0 0 0.42 0 .5 4
MgO 10.88 10.72 10.73
MnO 0.07 0 .24 0 .29
T i0 2 2.07 1.45 1.97
CaO 12.14 12.24 11.94
Na90 1.46 1.21 1.38
K90 1.67 1.64 1.81
T o ta l 97.19 96.99 96.88

S i 6.385 6.385 6.348
A1 1.615 1.615 1.652
A1 0.510 0.603 0.491
T i 0 .234 0.164 0.224
Fe3 0.000 0.048 0.061
wgo 2.435 2.397 2.415
Fe2 1.806 1.771 1.790
Fe2 — _

Mn — 0.017 0.020
Mn 0.009 0.014 0.017
Ca 1.953 1.971 1.932
Na 0.047 0.015 0.050
Na 0.379 0.337 0.354
K 0.320 0.315 0.349



Glen Dessarry syenite, allanites

GD27 (m a fic  s y e n ite , p r im a ry )

SiC>2 34.00 33.65 34.61 34.35 32.51 32.00 33.05 32.96
T i02 0.24 0.32 0.42 0.28 0.67 0 .92 0 .5 0 0.37
AloOo 17.73 17.95 18.75 18.39 17.90 17.23 17.68 18.11

La2°3 4.95 4.92 4.27 4.69 6.70 6 .7 8 5.73 5.55
c e i o i 7.15 7.03 6.99 7.12 9.52 10.10 8 .7 8 7.51

0.75 0.71 0.45 0.66 0.56 0.68 0.23 0 .87
FeO 14.18 14.08 13.51 13.68 15.43 15.57 15.35 15.50
MgO 0.51 0.92 0.85 0.67 0.86 0 .9 8 0 .76 0 .69
CaO 16.19 16.21 16.69 16.38 11.67 11.81 13.96 14.43
H2O 1.64 1.64 1.68 1.66 1.60 1 .59 1.62 1.62
T o ta l 97.34 97.43 98.22 97.88 97.42 97.66 97.66 97.61

GDI6 (m a fic  s y e n ite ,  secondary)

S i02 33.65 34.38 34.53 34.34 34.43 35.06
T i02 0.23 0.42 - 0.23 0 .1 8 0.21
Al-203 17.24 18.26 18.82 18.22 18.74 19.35
La2°3 2.89 3.06 3.35 3.02 2.42 1.75
Ce203 6.49 7.21 6 .24 7.10 6.20 5.30

1.70 1.89 1.53 2.05 2.47 2.50
Fed 14.76 14.62 14.56 14.43 14.18 13.91
MgO 0.67 0.75 0.69 0.82 0 .5 9 0 .6 0
CaO 17.55 16.65 16.87 16.21 17.43 17.69

1.63 1.67 1.67 1.66 1.67 1.69
T o ta l 96.81 98.91 98.26 98.08 98.31 98.06

IGS 42791 ( le u c o c ra t ic s y e n ite )
p r im a ry secondary

S i02 32.44 32.94 33.05 34.71 36.07
T i02 0.56 0.55 0.61 0 .2 9 0 .2 6
A I2O3 14.99 15.13 14.90 17.70 18.08
La2°3 7.49 7.20 7.22 3.20 3.31

Ce2°3 8 .89 8.93 8.79 5.83 5.76
tw 2o3 1.51 1.17 1.12 1 .5 4 1.67
FeO 15.35 15.44 15.30 14.58 14.49
MnO 0 .5 0 0.41 0.47 0 .56 0 .5 6
MgO 0.85 0 .8 4 0.91 0.51 0 .43
CaO 13.33 13.33 13.22 15.54 15.09
H2O 1.57 1.58 1.58 1.64 1.68
T o ta l 97.48 97.62 97.11 96.10 97.40

GD34 (p e g m a tite )

si02 35.09
T i02 0.31
a i2o3 15.35
La2°3 4.01

Ce2°3 9.51
Nd2o3 2.42
FeO 14.75
MgO 0.45
CaO 13.38
^ O 1.60
T o ta l 96.87

35.70 36.53
0.71 0.53

14.30 15.96
4.02 3.86
10.01 8.46

1.61 1.86
14.90 15.64

1.60 0.43
12.03 14.16

1.61 1.66
96.49 99.09



L e w is ia n , a l la n i te s

MJ036

SiOo
T iO ,
A l2°3
La2®3
C62O3
Nd2° 3
FeO
MgO
CaO

h2 °
T o ta l

33.51 33.60
0.64 1.46

18.05 17.20
4.35 4.69

10.31 9.99
2.37 2.49

11.48 12.00
2.14 2.80

12.13 11.83
1.62 1.63

96.97 97.69

33.65 34.42
0.60 0 .5 8

17.38 16.28
4.33 4 .3 6

10.45 10.12
2.92 2.91

11.89 11.81
2.34 3.15

11.94 10.49
1.62 1 .6 0

97.12 95.72



Glen Dessarry syenite, other accessory m inerals

M onazites

La2°3 15.57 17.29 14.40 15.09

Ce2°3 27.29 28.14 26.07 26.22

P r2°3 2.96 3.05 2.81 2.38
ua2o | 8 .73 8 .48 9.80 9.43
GdoOo 0.16 - 0 .59 0.35

1.77 1.02 1.44 1.55
twd2 9.58 10.16 12.19 11.21
tX>2 1.04 0.19 0.66 1.28
CaO 1.85 1.37 2.00 1.85

p2°5 30.19 29.25 29.36 30.26
T o ta l 99.14 98.95 99.32 99.62

Sphenes

S i02  29.38 29.67 29.58 29.75 29.97 29.99
T i02  35.51 35.56 35.70 35.94 35.86 35.78
CaO 27.10 27.17 27.29 27.77 27.63 28.30
CepO^ 2•09 1.75 1.45 1.39 1.30 0.81
Nd?0^ 1.02 1.13 0 .78 0.70 0 .4 9 0.36
A1?0<, 1.35 0.97 0.99 1.01 1.23 1.53
FeO 1.71 1.99 2.15 2.07 2.03 1.76
N a ^  0 .32 0.22 0 .1 8 0.13 0 .16 0.19
T o ta l 98.48 98.46 98.12 98.76 98.67 98.72

Z ir c o n o l i te s A p a t ite s

Zr02 32.52 31.87 32.17 29.53 CaO 53.89 54.15 53.97
T i02 29.09 28.50 28.56 29.05 P?°5 40.63 41.48 40.99
CaO 9 .2 7  8 .9 8 9.30 8 .67 S i02 0 .7 8 0.49 0 .43
FeO 7.53 7.46 7.89 7.91 NajO 0.41 - 0 .32
Th02 7.85 8 .22 7.57 9.21 SrO 0 .7 4 1.06 0 .93
UOg 2.86 2.68 2.26 3.64 804 1.15 0.71 0.91

l A 2 ° 3 1.03 0 .77 1.07 0 .7 7 T o ta l 97.60 97.99 97.55
Ce2°3 3.66  2.91 3.47 2 .9 4
P r2°3 0 .2 8  0 .31 0.26 0 .2 8

1.44  1.28 1.00 1.71
axi203 0 .3 4  0 .4 4 0.37 0 .39
EU2O3 0.16  0 .18 0.06 0 .18

Gd2°3 0 .5 0  0 .61 0 .29 0 .4 7

Yb2°3 0 .1 8  0.02 - 0 .0 8

y 2°3 0 .7 4  0 .61 0.53 0.81

Ta2°5 0 .09  0.31 0.33 0 .2 9
Nb2°5 2.63  2 .64 3.19 2 .38

0 .36  0 .41 0.40 0 .0 8
Pfc02 0 .24  0 .21 0 .24 0 .4 6
BaO 0.51  0 .57 — 0 .5 5
T o ta l 101.28 98.98 98.96 99.40



S .I.M .S . Count Rates

Magmatic sphene.

A n a ly s is  3 4
T i46 841399 931455
a 1000 1000
1*139 30005 28321
a 35.66 30.41
b 36.02 30.71

Ce140 73366 63754
a 87.20 68.45
b 98.54 77.35

P r141 14833 11459
a 17.63 12.30
b 17.63 12.30

Nd143 8281 5965
a 9.84 6 .40
b 80.59 52.42

Sm^ 7 2548 1548
a 3.03 1.66
b 20.30 11.13

Eu151 2837 1736
a 3.37 1.86
b 7.04 3.89

ThO249 2239 2534
a 2.66 2.72

U0255 315 1564
a 0.37 1.68

6 8 
c e n tre

5 6 7 8
1249861 1195137 1119988 1323928
1000 1000 1000 1000
24071 47134 35367 49075
19.26 39.44 31.58 37.07
19.45 39.83 31.90 37.44

51504 117687 96184 120471
41.21 98.47 85.85 91.00
46.57 11.27 97.01 102.83

8640 23565 18618 22844
6.91 19.72 16.62 17.25
6.91 19.72 16.62 17.25

4530 13274 10924 11933
3.62 11.11 9.75 9.01
29.65 90.99 79.85 73.79

1044 3954 3305 3454
0 .8 4 3.31 2.95 2.61
5.63 22.18 19.77 17.49

1499 4222 3122 3322
1.20 3.53 2.79 2.51
2.51 7.38 5.83 5.25

886 3200 1840 3871
0.71 2.68 1.64 2.92

890 781 745 1401
0.71 0.65 0.67 1.06

3 7 4 5
..................edge

a = counts standardised to  1000 T i
b = counts corrected fo r iso to p ic  abundance o f analysed isotope



Deformed sphene.

A n a ly s is 19 14 13 12 11 15
T i46 911604 1053945 1368824 1466020 1395200 1243464
a 1000 1000 1000 1000 1000 1000
L a l3 9 45318 35574 43830 40335 12975 8702
a 49.71 33.75 32.02 27.51 9 .30 7.00
b 49.75 33.78 32.05 27.53 9.31 7.01

Ce140 108564 90401 109685 101446 32783 31484
a 119.09 85.77 80.13 69.20 23.49 25.32
b 134.63 96.96 90.59 78.23 26.55 28.62

P rl4 1 21070 18258 21826 19733 6626 7701
a 23.11 17.32 15.95 13.46 4.75 6.19
b 23.11 17.32 15.95 13.46 4 .75 6.19

11336 10070 11904 10788 4084 5067
a 12.44 9.55 8.70 7.36 2.93 4.07
b 101.88 78.21 71.25 60.27 23.99 33.33

Sml47 3162 2996 3467 3151 1229 1738
a 3.47 2 .8 4 2.53 2.15 0.88 1.40
b 23.26 19.03 16.96 14.41 5.90 9.38

E u lS l 3166 3095 3488 3508 1745 2742
a 3.47 2 .94 2.55 2.39 1.25 2.21
b 7.26 6 .15 5.34 5.00 2.62 4.62

ThO249 3535 3042 3289 3482 1332 588
a 3.88 2 .89 2.40 2.38 0.95 0.47

uo255 1638 1198 1334 2593 7406 2711
a 1.79 1 .1 4 0.97 1.77 5.31 2.18

19 14 13 12 11 15
c e n t r e . . . h ig h -U

a = counts standardised to  1000 T i
b = counts corrected fo r iso to p ic  abundance o f analysed isotope
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F ra c tu re d  a p a t i te .

A n a ly s is  9 8 10
Ca44 654211 506902 524276
a 1000 1000 1000
1 **3 9 1821 1584 1648
a 2.78 3.12 3.14
b 2.78 3.12 3.14

Ce140 2451 2279 2797
a 3.88 4 .4 9 5.33
b 4 .39 5.08 6.03

P rl4 1 438 389 621
a 0.67 0.77 1.18
b 0.67 0 .7 7 1.18

N d ^ 3 664 534 707
a 1.01 1.05 1.35
b 8.27 8 .6 0 11.06

Sri^4? 182 159 190
a 0.28 0.31 0.36
b 1.88 2.08 2.41

E u *^ l 1245 1019 1011
a 1.90 2.01 1.92
b 3.98 3.58 4.02

ThO249 110 62 177
a 0.17 0.122 0.34

U0255 18 37 31
a 0.028 0.073 0.059

9 8 10
. . .  .h ig h -U ..

5 6 7 12
647907 576162 462588 561794
1000 1000 1000 1000
2911 252 239 462
4.49 0.44 0.52 0.82
4 .49 0.44 0.52 0 .82

3544 383 355 669
5.47 0.66 0.77 1.19
6.19 0.75 0 .87 1.35

639 106 80 147
0.99 0.18 0.17 0 .26
0 .99 0 .18 0.17 0.26

773 384 344 408
1.19 0.67 0 .7 4 0 .73
9.75 5.49 6.06 5 .98

186 106 96 112
0.29 0.18 0.21 0.20
1.94 1.21 1.41 1.34

1314 1008 791 1009
2.03 1.75 1.71 1.80
4 .25 3.67 1.71 3 .77

124 0.67 _ 6.69
0.19 1 .2x l0"3 0.012

61 7.67 8.00 5.46
0.094 0.013 0.017 0.0097

i 6 7 12
. . lc v M J .. .

a = counts standardised to  1000 Ca
b = counts corrected fo r iso to p ic  abundance o f analysed isotope
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A. 3 : PARTITION COEFFICIENTS

A rth  and Hanson (1975).
(used in  th e  PEE models f o r  L e w is ia n  gne iss p e tro g e n e s is ) .

G arnet Pyroxene Hornblende

Ce 0.35 0.50 1.52
Nd 0.53 1.11 4.26
an 2.66 1.67 7.77
Eu 1.50 1.56 5.14
Gd 10.50 1.85 10.00
Dy 28.60 1.93 13.00
E r 42.80 1.66 12.00
Yb 39.90 1.58 8 .3 8
Lu 29.60

>
1.54 5.50

. V ille m e n t e t a l .  (1981) •
(used in  m o d e llin g  o f  f r a c t io n a l  c r y s ta l l is a t io n  o f  th e  G len D e ssa rry

s y e n ite s ) .

Pyroxene P la g io c la s e  K - fe ld s p a r  Hornblende B io t i t e  Sphene

U 0.05 0.06 0.10 0.15 0.13 —

Th 0 .0 4 0.05 0.09 0.11 0.12 —

Rb 0 .0 4 0.13 0.30 1.90 1.90 -

Ba 0.04 0.56 3.60 6.40 10.00 —

S r 0 .1 6 2.70 10.00 0.30 0.70 —

H f 0.48 0.05 0.13 0.92 1.80 —

Ta 0.06 0.04 0 .0 8 0.62 0.56 —

C r 5.30 0.08 0 .60 2.90 5.40 —

N i 2 .5 0 0.04 0 .50 - 1.30 —

Ce (approx) 0 .18 0.20 - 0.68 0.70 80 .00
Yb (approx) 0 .5 3 0.12 - 0.53 0.80 72.00

Bender e t  a l .  (1984).
(used in  m o d e llin g  o f  co n ta m in a tio n  o f  G len D essarry  m a fic  s y e n ite  v ia

Moine p a r t i a l  m e lt in g ) .

P la g io c la s e B io t i t e

La 0.20 0.34
Ce 0.15 0.32
Nd 0.12 0.29
Sm 0.0 9 0.26
Eu 0.50 0.24
Gd 0.09 0.28
Dy 0.06 0.29
E r 0.05 0.35
Yb 0 .0 4 0.44
Rb 0.07 3.00
Sr 3 .00 —

Ba 0.23 12.00
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Data f ra n  o th e r  sources re q u ire d  t o  c a rp le te  th e  p re v io u s  s e ts  f o r  th e
elem ents o f  in te r e s t .

Vfomer e t  a l . (1983).

Sphene A p a tite

lh 8 .00 1.20
U 2.10 0.00
Ta 113.0 -

H f 14.20 —

Mahood and H ild r e th  (1983).

Z irc c n A l la n i te

Oh 91.20 548.0
U 383.0 17.00
Ta 40.20 4 .40
H f 3742. 28.00
Ce 10.00 2494.
Yb 564.0 37.00

Henderson (1982).

A p a t ite

Ce 31.00
Yb 21.00

E s tim a te  f r a n  d a ta  produced f o r  t h is  s tu d y .

Z ir c o n o l i te

Th 8000
U 15000
Ta 1500
H f 1000
Ce 150
Yb 400
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U r a n i u m  c o n t e n t ,  d i s t r i b u t i o n ,  a n d  m i g r a t i o n  
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M. B. Fo w l e r
Department of Geology, Imperial College, London SW7 2BP

a b s t r a c t . The distribution of uranium in a suite of 
variably deformed and metamorphosed rocks from the 
leucocratic member of the Glendessarry syenite has been 
determined using the fission track method. The uranium 
content of the magma increased during crystallization 
and uranium was concentrated in accessory minerals such 
as monazite, zircon, sphene, allanite, apatite, and micro­
inclusions of a Zr- and Ti-rich phase. Contamination of 
the magma by pelitic metasediment enhanced the 
uranium content and monazite and zircon formed instead 
of sphene, allanite, and apatite.

Evidence of subsolidus uranium mobility in late stage 
magmatic or metamorphic fluids is presented here and 
shows: (a) Intracrystalline redistribution of uranium, 
especially in grains of sphene. (b) Intergranular mobility 
in a fluid phase, which affected the uraniferous accessory 
minerals in several ways.

St u d i e s  of the behaviour of uranium during 
high-grade metamorphism have recently gained 
importance and large-ion lithophile element deple­
tion in some granulite-facies terrains is relatively 
well established (e.g. Lambert and Heier, 1967); 
however, the processes responsible for uranium 
mobility are still under discussion (Collerson and 
Fryer, 1978; Fyfc, 1973). The interest in high-grade 
metamorphic terrains in genetic studies of ore- 
forming processes concerns their role as a source 
region for upper crustal uranium deposits (e.g. 
Rostov, 1977), and their influence on the formation 
and subsequent evolution of U-provinces.
The Glendessarry syenite is suitable for detailed 

studies for the following reasons: (a) It is a product 
of deep-seated processes, (b) Intrusion occurred at 
a low crustal level, (c) Ajnphibolite-facies meta­
morphism contemporaneous with intrusion affected 
the complex to varying degrees, (d) Uranium is 
concentrated in a limited number of .accessory 
minerals, some of which commonly occur in the 
lower crust.
A  comparative investigation of metamorphosed 

and non-metamorphosed phases of the complex 
was undertaken in relation to studies of uraniferous 
accessory minerals. Johnstone et al. (1969) 
described the regional setting of the syenite (fig. 1)
©  C opyrigh t the MineralogicaS Society

and its emplacement in high-grade psammitic and 
pelitic Moinian metasediments. Lambert et al. 
(1964) established the magmatic origin and syn- or 
slightly pretectonic timing of the intrusion and Van 
Breeman et al. (1979) reported a U-Pb isotopic age 
of 456 ±5 M a  and proposed a mantle origin. A 
detailed petrological study was carried out by 
Richardson (1968), who ascribed mineralogical 
changes (summarized in Table I) to an influx of 
H  2-rich, reducing fluids from sediments during 
amphibolite-facies deformation.
A  suite of twelve samples of the leucosyenite was 

selected to represent different stages of meta- 
morphism/deformation. Polished thin sections were 
used for induced fission track analysis of 235U  
(Bowie et al., 1973) with a neutron dose of 5 x 10,6n 
cm'2, undertaken at the H E R A L D  reactor 
AWRE, Aldermaston. Lexan polycarbonate plastic 
is the preferred detector because of its low uranium 
content; the detector discs were etched in 6N 
N a O H  at 75 °C for four minutes. Rock powders 
were analysed by the delayed neutron method 
(Bowie et al., 1973).

Results
General
Most of the uranium is located in accessory 

minerals, which in decreasing order of U  content 
are: Zr/Ti rich inclusions in perthite; monazite-

T a b l e  I. Summary of relevant mineralogical 
changes in the syenite due to amphibolite facies- 

metamorphism. After Richardson (1968)

Original Mineralogy Effects of metamorphism

Alkali feldspar 
pbenocrysts 

Pyroxene-biotite inter* 
growths

Accessory caJa te 
Eubedral sphcne 
Coarse-grained igneous 

texture

Granular orthodase and sodic plagiodasc

Hydration to ultimately pyroxene-free, 
bornblende-biotite associations 

Caldte absent
Recrystallization and toss of crystal outlines 
Development of well-defined fabric and 

diminution of grain «7g
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F ig. 1. Geological map of the Glendessarry syenite, Inverness-shire.

zircon; sphene-allanite; and apatite, which is in 
genera] agreement with previously published data 
(Rogers and Adams, 1969). Uranium is not signi­
ficantly associated with the primary rock-forming 
minerals or absorbed on grain boundaries.
The primary uranium distribution
All the leueocratic rocks at Glendessarry exhibit 

some metamorphic/deformation effects. However, 
samples from the centre of the leucosyenite mass 
show least post-magmatic recrystallization and the 
distribution of uranium in relict euhedral minerals 
from this phase is thoughfto be relatively unmodi­
fied by secondary processes. In these rocks uranium 
is associated with the Zr/Ti rich inclusions, zircon, 
sphene, allanite, and apatite. Its distribution in 
the latter three principal uraniferous minerals is 
shown in fig. 24. Most sphene and apatite crystals 
have uniform fission track distributions, but the 
track density varies between crystals. Since other 
sphene grains show an increase in uranium concen­
tration towards the edges (fig. 2B ), those uniform

crystals with greater abundance are considered 
to have formed later indicating increased uranium 
concentration in the residual magma, as recorded 
by other workers (e.g. Bohse et al., 1974). Both uni­
form and regularly zoned U  distributions indicate 
solid solution of uranium within the crystal lattice.
In a vein intruded into the Glen Pean Xenolith 

(fig. 1), zircon occurs with monazite and together 
they contain a high proportion of the whole-rock 
uranium (fig. 2Q  of 7.8 ppm. This rock, composed 
of perthite associated with biotite, muscovite, and 
quartz, with minor pyrite indicative of more reduc­
ing conditions of crystallization than the leuco- 
syenites in which primary hematite formed 
(Richardson, 1968), may be the product of con­
tamination of the magma by country-rock meta- 
sediment
Secondary uranium redistribution
Redistribution of uranium within the syenites, 

sometimes directly related to the hornblende-rich, 
foliated members of the suite, is interpreted below
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Fig. 2. Photomicrograph-Lexan plastic overlay pairs showing: A . i. Sphene, ii. Allanite, iii. Apatite. B. Sphene with 
regular zoning of uranium. C . Uraniferous accessories in syenitic vein intruded into the Glen Pean xenolith-zircon 
and monazite in biotite associated with feldspar. D . Apatite grain with an irregular, U-rich core. Scale bar = 0.5 mm.
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in the light of three possibilities (cf. Clark et al., 
1979). (i) New mineral growth associated with 
addition of U. (ii) U  addition or loss with no new 
mineral growth, (iii) Internal U  mobility and con­
centration.
The uranium-bearing accessory minerals are 

described below in relation to uranium redistribu­
tion:
Apatite. A  cluster of apatite, sphene, allanite, and 

biotite crystals in alkali feldspar is shown in fig. 
3A . The corresponding fission track distribution 
contains linear areas with lower track density 
(relative to the host apatites) which correspond to 
intergrain boundaries. Other apatites are irregu­
larly zoned (fig. 2D ) with uranium-poor rims— the 
inverse of the expected magmatic trend. The 
simplest interpretation of both these features 
involves uranium scavenging by an intergranular 
fluid phase.
Sphene. Large (up to 1 cm), euhedral grains of 

sphene respond to deformation by loss of their 
crystal outlines and diminution of grain size, asso­
ciated with recrystallization and rotation into 
concordance with the developing fabric. Some 
grains thus affected possess zones with high 
uranium concentration as indicated by the variable 
track density (fig. 3B). Isochemical recrystallization 
accompanied by internal uranium mobility may 
have been accompanied by addition of uranium 
from an intergranular fluid. The development of a 
heterogeneous uranium distribution in sphene 
associated with an elevated whole-rock uranium 
content (Table II) suggests that such late addition 
of uranium may be responsible for the variation 
shown.
Sphene in recrystallized samples forms over­

growths on iron oxide as a result of its interaction 
with plagioclase feldspar. Since neither precursor 
is uraniferous and the overgrowths are significantly 
enriched in uranium (fig. 3C), the presence of a 
subsolidus fluid phase capable of uranium trans­
port may again be inferred.
Allanite. In the least deformed members of the

T a b l e  II. Relationship of whole-rock uranium 
content to its occurrence in sphene

Fidd no. U (ppm) Uranium distribution in sphene grains

42774 O '1
42778 IS
42780 1.1 . 7
42781 1.8 uniform or regular zonation (magmatic)
45660 1J
45670 IS
48 474 12
42791 15
45662 15 zones of high uranium content in one or more
45671 2.4 grains
45672 2.8

suite, allanite is rare but has a euhedral habit 
sometimes associated with strong colour zoning. 
It is more abundant in the hornblende-rich Ieuco- 
syenite where secondary allanite is usually more 
uraniferous than its primary analogue, and may 
also have an inhomogeneous uranium distribution 
(fig. 3D ). Allanite also occurs as reaction rims on 
apatite, probably related to the circulation of 
uranium and R£-bearing fluids within the syenite.

Discussion

Although the uranium content of these rocks is 
concentrated in the accessory magmatic minerals, 
there is substantial evidence for its transport during 
sub-solidus fluid migration. The uraniferous phases 
reacted to this process in different ways: for 
example, uranium was leached from apatite 
although there is evidence for its concentration in 
sphene; most allanite is secondary, fixing formerly 
mobile uranium, but zircon has embayments (Van 
Breeman et al., 1979) indicative of corrosion and 
uranium release. Such varying responses may be 
due to fundamental differences resulting from the 
physico-chemical nature of the minerals them­
selves, or to chemical evolution of the fluid. 
Although Richardson (1968) documented the inter­
action of the syenite with H 2-rich, reducing 
country-rock fluids, late-stage magmatic fluids may 
also have been involved, particularly in view of the 
syntectonic nature of the syenites. Redistributive 
processes may be similar to the incipient stages of 
the model proposed by Simpson et al. (1979) and 
Plant et al. (1980) for the formation of mineralized 
granites (s.l.) from their metalliferous precursors.
Questions raised by this study include: (i) The 

extent to which processes demonstrated by fission 
track radiography result directly from amphibolite- 
fades metamorphism, (ii) The source of the secon­
dary uranium and its possible transport by an 
intergranular fluid phase, (iii) The chemical com­
position of the fluid and speriation of the uranium, 
(iv) The extent to which the development of high 
uranium zones in sphene was an iso-chemical 
process.

Conclusions

Features of the primary uranium distribution 
are preserved in the least-deformed syenites, and 
these suggest that the magmatic uranium content 
increased during crystallization. Most of the 
uranium present in these rocks is concentrated in 
six minor or accessory minerals: Zr/Ti-rich inclu­
sions, monazite, zircon, sphene, allanite, and 
apatite. Metasediment contamination at the mag­
matic stage produced a different suite of urani-
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Fig. 3. Photomicrograph-Lexan plastic overlay pairs showing: A . Areas of low fission track density (arrowed) 
associated with grain boundaries in apatite. B . High fission track density indicating local uranium concentrations 
in sphene. C. Secondary, U-bearing sphene reaction rims on iron oxide phase enclosed in feldspar. D . Allanite 
(arrowed) with variable track density associated with apatite. Sphene in lower half of the photograph and U-rich 

zircon (top right) are also present. Scale bar = 0.5 mm.
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ferous accessories and a higher whole-rock uranium 
content. Secondary uranium mobility has occurred 
on at least two scales: (a) Intracrystalline movement 
of uranium which produced zones of high uranium 
content and general variation in uranium distribu­
tion. (b) Uranium movement in solution causing 
depletion of uranium in apatite and precipitation 
of secondary uranium bearing mineral phases, such 
as allanite.
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ABSTRACT

Uranium concentration/mineralisation occurs in  the northern province of- the 
B r it ish  Caledonides in  association with late tectonic granites and Old Red 
Sandstone molasse facies sediments. Regional geochemical maps are used to 
investigate va ria tion s in  uranium leve ls in  the metamorphic basement complex of 
the province in  re la tion  to the o rig ina l composition, metamorphic grade and 
migmatisation in  lower-middle crustal conditions (granulite-amphibolite-greenschist 
fac ie s). Particu la r attention i s  paid to the relationship between uranium content, 
calculated heat production and metamorphic grade and correlations between the 
behaviour of U, L1L, H7S and other trace and major elements are discussed.

The primary rock composition up to and including upper amphibolite facies, appears 
to control uranium d istribution  on the regional scale. However, large  scale 
regional depletion o f uranium occurs in  the Archaean basement complex of the 
Caledonian Province at the upper amphibolite/granulite boundary. The factors 
contro lling uranium depletion at high grades are investigated by detailed whole 
rock geochemical and mineralogical studies. The resu lts are discussed in  relation 
to the variable uranium content of zircon from different metamorphic grades as 
shown by other workers. The relative importance of partia l melting and f lu id  
phase in f i lt r a t io n  to the migration of uranium in  metamorphic environments i s  
discussed with particu la r reference to the identification  of uranium provinces.
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INTRODUCTION

Much of the available lite rature  relating to U deposit genesis concerns 
the role  of processes associated with acid plutonism or voleanisa, or that of 
processes in su r f ic ia l environments where pH and redox potential fluctuations 
occur at low P, T. However, the recognition that some economic U deposits may 
derive d irectly  or ind irectly  from regional metamorphism and i t s  concomitant 
dehydration/decarbcnation reactions C 1- 7 » lends a degree of importance to 
detailed studies of aetamorphic terrains. Information re lating the aierochemical 
behaviour of U during aetamorphic reactions to ore-forming processes i s  soaewhat 
sparse, yet may be of increasing relevance to exploration needs as currently 
viable sources are exhausted and lower-grade ore-bodies are actively sought.

The f i r s t  part of th is  paper presents a review of the regional geo­
chemical framework applicable to the investigation of aetamorphic areas, based on 
the example of Northern Scotland and using the data froa the regional stream 
sediaent geochemical survey undertaken by the IQS ^ ”2, 3 , *», 3 , 6^ .  This area 
i s  id ea lly  suited to such a study since i t  includes representatives of a l l  
metamorphic grades from greenschist to granulite facies, in  geological settings 
where metamorphisa can be related to contemporary tectonic and aa&ntie events. 
The second part of the paper concerns the resu lts of more detailed lithogeo- 
chemical studies of areas selected on the basis of the regional data for their 
relevance to the understanding of processes influencing the mobility of U in 
metamorphic environments. F ina lly , the re lative  importance of flu id - and magma- 
dooinated processes i s  assessed with respect to the ir a b ility  to mobilise and 
concentrate U. Geochemical c r ite r ia  are developed to fa c ilita te  recognition of 
metamorphic U mobility, which may then be applied to the exploration of 
aetamorphic te rra ins elsewhere in  re lation to the genesis of U provinces.

GEOLOGICAL SETTING

The d istribution  o f the major geological un its within the portion of 
N Scotland which has been covered by the stream sediaent survey to date, i s  
shown in Figure 1. A b rie f review of the geology w ill fac ilita te  interpretation 
of the geochemical maps discussed below.

The Hebridean Craton exposed in  the far NV represents an old, deeply 
eroded terrain. I t  comprises the Lewisian basement complex of dominantly grano- 
d io r it ie -to n a lit ic  gneisses, with older basic-u ltrabasic  un its and sparse meta- 
sediments which were metamorphosed at *** 2900 Ka in  conditions of upper amphi­
bo lite  or granulite facies. Subsequent metamorphic and tectonic reworking at 
lower grade continued periodically u n t il about 1800 Ha, spanning the intrusion of 
the mafic Scourie Dyke suite at 00 Ha. 0?e rly ing  th is basement complex i s  
the undisturbed, largely f lu v ia t ile  Torridonian Formation (late Proterozoic), 
together with younger formations. The Hebridean Craton i s  bounded in  the east by 
the eastward-dipping Koine Thrust Zone, which marks the front of the Caledonian 
orogenic belt. Reworked Lewisian probably continues at depth as far south as the 
Southern Uplands Fault C l J  underlying the metamorphosed sediments and associated 
in tru sive  masses o f the Caledonian cycle. During th is  cycle the late Proterozoic 
to lower Palaeozoic cover un its of the Koine and Dalradian groups were folded, 
metamorphosed and invaded by a variety o f igneous rocks, including the well- 
developed Caledonian granite su ites whose o rig in  i s  currently under discussion.
The metamorphic grade reached in  the metasediments varies regionally from lower 
greenschist facies in  the west and south, to upper amphibolite facies in  parts of 
the in te rior. Kigmatites are associated with the highest aetamorphic grades. The 
areal d istribution  of the aetamorphic zones i s  re la tive ly  well-established / "8^ .  
so the consideration of regional geochemical trends may be d irectly  related to the 
aetamorphic grade. Late- and post-orogenic u p lif t  at the end of the Caledonian 
cycle resulted in  rapid erosion and deposition o f a second f lu v ia t ile  and la ­
custrine sequence in fault-bounded troughs and basins -  the Old Red Sandstone 
(Devonian). Thus an interesting comparison may be drawn between the essentia lly 
barren Torridonian succession and the lo ca lly  mineralised ORS Z“9-7.
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REGIONAL DISTRIBUTION OF URANIUM HI RHATION TO HETAHORPHIC QRADE

The ba sis  for ths following discussion i s  stream sediment geochemical 
data which say bo used to relate the regional d istribution of 0 to that of 
selected other elements, to heat production, and to K/Hb and U / l r  ra tios. This 
approach should help identify the geochemical associations with which 0 i s  mobile 
and sim plify the development of regional geochemical c r ite ria  pertinent to the 
requirements for exploration in  netaaorphic terrains.

Pre-Caledonian basement

The essential features of U d istribution  in  the Levisian basement were 
established by the Archaean 'Badca llian ' aetaaorphiam. Evidence from Pb-isotope 
systematica / 10_7  implies a widespread phase o f variable U lo ss. This i s  c learly  
demonstrated on the 0 map (Figure 2) which records very low U values over the 
whole Lewisian outcrop. However, values are not uniform and in  accord with 
detailed lithogeochemical investigations C • * i*  two extreme end-members may
be recognised on the basis of U abundance. In  general, regions with the lowest 
U correspond to high pressure granulite facies Badeallian metanorphisa while 
those with (re la tive ly ) high U represent areas which did not exceed amphibolite 
facies during the met amorphic event. This correlation extends to the lithoph ile  
elements Th, Hb, K, Be, L i which show a very s im ila r d istribution. Regional D 
depletion during granulite grade aetamorphisa may therefore be monitored using 
a varie ty of elements which do not require access to a reactor for analytical 
purposes at low concentrations. Further refinement of the simple amphibolite/ 
granulite d istinction  i s  possible by examination o f a transition zone identified  
on the west coast of the mainland. Values of U in  sediment around the type 
granulite area near Scourie (Figure 1) are mostly below 1 ppm, equivalent to 
whole rock concentrations o f 0.03-0.07 ppm average (/* 12.7 end below). The higher 
values recorded for amphibolite-facies metamorphism (e.g. at Hhiconieh, Figure 1) 
f a l l  between 3 and 3 PP® in  sediments, which i s  equivalent to ̂ 3  PP® in whole 
rock samples /~11_7- However, the area around Gruinard Bay at the southern margin 
of the granulite terrain (Figure 1) exh ib its sediment U values of 1-3 ppm, in te r­
mediate between the above extremes. The transitiona l nature of th is marginal 
tract identifie s the area as suitable for a detailed lithogeochemical investiga­
tion into the processes responsible for lower crustal element depletion, and the 
microchemical mechanisms by which i t  takes place (see below).

Regional purging of about 98% of the to ta l B budget of granulite facies 
basement gneisses must release large quantities of the element, making i t  a va il­
able for subsequent concentration during redeposition in  higher crustal leve ls. 
An order of magnitude estimate o f the tonnage o f U released may be derived from 
approximate^dimensions of the granulite block (30 x 20 x 3 km); an assumed density 
of 2 .8  g.cm**^; and an estimated pervasive removal of ^ 3  pp® & from the rocks.
This gives a to ta l in  the order of 10*0 kg liberated by the high pressure granu- 
lite -fa c ie s  metamorphic event. Interesting ly, although the bulk of the Lewisian 
complex i s  undoubtedly 0-poor, loca l concentrations are found which may be more 
numerous than i s  at f ir s t  apparent (Watson, Plant and Fowler, unpublished 
scintillom eter information), especially in  areas of abundant basic-ultrabasic 
material around which culminations in  0 content have been recorded. Although 
part o f the overa ll B budget may thus be merely redistributed during metamorphism, 
data from heat flow measurement through the continental crust /""l3_/ place severe 
constraints on the actual proport ion represented by th is  fraction. Genetic models 
proposed to explain the low lithoph ile  concentrations in  the lower crust may be 
conveniently grouped into the follow ing categories:

(a) They are a primary feature o f lower crustal rocks.
(b) They are due to peurtial melt abstraction from amphibolite-facies 

mid-crustal gneisses.
(c) They are due to C O -r ich  f lu id  in f ilt ra t io n  of the lower crust 

causing dehydration and associated granulite generation.

Host of the evidence from the Lewisian complex i s  consistent with model 
(c), notably ( i )  the lack o f depletion in  some typical lithophile  elements such
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Figure 2. Distribution of Uranium in Stream Sediments, Northern Scotland.
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as Ba, Zr which would b« expected to antar a s a lt  phase; ( i i )  the consistently 
low la va ls  of tha lithoph ile  alaaants U, Th, Rb, K in  rocks of diverse (baaic to 
acid) cospositiona which have d iffe ring  su scep tib ility  to partia l sa lting; ( i i i )  
the lack o f f ie ld  evidence for a widespread p a rt ia l sa lt in g  event; ( iv )  the low 
le ve ls  of Th, Rb, K in  intercalated tracts of quartz-rich setaaedisents 
The f lu id  reaponaible for depletion say have been derived directly fros the 
underlying santle, causing a front of granulite  forsation and U lose aa i t  roae 
into the lower cruet ^Te.g. 15^ .  I t  say be s ign ifican t that the Lewiston 
granulitee are of high pressure type and are thought to have been formed at 
pressures of 10 -1 ** kb £ 1 6 ,  17_7 . I t  i s  a lso  well-established in  the literature 
that the K:Rb ratio  i s  a sensitive ind icator o f high-grade setasorphism and i t s  
associated 0 m obilisation. The type Scourie granulltes show K:Rb ra tio s of >
500 £ l 2 j  while in  asphibolite facies gneiss regions the ratio  i s  usually <300. 
In te resting ly, Qruinard Bay again l ie s  in  between these end-member values 

and below).

Tectonic and setamorphie reworking of the Leviaian granulitea and 
gneisses continued sporadically during the period 2700-1800 Ma, resu lting  in  
widespread retrogression to amphibolite facies. The H-O-doainated flu id  act iv ity  
associated with retrogression caused only lim ited  chemical changes, the depleted 
geochemical signatures being widely preserved in  retrogressed granulites 
/e .g.1 9 .^ . No widespread re-introduction o f U appears to have taken place at 
th is  time £ i q j .  However, local anomalies o f U and other lithophiles are 
recorded; f i r s t ly ,  in  association with la te  Leviaian pegmatites ( ~ 1700 Ma), 
some of which carry accessory B- and Th-bearing minerals £ ^ £ \  and secondly, 
in  the v ic in ity  of steep shear zones formed during the tectonic evolution of the 
basement.

The Laxford front which separates granulites of the Scourie area from 
le s s  depleted gneisses to the north (Figure 1) i s  a steep NV-SE shear-zone of 
th is  type, characterised by strongly fo liated  sch is ts  and gneisses. A linear 
zone of U enrichment seen on the regional map (Figure 2 )  appears to relate partly 
to the presence of several granite sheets emplaced in  the fo liation  and partly to 
the effects of metasomatic reactions around pods and layers of ultramafic or 
mafic rock in  the retrogressed granulites. B io t ite  enrichment at fe ls ic -u ltra -  
mafic contacts i s  lo ca lly  associated with increases in  total radioactivity.
These re lationships suggest that ductile  shear zones such as the Laxford front, 
with their strong planar fabrics, could act as channels for active flu id s as well 
as for the ascent of magma from the lower crust or mantle.

Caledonian metamorphic complexes

The outcrops of the major cover u n it s  o f Koine and Dalradian metasedi­
ments in  the Caledonian province (Figure 1) are idea lly  suited to the study of 
regional D d istribution  in  relation to the P-T conditions of metamorphic grades 
ranging from greenschist to amphibolite fac ies. The highest grades attained are 
restricted  to certain areas in  the in te r io r  of the orogen, surrounded to the west 
and south by progressive ly lower-grade assemblages (Figure 1). I t  i s  clear from 
the regional U map (Figure 2 )  that no systematic regional trends ex ist which may 
be d irectly  attributed to the influence o f metamorphic grade. The influence of 
o rig ina l lith o logy  i s  illu stra ted  by low U values over areas where tectonic 
s l ic e s  of Lewisian basement are interleaved with the Moinian £ 2 1  and by a
tendency for U values over Dalradian te rra in s to be lower than those over the 
Moinian: low L IL  and heat-producing elements in  Dalradian areas are consistent
with derivation of the Dalradian sediments from immature sourcelands. These 
characteristics persist along strike, across the metamorphic isograds. This 
supports views expressed in  the lite ra tu re  [̂“e.g. 2 c £  and suggests that in 
metamorphic assemblages below granulite facies, variations in  U content may be 
inherited from the parent rocks. A s im ila r conclusion has been reached for the 
Dalradian on the basis of whole-rock determinations £ 2 1 j .  Although th is  does 
not preclude loca l U red istribution within sp e c if ic  geochemical environments, i t  
does lim it the degree to which ore-forming f lu id s  may have been generated. The 
K:Kb ra tio s of the Moine and Dalradian te rra in s which are generally < }0 0
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reflect the ir upper crustal a ff in it ie s ,  thus extending the relationship with 
regional U nob ility . Two processes ecting within the higher P-T rtg ise  of the 
aaphibolite facies are worthy of particular coaientt

( i )  Extensive tracts of the aetasediaentary foraations which fa l l  in 
the higher (kyanite, s il l ia a n ite )  grades of Barrovian or Buchan aetaaorphiso are 
characterised by sn abundance o f gneissose lith o lo g ie s  infused with gran itic  and 
pe^aatitic ve ins and peraeatians. These regional a igaatite  coopiexes show a 
broad correlation with high U values in  stresa sediaents, allowing the tentative 
inference o f a regional in flux of U during the a ip a t isa t lo n  event, probably as a 
resu lt of aetaaoaatic processes.

( i i )  Local partia l ae ltlng  at or close to the tiae of the aetaaorphic 
cliaax gave r ise  to a nuaber of unequivocally 'S '- ty p e  granite aagnas j  
which were subsequently intruded into the developing orogen as small plutons, 
often p a rt ia lly  fo liated. Interesting ly, these show no discern ible U enrichment 
and in  th is  and aany other geochenieal and geophysical respects they aerge with 
the host aetasediaents C 24» 2 ^ 7 *  Thus, fo r whatever reason, aelting of crustal 
source rocks during aetaoorphisa apparently has not rad ica lly  fractionated U or 
the other L IL  elenents into the aeit (Figure 2). In  contrast, the la ter su ite  of 
m etalliferous intrusions (including Cairngorm, Etive, etc.: «7) contains
concentrations well above the background leve ls for U and other incompatible 
trace elements. Substantial subcrustal involvement in  the ir genesis has been 
invoked C  26_7« Evidence that the metamorphic grade o f the host rocks plays an 
important part in  the development of U and other m ineralisation associated with 
such metalliferous intrusions i s  presented in  Simpson et a l. (th is  volume).

Although not d irectly of metamorphic orig in , the loca l U m ineralisation 
in  parts o f the Old Red Sandstone should be mentioned because i t  was formed when 
the metamorphic complex was undergoing rapid erosion. The general 0 abundance of 
the grey, lacustrine facies of the Middle ORS i s  high, and U concentrations have 
been found associated with bioturbation features C  27_7« I t  i s  a lso enriched in  
dark, phosphatic horizons rich in  organic matter and both these associa­
tions are consistent with an o rig in  penecontemporaneous with deposition. Evidence 
for remobilisation of U during fracturing has been recorded, resu lting  in  leve ls 
of up to 740 ppm in  a ca lc it ic  fault breccia. Although the enhancement of U 
abundance in  the ORS molasse-type sedimentary environment i s  related to su r f ic ia l 
processes and pH/redox conditions, the o rig ina l source may well have been the 
Moine/Dalradian metasediments and the Caledonian granites. L itho log ica lly  rather 
sim ilar Torridonian sediments which incorporate detritus from the strongly 
depleted Lewisian complex are essentia lly  barren. This difference may relate to 
the o rig ina l U content and d istribution  in  the ir respective source litho log ie s, 
as well as the effectiveness o f syngenetic 0 concentration processes.

LITH0GB0CHB4ISTRY

From the preceding discussion i t  i s  apparent that regional U mobilisa­
tion during high-grade (essentia lly  granulite facies) metamorphism i s  potentia lly 
the most important feature t r o n  the exploration standpoint, since i t  resulted in 
the transfer o f large amounts o f 0 to the upper crust. Clearly, in  order to 
predict the environments in  which deposition and perhaps concentration of U 
might take place in  connection with such a transfer, more detailed knowledge of 
the depletion process and of the nature and chemistry of the phase responsible 
(melt or f lu id )  i s  essential.

To date, detailed chemical studies o f the U-poor Levisian basement have 
concentrated on amphibolite and granulite facies end-members of the high-grade 
metamorphic continuum: that i s ,  either rocks unaffected by lithoph ile  depletion
or those in  which the process has progressed to completion. Thus, although the 
chemical effects of high-grade metamorphism are well documented, they are open to 
the various genetic interpretations documented above. Study of a geochemical 
transition  zone in  which the depletion process has been arrested before completion, 
may provide further information for consideration in  re lation to these models. Zz
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has b««n shown above that the Qruinard Bay arts nay f u l f i l  the requirements for 
such a sons, so whole-rock samples have been choatn for more detailed geochemical 
atudy.

Representative samples ware aalaetad from a sulta of * *6 0  Laviaian 
gneisses eurrantly under investigation for comparison with published ehanical data 
froa amphibolite- and granulite-facias regions £ 1 1 , 28^ *  hare baen
analysed for aelected HFS and L IL  elements using a combination of XRF, INAA and 
D U  techniques. A f is s io n  track study £  27.7 of the aicrodistribution o f D was 
also  undertaken in  order to provide the mineralogical basis for a discussion of 
0 depletion.

The histogram of sample U concentrations fo r the whole suite from the 
transition  sons (Figure 3 ) indicates that these rocks contain an average of 3 x 
the background U level recorded for granulite-facies gneisses £  12.7 with a few 
ranging up to 7 x th is  abundance. However, even these higher values represent an 
85% depletion re lative  to average crustal values and sooe rocks have lo st  a l l  the ir 
'depletable ' U (based on average figures recorded in  Figure ** )• I t  nay therefore 
be inferred that the gneisses from Oruinard Bay have been arrested in  the fin a l 
stages of U removal. In  contrast, the average KxRb ra tio  for gneisses from 
Qruinard Bay i s  approximately too ^*18 J x representing only /v 50% of the total 
amphibolite-facies to granulite-facies increment £  11_7* Ib is  implies that the 
process responsible for the selective depletion of lithoph ile s has not operated 
in  a wholly uniform way, since expulsion of U has been carried a stage further 
than that of Rb.

The REES are often referred to in petrogenetic discussion and since most 
availab le evidence suggests that they are not s ign ifican tly  mobile under the meta- 
aorphic conditions in  question £ 2 9  „7. they represent the most re liab le  group on 
which to base an in te r-fac ie s comparison, combined of course with comparable major 
element data. Figure 4 presents trace element information in the form of a rock/ 
primordial mantle plot £ 3 0  _7, fa c ilita t in g  direct comparison with amphibolite 
and granulite  facies counterparts from Scourie and Rhiconich for which the data of 
Weaver and Tarney £ l l ,  28 _7 can be used. This figure provides a convenient en­
capsulation o f the sum o f the depletion processes and i t s  deta ils confirm that, 
whatever the ir overall nature, lithoph ile  removal proceeded in a d iffe ren tia l 
manner. Ihe essential relevant feature i s  the marked drop in  the more lith o -  
p h ilic  elements (with the important exception of Ba), in granulites compared to 
amphibolite-facies rocks. Under the particular conditions attained within the 
transitioned ton a lit ic  gneisses at Gruinard Bay, U reached /v 97% depletion; T h ~  
93%; K*v 89$, and Rb «v77%. Clearly, any genetic model which requires gradual and 
uniform depletion of a l l  lithoph ile s becomes untenable, in  favour of a rather 
complex, perhaps multi-stage process p a rt ia lly  dependent upon o rig ina l rock 
mineralogy.

The removal of U w ill be particu larly  sensitive  to the proportions 
resident in  each d ist in c t s ite : in  so lid  solution in  the rock-forming s il ic a te s ;
in  discrete, high-U accessory minerals or on grain boundaries and in  c rysta l 
defects. C learly, each fraction w ill have a different su scep tib ility  to depletion. 
F iss io n  track analysis o f 235u allows determination of i t s  m icrodistribution, and 
hence the re la tive  contribution of each s ite  to the total *depletable' U may be 
investigated. A previous study of U m icrodistribution in  re lation to high-grade 
metamorphism £ j X  J  concluded that depletion i s  confined to the grain boundary 
fraction o f the U budget. In  the Gruinard Bay gneisses, which show an advanced 
stage of depletion, there are four major uranifexous accessory minerals -  
monazite, zircon, a lla n ite  and apatite -  but v ir tu a lly  no grain boundary U. I t  
i s  conceivable that the earlier, major phase of Scourian U lo s s  was achieved by 
the removal of U on grain boundaries, perhaps at the onset of dehydration reactions 
(the Pb-isotope system records some depletion even in  amphibolite-facies te rra ins, 
£ l 0  £ )  but detailed consideration of the U d istribution  suggests that th is  i s  
only part o f the story. Since in  general whole-rock samples which contain acces­
sory a llan ite , have higher U abundances than those which do not, the inference 
that a lla n ite  in s ta b il it y  in  granulite facies conditions -  predictable on theore­
t ic a l grounds -  i s  important in  reducing the U concentration to the background
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Figure 9. Uranium in whole-rock samples from 
Gruinard Bay (A) and Scoutie (B - granulite 
fades): M - mean value. Figure 4. Trace element avenges in Lewisian 

tonalitic gneisses: (triangles - granulite facies; 
squares - amphibolite facies; circles - Gruinard 
Bay).

1

20.
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20.

>3000*24
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Figure 5. Uranium content of zircons. (A -  Unmetamorphosed Felsic Igneous; B - Granulite fades; 
C ■  Amphibolite fades; D • Cumulative frequency curves).
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granulite levels, seems plausible. Indeed, fresh granulites from the type area 
(Scourie) contain no a llan ite . On the other hand, apatite remains stable in 
granulites from Soourie but contains markedly le ss  G than at Gruinard Bay (MBF, 
unpublished information). Whether G i s  leached from the apatite la ttice  ^ e .g .
32 J  or lo st  during a more complex process of mineral breakdown and reprecipita­
tion, i s  not yet clear, but a process s im ila r to the latter may be operative in  
xircon. Table 1 presents published U abundances of Levislan amphibolite and 
granulite facies aetaaorphic zircons, and records approximately an order of 
magnitude variation between these extremes. The zircons are large and have the 
typ ical ovoid habit generated during the high-grade event ^"33 _/. The former 
existence of sircon in  the undeforned proto liths i s  recorded by the presence of 
sparse O-rich premetaaorphlc cores. I t  i s  therefore inferred that the major 
phase of U lo s s  from the sircon  structure occurred during recrysta llisa tion  and 
new zircon growth at granulite grade, which was accompanied by resetting of the 
O-Fb Isotopic system. The U content o f sircon nay therefore be a revealing factor 
fo r consideration in  the assessment of U mobilisation in aetamorphic te rra ins. 
Accordingly, a study of the U content of zircons from varying aetaaorphic grades 
has been undertaken, the data derived from published G-Fb geochronological 
studies.

Of the common U-bearing accessory minerals in  igneous and netamorphic 
rocks, zircon consistently shows the highest G values. The sta b ility  of zircon 
at a l l  grades of metamorphisa and i t s  widespread use for Isotop ic dating using 
the U-Pb system, has resulted in  the publication of many analyses of the 0 
content of zircons. Figure 3 summarises the range of 0 values in zircons from 

( i )  unmetamorphosed fe ls ie  igneous rocks (mainly granites, ■ •*•),
( i i )  metamorphic rocks of amphibolite facies, and 
( i i i )  aetaaorphic rocks of granulite facies.

Assuming that fe l s ic  igneous rocks were the principal sources from 
which zircons in  both aetasedimentary and aetalgneous rocks were derived, these 
histograms may help elucidate the effects of aetamorphic reactions involv ing U.

The most conspicuous feature of the histogram for unmetaaorphosed 
igneous rocks i s  the wide range o f variation. This feature i s  apparently primary, 
since high values are shown mainly by zircons from a lka li granites and monzonites; 
lower ( < 800 ppm) values mainly by zircons from granodiorites, ton'G.ites and 
adamellites. Zircons from amphibolite-facies metamorphic rocks show a s im ila r 
range of U values, but a better defined peak at 200-700 ppm. The clustering of 
data in  th is  range suggests that there may have been some U lo s s  from zircons 
derived from high-U sources but that no general re-equilibration has taken place. 
The high proportion of samples from which separated fractions (magnetic/nonmag- 
netic, or distinguished by grain size  or habit) have proved to possess very 
different G content confirms th is  hypothesis. Although data from granulite- 
facies te rra ins are le ss  abundant, certain pertinent observations may be made.
The overall range in  0 content i s  approximately the same as for the amphibolite 
facies and granites, suggesting that granullte-facies metamorphisa does not 
necessarily resu lt in  0 depletion from the zircon lattice . On the other hand, 
zircons from high-pressure granulites a l l  have very low G contents, approaching 
that of mantle zircon ( *** 5 -k O  ppm), and i t  may be that high confining pressures 
are required to lower G to th is  background leve l. However, the cumulative 
frequency plot o f the histogram data shows that there nay be an overall regional 
trend towards lower leve ls o f G in  zircon with increasing metamorphic grade.

Zircon represents perhaps the most important uraniferous minor phase in  
the granulites of NV Scotland (MBF, unpublished fission -track  information). This 
i s  reflected in  the near coincidence of the average GtZr ra tio  for granulite- 
facies whole-rock samples (data from Figure *+) with that in  the zircons derived 
from granulite-facies rocks. In  contrast, a sim ilar comparison using amphibolite- 
facies samples reveals about an order of magnitude divergence between the res­
pective G:Zr ratios. This i s  probably related to the increasing importance of 
the G budget fraction not located in  the zircon la ttice . Since there i s  no 
marked increase in  G in  water over the amphibolite-facies terrain  (at Rhiconich, 
Figure 1), th is  i s  un like ly  to be due so le ly  to grain boundary G. More lik e ly ,  
and in  accord with the m ineralogies! studies, i s  the increased sta b ility  o f other
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U-rich ainor phases under these lower-grade conditions. Thus the inferred impor­
tance of ainor aineral in s ta b ility  in  U mobilisation from granulite te rra ins nay 
be supported on a regional scale.

The regional d istribution  of U in water relates to i t s  lith o log ica l 
residence s ite  since to be ea s ily  leaded by aeteoric water 0 Bust be situated 
close to the so lid/liqu id  interface £ y *  «y, i.e ., along grain boundaries or in 
cracks and fracture d islocations in  the la ttice  structure. The uniforaly low 
leve ls of U in  water over the whole of the aetanorphie province, bearing l i t t le  
re lationship  to the aetaaorphie lsograds, suggests that the proportion present in 
such ea s ily  leachable s ite s  may be rather Halted, even in the low aetanorphic 
grades. There are a few exceptions, which nay generally be rationalised by 
reference to poat-aetamorphic hydrothermal processes.

DISCUSSION

I t  i s  apparent that the major U mobilisation event in  the aetanorphic 
complexes of N Scotland was related to the high-pressure granulite-facies event. 
The bulk of the evidence from th is  terrain i s  compatible with U removal v ia  a 
pervasive, 00_-rieh f lu id  phase. F ission-track and mineralogical evidence sug­
gests that such removal was not confined to U on grain boundaries /fcf _7, but 
a lso involved U lo s t  during destab ilisation  and/or recrysta llisation  o f uran i- 
fercus minor aineral phases. Although the detailed aechaniaas by which th is  
process takes place are s t i l l  under investigation, i t  i s  clear that the ir sum 
might provide a powerful precursor to an ore-forming event, since i t  releases 
very large quantities o f U in  a form suitable for subsequent concentration.
There are indications that conditions required for the la tte r may be met by 
chemical or structural d iscontinu itie s which cause local perturbations in  the 
f lu id  chemistry and so a lte r the so lu b ility  of whatever aobile U species i s  
present. Although only minor accumulations of U and selected other elements 
have been detected in  the study area, these do serve to indicate the p o s s ib i l i ­
t ie s  of the overall process.

On the other hand, lith o lo g ie s  in  which there la  unequivocal evidence 
that crustal partia l melts have been formed show no large-scale enrichment of U. 
For example, the 'S '- ty p e  Caledonian granite plutons formed at the acme of the 
metamorphic episode are noticeably U-poor when compared to other granites with 
postulated subcrustal genetic involvement ^"e.g. Although the regional
migmatite terrains show a broad, lov-leve l U enrichment, th is may be due to 
metasooatic introduction rather than d irectly  to partia l melting, i f  indeed the 
la tte r i s  involved in  their genesis. Moreover, partia l melts such as these 
formed in a compressive tectonic regime, during or closely following penetrative 
deformation and with rapid water saturation, are unlikely to move far from the ir 
s ite  of formation. The residence of U in  the mobile phase i s  thus transitory, 
and ore-grade concentrations are un like ly  to resu lt. Further, such granites 
rarely reach the high crustal le ve ls  required for effective hydrothermal c ircu la ­
tion and associated deposit formation.

In  terms o f an overa ll scheme for crustal U mobility and redepcsition, 
three subdivisions of the continental crust may perhaps be postulated. The 
dominantly granulitic , lowev cru sta l environment may be characterised by high 
pCO_, pervasive U removal and a d istinctive  depleted geochemical s i  mature 
(low U, Th, K, Kb, Cs, etc.; h igh K:Hb and low K:Ba, K:Sr). In  th is  region the 
preliminary requirements of ore formation are met, but structural or chemical 
traps of a type not present in  N Scotland are necessary in  order to rea lise  th is  
potential. In  the middle crust, partia l melting may become more widespread 
particu larly  in  compressive tectonic regimes,but th is  process i s  apparently 
un like ly  to f u l f i l  even the f i r s t  requirement for deposit formation -  the release 
of large quantities o f U in  a persistently  mobile form. Indeed, in  th is  low- 
medium metamorphic-grade environment, at which orig ina l lith o log ica l variation 
exerts an important control on U d istribution, areas where the parent rocks 
included older U-rich rocks or where pre-metamorphic igneous ac t iv ity  introduced 
high-0  plutons, may provide the only te rra ins where the metamorphic processes 
might favour mineralisation. Such conditions were not represented in  Scotland.
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The more fam iliar uppar cruatal regime providea a variety of opportunities for 0 
deposit genesisi ranging from magma-epizonal water convective overturn to sedi­
mentary concentration related to Qj/pH fluctuations. These have been considered 
at length in  the lite rature and are beyond the scope of th is  paper. I t  is ,  
however, worth repeating that whereas the cratonic cover overlying the depleted 
pre-Caledonian basement of the Hebridean Craton contains no known 0 mineralisa­
tion, the cratonic cover overlying the Caledonian province where 0 values are 
somewhat higher and where O-rich granites are present, contains small concentra­
tions o f U. Transfer of U from the c rysta lline  basement to the cover by surface 
and near-surface processes may therefore have taken place.

Published by permission of the D irector(In stitute  of Geological Sciences, London.
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DISCUSSION

B. POTY. France

D id  you F in d  in  Sco t ia h  g r a n u l it e a  lo c a l  h ig h  U co n ce n tre * 
t io n a  ?  H. Cuney ( t h e s i s  1981) has shown th a t In  Lap landa a e ta sh a le s  
c o n ta in  up to  16 ppm U w ith  Th/U r a t io s  as low as 1. Thus U and Th 
may be c lo se  to  t h e i r  sed im entary v a lu e s .  T h is  shows aga in  th a t 
m o b i l i t y  oF uranium  d u r in g  metamorphiam depends on a v a r ie t y  oF p a ra ­
m eters, and th a t  the n e ce ssa ry  c o n d it io n s  For U d e p le t io n  are not 
a lw ays met in  g r a n u l i t e s .

3. WATSON, U n ite d  Kingdom

C o n c e n tra t io n s  oF U w e ll above background le v e l  have been 
Found in  the L e w is ia n  g r a n u l it e s .  These are rep re sen ted  by sm a ll 
p e g m a t it ic  v e in s  (w ith  g r a n u l it e  m in e ra l a ssem b lage s) and by anom alous 
zones in  u lt r a m a f ic  g r a n u l it e s .  Both typ e s occur w ith in  r e l a t i v e l y  
competent m sF ic -u lt ra m a F ic  u n it s  which may have p ro v ide d  p ro te c te d  
s i t e s  For the re t e n t io n  oF metamorphic F lu id s .  The extreme d e p le t io n  
oF Le w ia ian  g r a n u l i t e s  in  L IL  e lem ents, may be due to  the h ig h  
p re ssu re  (>'13 kb ? )  na tu re  oF the metamorphism.

L .T . S IL V E R . U n ite d  S ta te s

Can you rev iew  any independent ev idence  th a t would dem onstrate 
th a t the p r o t o l i t h s  oF the Lew is ian  g n e is s e s  were indeed once endowed w ith  
h ig h e r  c o n c e n t ra t io n s  oF uranium  and tho rium  than they now p o s se s s  ?

J. WATSON. U n ite d  Kingdom

The p r o t o l i t h s  oF L e w is isn  g r a n u l i t e s  appear to be the same 
as th o se  oF the ad jacen t g n e is se s  o f h ig h  a m p h ib o lite  F a c ie s .  The 
c o n t r a s t in g  l e v e l s  o f U and Th c h a r a c t e r i s t i c  of the g r a n u l it e s  and 
g n e is s e s ,  and e s p e c ia l ly  the ev idence o f t r a n s i t i o n a l  le v e l s  a t the 
g r a n u l i t e / g n e is s  boundary su gge st th a t  the low U and Th le v e l s  o f 
the g r a n u l i t e s  a re  not p rim ary and th a t d e p le t io n  was re la te d  to  deep 
metamorphism.

P .A. SA B IN E , U n ite d  Kingdom

A lth ou gh  the U in  water ia  low and does not d i f f e r e n t ia t e  
the m etam orphic f a c ie s ,  i s  i t  p o s s ib le  to  put a tim e upon the d e p le t io n  
o f the uranium  ?  I f  i t  was contem poraneous w ith  the metamorphism, what 
has been the subsequen t h i s t o r y  ?  The ch e m is t ry  o f S r  i s  o f co u rse  
d i f f e r e n t  but some iso to p e  s tu d ie s  su g g e s t  the invo lvem ent o f  g ro u n d - 
water th rough  g e o lo g ic a l  time in  movement o f  the elem ent.

J. WATSON. U n ite d  Kingdom

E v id en ce  o f S r  m o b il it y  in  su r fa c e  water in  northw est 
S c o t la n d  i s  d e r iv e d  m a in ly  From re g io n s  in  which C enozo ic  v o lc a n ic  
c e n t re s  acted  a s  F o c i For hydrotherm al c i r c u la t i o n  c e l l s .  O u tcrop s 
o f L e w is ia n  in  th e se  re g io n s  are sm a ll and have not been s tu d ie d  in  
d e t a i l .  E lse w h e re , th e re  i s  ev idence of l im it e d  r e d i s t r ib u t io n  o f 
uranium  in  L e w is ia n  ro c k s  d u r in g  r e t r o g r e s s iv e  (a m p h ib o lite  f a c ie s )  
e a r ly  P ro t e ro z o ic  metamorphism, but U appears to  have been e s s e n t i a l l y  
im m obile s in c e  -1 7 50  Ma.

248
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AND

C. T. W i l l ia m s  a n d  P. H e n d e r s o n  

D epartment of Mineralogy, British Museum (Natural History), London SW7 5BD

A B st R a ct  . The distribution of R E E  in a zoned ultramafic 
pod formed by incomplete re-equilibration of ultrabasic 
and quartzofeldspathic reactant compositions has been 
studied. Transport of the heavy R E E  (H R E E ) as well as 
the light R E E  (L R E E ) over several metres has occurred 
during the diffusion-controlled metasomatism of the 
protolith mineral assemblages. The largest resultant 
concentration range (Eu) exceeds two orders of magni­
tude. In general, R E E  abundances increase towards the 
marginal zones, and differences between the behaviour 
of L R E E , middle R E E  (M R E E ) and H R E E  subgroups 
are observed. L R E E  are least mobile in the aqueous 
transporting medium. Complexing by carbonate ligands 
is probably not an important factor in this system, and the 
final R E E  distribution is thought to be governed largely 
by the crystal structure of the major zonal minerals.

T h e  conditions that can give rise to element 
mobility during processes of rock alteration, 
metamorphism or metasomatism are of current 
importance since certain trace elements, including 
the rare earths, are sometimes used as indicators of 
a rock’s parentage. This use is based on the 
assumption that the distribution of the elements, at 
least on the scale of a typical hand specimen, is often 
unaffected by such secondary processes. There is 
convincing evidence that in some circumstances, 
the rare earth elements (REEl have not been 
affected by metasomatism. For example, Muecke 
et al. (1979) report almost unchaqging REE con­
centrations across a metabasite-epidosite .contact 
in an amphibolite-facies terrain. On the other hand, 
significant quantities of REE, especially light REE 
{LREE ), can be introduced during metasomatism 
(e.g. the significant increase in LREE abundances 
with degree of fenitization of a quartzite as described 
by Martin et al., 1978), while in other cases (e.g. 
during boron metasomatism) REE may be lost 
(Alderton et al., 1980).
©  C opyright the  M ineralogical Society

Complexing has long been recognized (e.g. 
Mineyev, 1963) as a significant factor in REE 
transport, and the importance of pH and the 
presence of certain ligands (notably F~, Cl", 
C O | _) has become clear. Unfortunately, there is 
often little direct evidence of which ligand or 
ligands were involved in a given metasomatic 
process. Thus, studies of the introduction and 
removal of trace elements during different types of 
metasomatism, and of the possible roles that newly- 
generated minerals may play in fixing these 
elements, should be helpful.
The purpose of this paper is to present the results 

of a study of the REE distribution after the 
metasomatic development of a zoned ultramafic 
pod in order to give further evidence on the types of 
alteration that lead to element, especially REE , 

redistribution. It is intended also to show the degree 
of HREE mobility, relative to that of the LREE, 

under the prevailing conditions.

Geological setting and relationships of samples

The rocks used in this study are from a zoned 
ultramafic pod, 6 m  in diameter, and its associated 
rock types set in an Archaean granodioritic to 
tonalitic orthogneiss complex at S W  Akugdlinguit, 
near FiskenaesseL The following genetic model is 
applied throughout this paper.
Tectonic disruption of large, possibly layered 

ultrabasic protoliths (e.g. Friend and Hughes, 1977) 
gave rise to sub-spherical ultrabasic inclusions (e.g. 
G G U  104758) in the host quartzo-feldspathic 
gneisses (e.g. G G U  68511), between 60 cm and 10 m  
in diameter. These were subjected to two phases of 
fluid activity. The first resulted in widespread 
hydration of the ultrabasic mineral assemblage to
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a low-grade association of antigorite + magnesite + 
iron ore +  talc. Remnants of this immediate pre­
cursor to the zonal sequence are preserved as 
unzoned, homogeneous ultramafic masses (e.g. 
G G U  68549). The second phase was probably 
initiated during a subsequent prograde meta­
morphism (Fyfe el al., 1978), and generated the 
typical zoned pods that form the subject of this 
investigation [samples G G U  68551,68552/3<i)-{iv) 
and 68553(v)] by incomplete re-equilibration of 
the antigoritic assemblage with the enclosing 
acid country rocks. Expulsion of M g O  and H 20  
from the reacting pod produced an impersistent, 
rather diffuse shell of second-generation antigorite 
infiltration in the adjacent gneisses (e.g G G U  
68557).
The analysed samples may thus be divided into 

the groups below, all from S W  Akugdlinguit, except 
G G U  104758, which was necessarily collected away 
from the region of later intense metasomatism, at 
Marrardlugtoq.
Parts of the following discussion require a 

knowledge of the position of the original dis­
continuity between ultrabasic pod and country 
rock, with respect to the zonal sequence. Unequi­
vocal statement of its present locus is impossible 
with the available data since this particular system 
lacks elemental ‘inert markers’ (Brady, 1977). 
However, Fowler el al. (1981) suggested on a 
morphological basis that the discontinuity is 
probably now represented between the hornblende 
and chlorite zones. Recent experimental work 
(Koons, 1981), in addition to studies of other 
natural occurrences (Koons, 1981; Sanford, 1982), 
substantiate this inference that the chlorite zone 
was derived from the granodioritic mass. This 
interpretation is therefore retained here.
It is not the purpose of the paper to discuss at 

length the theoretical aspects of zonal meta­
somatism, since these have received detailed 
treatment in numerous recent publications (e.g. 
Brady, 1977; Frantz and Mao, 1976,1979; Joesten, 
1977; Sanford, 1982, Weare et al., 1976). Rather, it is 
intended to study in particular the behaviour of the 
REE group during zone formation, and thereby to

provide data of the type considered to be important 
by Sanford (1982). The reader is referred to Fowler 
et al. (1981) for further details of the genetic history, 
mineralogy, and geochemistry of the pod.

Analytical techniques.

Samples were analysed for eleven R E E , U  and Th 
by instrumental neutron activation analysis using an 
intrinsic Ge detector coupled to a Nuclear Data 6620 
analysing system. 150-200 mg of sample together with 
multi-element standards were irradiated in a thermal 
neutron flux of about 10IJ n cm" 2 s_1 for 24 hours. 
Details of the procedure are given in Henderson and 
Williams (1981), but because of the low levels of La in the 
samples, this element was determined additionally using a 
Ge(Li) detector for the 487.0 and 1596.2 keV peaks of 
,40La. U  was determined by means of the 106.1 keV peak 
from 239Np, with 1 fig of U  included in the multi-element 
standard.

The results are given in Table I, together with values for 
USG S standard rock BCR-1. Correspondence between 
these values and the ‘usable values’ of Abbey (1980) are 
good (Table I). At concentration levels around 1-2 times 
chondritic abundance (i.e. as in the majority of these 
samples), the error is estimated at better than ± 1 0 %  for 
La, Ce, Sm, Eu, Tb, Yb, and Lu, and 10-20% for Gd, Ho, 
Tm, and Nd. H 20  and C 0 2 were determined with a 
C -H -N  analyser, using the technique described by Din 
and Jones (1978).

Results and discussion

Chondrite-normalized REE plots reveal varia­
tions between the zones in the ultramafic pod itself 
(fig. la), and between the pod and the other samples 
studied (fig. 1Z>). The homogeneous ultramafic rock 
( G G U  68549), which represents the products of 
the first metasomatic episode, shows an overall 
enrichment of all the REE when compared with its 
unaltered dunite precursor (fig. lb), together with 
some fractionation since the HREE are enriched 
over the LREE by a factor of 2. Thus, some bulk 
movement of the REE was apparently associated 
with the initial phase of fluid activity which 
hydrated the original ultrabasic bodies to the 
low-grade assemblages observed. The resultant

(i) Original ultrabasic dufrite
(ii) Unzoned, homogeneous ultramafic 

Unaltered gneiss
(iii) Central zone 

Talc zone 
Inner tremolite 
Outer tremolite 
Hornblende 
Chlorite 
Altered gneiss

GGU 104758 
GGU 68549 
GGU 58511 

.GGU  68551 
GGU 68552/3(i) 
GGU  68552/3(ii) 
GGU  68552/3(iii) 
GGU  68552/3(iv) 
GGU 68553(v) 
GGU 68557

from Marrardlugtoq 
both from the locality 1 

of the zoned pod I 
all from 6 m diameter zoned pod

Reactants

‘ Products

from immediately adjacent to pod
(Samples 68552/3(i)-(iv) are averages of samples 68552(i)-(iv) and 68553(i)—(iv) quoted in Fowler et al. (1981)).
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Table r. Analyt ical  Resul ts

Elem ent ecu GGU GGU GGU GGU GGU GGU GGU GGU GGU BCR-1
(PP«) 68551 68553(1 ) 68553(11) 68553(111) 68 5 531 tv ) 68553(v ) 68549 104758 68557 68S11 ( t h l j  oork) (Abbey 1980)

C entral T »lc T r e o o ltte zone Hornblende Chior i t * A ltered U n altered A ltered Country
zone ZOnt (In n er) (O uter) zont ZOn« unzoned pod pod e n e l j t rock

(c o r * -------

Li 0 .4 5 0 .4 0 0 .4 3 0 .8 ? ? .o ? .o 0 .7 0 0 .4 0 2 4 .9 11.3 2 6 .2 27

c* * 0 .8 0 .8 3 0 .8 3 ? .3 7 .4 8 .? ? .3 1.4 4 7 .5 29 .4 5 3 .2 53

Md - 1 . 0 • 1 .0 • 1 .0 1 .8 8 .? 9 .95 I .? 0 .8 3 9 .57 7 .60 2 7 .0 26?

Sa 0 .0 6 0 .0 7 0 .1 8 0 .7 5 ? .94 3 .7 0 0 .3 3 0 .1 6 0 .7 9 1 .25 6 .7 0 6 .5

Eu 0 .0 0 7 0 .0 ? 0 .0 6 0 .1 6 0 .61 1.16 0 .0 8 0 .0 3 0 .3 0 0 .4 ? 2 .01 2 .0 ?

Gd 0 .1 * 0 .3 .  0 .3 0 .51 2 .2 3 .3 « 0 .3 « 0 .3 0 .7 4 < 0 .8 6 .9 6 .6 ?

Tb 0 .0 ? 0 .01 0 .0 4 0 .0 9 0 .4 0 0 .5 7 0 .0 3 < 0 .0 ? 0 .0 8 0 .1 4 1 .12 1 .0

HO < 0 .1 < 0 .1 « 0 .1 0 .1 0 .44 0 .8 4 - 0 .1 « 0 .1 < 0 .1 « 0 .? 1 .4 1 .2?

Ta 0 .0 ? 0 .0 ? 0 .0 ? 0 .0 7 0 .1 8 0 .3 ? 0 .0 ? 0 .0 2 0 .0 ? 0 .0 7 0 .5 3 0 .6 ?

TO 0 .1 3 0 .0 5 0 .1 9 0 .35 l .? 0 1.61 0 .1 4 0 .0 4 0 .0 6 0 .4 0 3 .33 3 .4

lu 0 .0 ? < 0 .0 ? 0 .0 3 0 .0 5 0 .16 o .? o 0 .0 ? « 0 .01 « 0 .01 0 .0 5 0 .4 9 0 .5?

Th « 0 .1 < 0 .1 « 0 .1 < 0 .1 0 .14 1 .1? 0 .1 4 • 0 .1 3 .11 5 .5 6 .2 6 .1

U « 0 .1 « 0 .1 « 0 .1 < 0 .1 « 0.1 0 .?1 0 .1 < 0 .1 « 0 .1 0 .5 1 .78 1.7

- t t  H z 0 + 5.61 3 .4 6 3 .7 ? 3 .09 6 .? 8 1? .7 11.6 0 .3 6 5 .1 8 0 .66 - .

w tt C02 ? .17 0 .? 9 0 .? 0 0 .13 0 .13 0 .35 0 .61 0 .0 7 « 0 .0 ? 0 .3 5 - -

F ig . 1. (a, left) Chondrite-normalized (values from Wakita et al., 1971) R E E  plots of samples from the zonal sequence: 
filled triangles =  chlorite zone; inverted triangles = hornblende zone; diamond =  outer tremolite zone; open square =  
inner tremolite zone; filled circle =  central zone; filled square =  talc zone, (b, right) Chondrite-normalized plots of 
remaining samples: triangles =  unaltered gneiss (GGU 68511); squares =  altered gneiss (GGU 68557); diamonds = 

unzoned homogeneous ultramafic (GGU 68549); circles =  unaltered dunite (GGU 104758).
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REE pattern is slightly LREE enriched ((La/Yb)cn 
= 3.22), has a flat HREE section and no significant 
Eu anomaly. Although the gneissose reactant is 
also LREE enriched (to a greater degree, (La/Yb)cn 
= 18.3), the pattern is more fractionated and has 
a steep HREE trend.
Zonal sequence. The REE distributions in the 

reaction products (i.e. the mineral zones) produce 
a series of patterns with regularly varying shape 
and abundance (fig. 1 a). This implies substantial 
REE mobility during the metasomatic event, which 
resulted in increasing REE concentrations towards 
the perimeter of the pod. Some degree of inter­
element fractionation is also apparent. MREE 
exhibit a greater interzone concentration range 
than either the LREE or HREE, with the maxi­
m u m  variation shown by Eu (greater than two 
orders of magnitude). It is also apparent that the 
volume within which REE movement occurred 
was not limited to the zonal sequence itself, since 
the sample of patchily developed altered gneiss 
( G G U  68557) adjacent to the pod has a highly 
fractionated REE pattern ((La/Yb)cn > 270), com­
pared with that of the unaltered gneiss ((La/Yb)cn 
=  18.3).
In discussing the movement of a coherent group 

of trace elements, such as the REE, during an 
alteration event, it is convenient to normalize to 
an assumed precursor in order to facilitate a 
quantitative assessment of concentration changes. 
For the reasons outlined above, the chlorite zone 
has been normalized to the values for the unaltered 
granodioritic gneiss; all other zones have been 
normalized to the homogeneous ultramafic rock. 
The assumption is also made that the REE were 
uniformly distributed in the precursor rocks.
With these assumptions, precursor-normalized 

values for the REE were plotted against atomic 
number (fig. 2). The plots show that substantial 
REE redistribution has occurred within the zonal 
sequence, particularly of the MREE  sub-group. 
Variable depletion in the inner zones is com- 
plemented.by enrichment in the outer tremolite and 
hornblende zones. Similarly, the development of a 
slight positive Eu anomaly in the talc and inner 
tremolite zones may be partly balanced by larger, 
negative anomalies in the less voluminous outer 
tremolite and hornblehde zones. A very large, 
negative Eu anomaly is shown by the central zone. 
The pattern for the chlorite zone has similar HREE 
and MREE  characteristics to the amphibole zones, 
but shows a rapid decrease in those elements lighter 
than Sm. La and Ce are depleted by factors of 
16 and 3.6 respectively relative to the precursor 
values.
A  plot of representative members of the LREE 

(La), MREE  (Sm), and HREE (Yb) against distance

F ig. 2. Precursor-normalized R E E  plots of samples from 
the zonal sequence, all normalized to G G U  68549 (except 
chlorite zone, which is normalized to GGU  68511, on the 
assumption that it was derived from the granodiorite).

Symbols as in fig. la.

(fig. 3) gives an indication of the intra-group 
variation as concentration profiles. Thus, La varies 
little in the three inner zones, increases slowly 
to about three times its assumed original concentra­
tion in the outer zones, then rises sharply into the 
altered gneiss only to fall again to the concentration 
of the unaltered gneiss. On the other hand, Sm 
rapidly increases throughout the entire zonal 
sequence (by a factor of about 50), reaching nine 
times its original abundance in the hornblende 
zone. It continues to increase in the chlorite zone, 
but falls in the altered gneiss to a value lower than 
that of the unaltered country rock. Yb initially 
decreases from the central to the talc zones, and 
then bahaves in a similar manner to Sm.
Mass balance. Several recent studies have 

considered the importance of volume change in the 
assessment of mass balance in general (Rubie, 1982) 
and in zonal metasomatism in particular (Sanford, 
1982). Moreover, the latter author points out that 
significant volume change may occur with only 
minor variation in linear dimension. Thus, volume 
changes may be difficult to quantify using linear 
measurements, but in this particular study no 
contemporaneous deformation structures were
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F ig . 3. E le m e n t a b u n d a n c e  v a r ia t io n  d ia g ra m  fo r  L a , Sm, 
a n d  Y b . ( G G U  6 85 4 9  =  u lt ra m a fic  p re c u rs o r, G G U  

68511 =  gneissose p re c u rs o r, G G U  68557  =  a lte red  
gneiss; H b l .  =  h o rn b le n d e  zone, C h i. =  c h lo r ite  zone.)

observed in either the pod or the adjacent country 
rock. Bearing these points in mind, the calculations 
in Table II are on a constant volume basis. In 
addition, field observations of the pod showed 
some zone boundaries to be diffuse and zone widths 
to vary; the calculations here are based on average 
zone widths. The mass balance calculations in 
Table II therefore should be considered only as

an indication of trends. They do nevertheless 
substantiate the differences between the REE sub­
groups discussed above, and imply that Sm and Yb 
exhibited greater degrees of mobility than did La. It 
is appropriate also to note that although volume 
change alone may cause some variation in element 
abundance, it is not capable of interelement 
fractionation such as that described here. All 
REE apparently suffered some loss from the pod, 
indicating some interaction with the surrounding 
country rock. This information, in conjunction 
with the profiles in fig. 3, suggests that La was 
deposited in the altered gneiss surrounding the pod 
(cf. Allen and Pennell, 1978; and discussion belovfr). 
However, both Sm and Yb are depleted in the 
altered gneiss, indicating that mobility of the MREE 
and HREE may have continued— indeed, some 
leaching may have occurred— until deposition at 
a greater distance from the boundary of the pod.
REE mobility andfixation. Some migration of the 

REE has clearly occurred during the metasomatic 
event which produced the zonal sequence. Evidence 
from comparable sequences described by Allen and 
Pennell (1978) and Sharpe (1980) suggests that the 
REE redistribution due to metasomatic events of 
this type may be similar. With REE data limited to 
La and Ce, Sharpe (1980) found that those elements 
were more abundant in amphibole and chlorite 
zones than in the others. Allen and Pennell (1978), 
in describing a zonal sequence produced from 
serpentinite blocks within a hornblende diorite 
country rock (Trinity Co., California), found that 
the LREE were lost from the precursor serpentinite, 
and apparently deposited in a reaction zone around 
the inclusion. They also found that Sm concentra­
tion when plotted against distance, had a sigmoidal 
pattern similar to that shown in fig. 3. In addition, 
the chondrite-normalized Eu anomaly changes 
from negative within the zonal sequence to positive 
outside it

T a b l e  II. Mass balance calculations for La, Sm, and Yb in the zonal sequence

Z o n e
W id th

(cm )

%  loss  ( - )  o r  g a in  ( +  )

%  m ass* L a Sm Y b

C e n tra l 84.5 1 2 - 0 .7 9 - 1 .7 9 - 0 . 3
T a lc 200 83.0 - 3 5 . 6 - 6 5 . 4 - 5 3 . 3
In n e r  T re m o lite 7 6.5 - 2 .5 1 - 2 .9 9 +  2.26
O u te r  T re m o lite 7 6.8 +  1.15 +  8.59 +  10.1
H o rn b le n d e 1 1.0 +  1.84 +  7.85 +  7.51
T o ta l 299.5 — - 3 4 . 1 - 4 3 . 5 - 2 3 .1

*  A ssum es n o  v o lu m e  d iffe re n ce s  b e tw een  o r ig in a l b o d y  a nd  the  zones, a n d  p =  2.5 th ro u g h o u t, d e n s ity  d iffe re n ce s 
b e in g  in s ig n if ic a n t c o m p a re d  to  o th e r  u n ce rta in tie s .
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A preliminary assessment of the relative impor­

tance of some of the factors involved in REE 
mobility and fixation may be attempted here. The 
transporting medium was aqueous, as is indicated 
by the hydrous mineral assemblage and whole-rock 
H20 + values (Table I). Carbonate ligands were 
probably not of significance in REE transport as 
C02 contents (Table I) are low and do not correlate 
with REE distribution, and calcite is observed as a 
trace mineral only in the inner zones. The presence 
of large Eu anomalies in some of the zones suggests 
that the oxygen fugacity was sufficiently low to 
maintain a significant proportion of Eu in the 
divalent state. Other physico-chemical parameters, 
including the role of other possible anions (e.g. F~, 
Cl"), are difficult to define because of the complex 
and changeable nature of the fluid, as reflected in 
the major and trace element variation profiles 
presented by Fowler et al. (1981).
The presence of f?££-rich trace or minor minerals 

may influence the overall REE pattern of the rock 
samples, and for this reason a detailed microscope 
examination of the minor minerals was undertaken. 
Sphene was the only observed minor mineral that is 
capable of accommodating large concentrations of 
the REE (e.g. Staatz et al., 1977). In the pod, it was 
observed only in the hornblende and chlorite zones 
where it is developed in grains that are rarely larger 
than 10 fim across, and at an estimated modal 
proportion of less than 0.05 %. Several grains of 
sphene from the hornblende zone were analysed by 
wavelength-dispersive electron probe microanalysis 
for some of the REE. The recorded concentration 
levels are close to the detection limit and are 
therefore subject to a large error, but consistent 
values were obtained for La (0.02%), Ce (0.17%), 
Gd (0.05%), Dy (0.07%), and Er (0.04%). These 
data and the estimated modal proportion of sphene, 
indicate that only 10-15% of the REE in the 
hornblende and chlorite zones is located in this 
accessory mineral. Thus it is considered that the 
REE patterns observed for the zonal sequence 
are dominated by those of the major mineral 
assemblages.
Since the sizes of the avaiable structural sites in 

talc are too small to allow easy incorporation of any 
of the REE, their observed depletion in the central 
and talc zones may be* readily explained (fig. 2). 
Interestingly, the depletion is most pronounced 
for those elements with intermediate ionic radii, 
suggesting an additional control on the substitution 
reactions involved. The fact that the central zone 
is in general less depleted than the talc zone may 
simply reflect the presence of more relict ultra- 
mafic minerals in the former. In amphiboles, Ca2 + 
occupies the approximately 9-fold coordinated M A 
site. Its ionic radius under such conditions is similar

to some of the trivalent REE, notably Nd3 + 
and Sm3 + (Shannon, 1976). Thus, preferential 
incorporation of these ions in the tremolite and 
hornblende zones might be one of the more impor­
tant factors that have led to their convex-upward 
patterns (figs. 1 and 2). In chlorite, on the other 
hand, the REE are most likely to enter one of the 
octahedral sites, where the HREE and MREE 
(6-fold coordinated Yb3+ = 0.868 A) are better 
suited to substitute for Fe2+ (0.78 A) than are 
the larger LREE (La3+ = 1.03 A). Hence, in 
comparison with its country-rock predecessor, the 
chlorite zone is H£££-enriched and substantially 
L/?££-depleted (La, Ce).
Thus, within the zonal sequence, crystal-chemical 

differences between the precursor assemblage and 
the zonal minerals are a major controlling factor 
on the final REE patterns.
Sphene was also observed in the altered gneiss 

around the pod, but at a much lower modal 
abundance than in the hornblende and chlorite 
zones. Its very low modal abundance and small size 
precluded a reliable analysis by microprobe. If the 
REE contents of this sphene are similar to those of 
the sphene in the pod then this mineral has not 
significantly affected the overall REE distribution 
in the gneiss. However, the major minerals— quartz, 
feldspar, and stringers of secondary antigorite— 
cannot be readily correlated with the observed 
LREE-enriched pattern, and it has not been possible 
to define the major controlling factors) on the 
REE pattern of the altered gneiss.

Conclusions

The REE were mobilized during metasomatic 
development of the zoned ultramafic pod. Varying 
proportions of all the REE were apparently lost 
during zone generation, but the MREE and HREE 
showed a greater mobility than did the LREE. This 
is in marked contrast to many other examples of 
REE mobility (notably Martin et al, 1978) where 
LREE have been shown to be the most mobile. The 
fluid responsible was aqueous, probably not C02- 
rich, and of relatively low oxygen fugacity. The 
resultant REE distribution may have been governed 
largely by the structural characteristics of the major 
zonal minerals in the pod.
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