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ABSTRACT

An area  o f  abou t  100 sq .km .  im m e d i a t e l y  n o r t h  o f  the  

Galuay g r a n i t e  has been s t u d i e d .  The a rea  encompasses the  c e n t r a l  

p a r t  o f  the  Connemara Gne iss  complex ,  a s y n t e c t o n i c  s u i t e  o f  

b a s i c ,  i n t e r m e d i a t e  and a c i d i c  i n t r u s i v e s  and m igm a t ised  D a l r a d i a n  

s e d im e n ts .  50 r o c k  samples f rom  the  complex  have been a n a ly s e d  by 

X-Ray f l u o r e s c e n c e  methods f o r  a l l  m a jo r  e le m e n ts  and up t o  13 

t r a c e  e lem e n ts  ( C r , C o , l \ l i , R b , S r , Y , Z r , I \ l b , B a , L a , C e , P b , T h ) .  In  

a d d i t i o n ,  A1 o f  these  ro c k  samples have been a na ly s ed  by n e u t r o n  

a c t i v a t i o n  methods f o r  up t o  9 t r a c e  e le m e n ts  (La ,Ce, l \ ld ,Sm ,Eu,Tb ,  

Y b , L u ,S c ) . T h e s e  d a ta  t o g e t h e r  w i t h  m ic r o p r o b e  a n a ly s e s  o f  60 

m i n e r a l  g r a i n s  f rom  the  s a m p le s ,a re  p r e s e n te d  and used t o  deduce 

t h e  p e t r o g e n e s i s  o f  the  Gneiss  com p lex .

The o r th o m a g m a t ic  r o c k s  uere  i n t r u d e d  i n t o  t h e  p e l i t e s ,  

s e m i p e l i t e s ,  and q u a r t z i t e s  o f  the  D a l r a d i a n  Cashe l  F o r m a t i o n ,  

d u r i n g  the  p e r i o d  be tueen  the  o n s e t  o f  th e  D2 d e f o r m a t i o n  and the

c o m p le t i o n  o f  the  D3 d e f o r m a t i o n .  The i n i t i a l  i n t r u s i o n s  uere

b a s a l t i c  i n  c o m p o s i t i o n  and th e y  ue re  i n t r u d e d  d u r i n g  D2 m a in l y  as 

t h i c k  s h e e ts  and masses, u h i c h  a re  c o n fo r m a b le  t o  the  F2 f o l i a t i o n  

i n  the  c o u n t r y  r o c k s .  These i n t r u s i o n s  ue re  then  f rag m en ted  and, 

th e  r o c k s  , a m p h i b o l i t i s e d  d u r i n g  the  combined D3 d e f o r m a t i o n  and 

M3 metamorph ism.  The cause o f  th e  M3 e v e n t  was the  i n t r u s i o n  o f  

th e  i n t e r m e d i a t e  magmas, u h i c h  s o l i d i f i e d  t o  fo rm  the  t o n a l i t i c  

o r t h o g n e i s s e s .  High degrees  o f  p a r t i a l  m e l t i n g  o c c u r r e d  i n  t h e  

a u r e o le  zone o f  thes e  i n t e r m e d i a t e  magmas, f o r m in g  the  p a r a g n e i s s .  

There i s  f i e l d  e v idenc e  f o r  l a r g e  s c a le  a s s i m i l a t i o n  o f  p a r a g n e i s s  

by the  magma. The i n t r u s i o n  o f  s m a l l  amounts o f  g r a n i t i c  magma,

d u r i n g  the  l a t t e r  s ta g e s  o f  D3, com p le te d  th e  magmatic phase .

From a m i c r o t e x t u r a l  a n a l y s i s  o f  m e t a b a s i t e  r o c k s  u i t h  a 

r e l i c t  i g neou s  m a f i c  m in e r a l o g y  o f  a u g i t e  and h y p e rs th e n e ,  i t  i s  

shoun t h a t  th e  am ph ibo les  i n  t h e s e  r o c k s  a re  metamorph ic  i n  

o r i g i n .  Us ing  the  same m i c r o t e x t u r a l  c r i t e r i a ,  the  h o rn b le n d e  i n  

th e  t o n a l i t i c  o r t h o g n e i s s  i s  t h o u g h t  t o  be p r i m a r y .  The p resence  

o f  s k e l e t a l  a n d e s in e ,  and th e  abscence o f  a l b i t i c  p l a g i o c l a s e ,  i n  

t he  g r a n i t i c  o r t h o g n e i s s e s  s u g g e s ts  t h a t  p l a g i o c l a s e  uas n o t  

s t a b l e  i n  the  g r a n i t i c  magma. In  the  melanosome r e s i d u e s  i n  the  

i n  the  p a r a g n e is s  m o b i l i s a t e ,  e v id e n c e  o f  t h e  h ig h  te m p e ra tu r e  

r e a c t i o n ;  b i o t i t e  ------ >  s i l l i m a n i t e  + i l m e n i t e  + m e l t  component ,



i s  p r e s e r v e d .  These melanosomes a re  u n d o u b te d l y  n o n - e q u i l i b r i u m  

m in e r a l  s e l v e d g e s  s in c e  p l a g i o c l a s e  v a r i e s  be tueen A n ^ - A n ^  i n  

a s i n g l e  melanosome.

The m a j o r i t y  o f  th e  samples have c o m p o s i t i o n s  u h i c h ,  to  

a c lo s e  a p p r o x im a t i o n ,  r e p r e s e n t  the  c o m p o s i t i o n s  o f  th e  magmas 

f rom  u h i c h  th e y  fo rm e d .  The m e t a b a s i t e - o r t h o g n e i s s  r o c k s  appear  

t o  be comagmat ic on th e  b a s i s  o f  the  c o n t in u o u s  v a r i a t i o n  o f  

m a jo r  e lem en t  abundances a c ro s s  th e  s u i t e .  Us ing  s im p le  H a r k e r -  

t y p e  p l o t s  and more complex m u l t i c o m p o n e n t  g r a p h i c a l  sys tems (Ab-  

An-Or-Q ,  and CMAS), a h y p o t h e s i s  i s  f o r m u l a t e d  u h i c h  r e l a t e s  the  

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

s u i t e  as th e  l o c u s  o f  c o m p o s i t i o n s  a t t a i n e d  by a s i n g l e  p a r e n t a l  

b a s i c  magma u n d e rg o in 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 .  An e a r l y  

f r a c t i o n a t i o n  assemblage c o n s i s t i n g  o f  a u g i t e  and h y p e rs th e n e  

d rove  th e  b a s i c  magma a lo n g  an F e - e n r i c h m e n t , S i D ^ - d e p l e t i o n  t r e n d ,  

u n t i l  i t  uas superseded by a l o u - S i D ^  f r a c t i o n a t i o n  assemblage o f  

h o rn b le n d e  + p l a g i o c l a s e  + F e - T i  o r e .  The magma became m a rk e d ly  

e n r i c h e d  i n  SiD^ w i t h  f u r t h e r  f r a c t i o n a t i o n ,  e v o l v i n g  t o  t o n a l i t i c  

c o m p o s i t i o n s .  I t  i s  no ted  t h a t  th e  a s s i m i l a t i o n  o f  s i l i c e o u s  

p a r a g n e is s  c o u ld  h e lp  t o  p roduce  t h i s  ex t reme S iD ^ - e n r i c h m e n t  

t r e n d .  As a f i r s t  a p p r o x im a t i o n ,  th e  h y p o t h e s i s  agrees  u e l l  u i t h  

e x p e r i m e n t a l  phase r e l a t i o n s  o f  th e  j o i n ;  g a b b r o - t o n a l i t e - g r a n i t e . 

The H^D c o n t e n t s  o f  the  t o n a l i t i c  and g r a n i t i c  magmas i s  e s t im a t e d  

t o  be 6 -8u t%  and >10u t% ,  r e s p e c t i v e l y .  The e x p e r i m e n t a l  m e l t i n g  

r e l a t i o n s  o f  b i o t i t e - p l a g i o c l a s e - q u a r t z  s c h i s t s  a re  used to  

d e s c r i b e  th e  m e l t i n g  r e l a t i o n s h i p s  i n  the  p a r a g n e i s s ,  and a peak 

t e m p e ra tu r e  o f  c.9UD°C i s  e s t im a t e d  f o r  th e  a u r e o le  zone around 

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

A c o n t i n u o u s  v a r i a t i o n  i n  t r a c e  e lem en t  abundances f rom  

th e  most b a s i c  t o  th e  most a c i d i c  r o c k s  o f  the  m e t a b a s i t e -  

o r t h o g n e i s s  s u i t e  c o n f i r m  th e  comagmatic n a t u r e  o f  t hes e  r o c k s .

T h is  v a r i a t i o n  i s  q u a l i t a t i v e l y  d e s c r i b e d  i n  te rms  o f  m i n 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  f o r  a chang ing  magma c o m p o s i t i o n .

The 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  scheme proposed  above,  i s  g e n e r a l l y  

c o n f i r m e d ,  though- the  a s s i m i l a t i o n  o f  m e tased imen t  appears  t o  be 

much more i m p o r t a n t  i n  the  f o r m a t i o n  o f  the  S i d ^ - r i c h  magma than 

uas f i r s t  t h o u g h t .  The REE d a t a a r e  c r u c i a l  i n  u n d e r s ta n d in g  the  

e v o l u t i o n  o f  the  magma t h a t  o c c u r r e d  a f t e r  i t  had reached  a 

t o n a l i t i c  c o m p o s i t i o n .  I t  i s  e v i d e n t  t h a t  h o rn b le n d e  uas a 

f r a c t i o n a t i o n  phase r i g h t  a c ro s s  th e  t o n a l i t e - g r a n i t e  c o m p o s i t i o n



r a n g e .  P l a g i o c l a s e  f r a c t i o n a t i o n  s lo w ed ,  and f i n a l l y  s topped  i n  

th e  t o n a l i t i c  magma because o f  th e  b u i l d - u p  o f  H^O i n  the  magma, 

□ r t h i t e  j o i n e d  h o rn b le n d e  and q u a r t z  as a f r a c t i o n a t i o n  phase i n  

t h e  g r a n i t i c  magma.

Q u a n t i t a t i v e  m u l t i c o m p o n e n t  l e a s t - s q u a r e  f i t t i n g  o f  t r a c e  

e lem en t  abundances i n  s e l e c t e d  m e t a b a s i t e  and o r t h o g n e i s s  samples 

t o  a c l o s e d - s y s te m  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  model ,  p ro v e s  

f a i r l y  s u c c e s s f u l .  However , t h e  r e s u l t s  su g g e s t  t h a t  a s s i m i l a t i o n  

o f  p a r a g n e is s  , by th e  F e - r i c h ,  S iO ^ - p o o r  b a s i c  magma, was c r i t i c a l  

i n  the  i n i t i a t i o n  o f  the  S iD ^ - e n r i c h m e n t  t r e n d  o f  the  magma.

The r o l e  o f  combined 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  and 

a s s i m i l a t i o n  i n  the  f o r m a t i o n  o f  c a l c - a l k a l i n e  magmas and 

a n o r t h o s i t e s , f rom  a b r o a d l y  t h o l e i i t i c  t ype  o f  p a r e n t a l  magma, i s  

d i s c u s s e d .
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1

C h ap te r  1.

I n t r o d u c t i o n ,

1.1 The g e o l o g i c a l  s e t t i n g  -  a summary o f  p r e v i o u s  w o rk .

Connemara l i e s  a t  the  s o u t h - w e s t e r n  l i m i t  o f  the  D a l r a d ia n  

o u t c r o p  i n  w e s te rn  I r e l a n d  ( f i g . 1 . 1 ) .  The D a l r a d i a n  r o c k s  o f  

Connemara were s t r o n g l y  de formed and metamorphosed i n  the  Ca led on ia n  

o ro g e n y .  I n  the  s ou th  o f  Connemara, thes e  ro c k s  were a l s o  i n t r u d e d  

by s y n t e c t o n i c  g a b b r o i c ,  t o n a l i t i c ,  and g r a n i t i c  magmas. The 

m etamorph ic  grade i s  h ig h  ov e r  most o f  Connemara and i n c r e a s e s  to  

h ig h  a m p h i b o l i t e  g rade i n  the  s o u t h ,  a t r e n d  wh ich  can be d i r e c t l y  

a t t r i b u t e d  t o  the  emplacement  o f  t h e  s y n t e c t o n i c  magmas. M a jo r  p o s t -  

t e c t o n i c  i n t r u s i o n s ,  such as th e  Galway g r a n i t e ,  were emplaced i n  

the  sou th  and west  o f  th e  r e g i o n .

1 . 1 . 1  The D a l r a d i a n  r o c k s .

The s t r a t i g r a p h y  and s t r u c t u r e  o f  the  D a l r a d i a n  r o c k s  o f  

Connemara are  now w e l l  u n d e r s to o d .  T h is  s t a t e  o f  Knowledge has been 

a r r i v e d  a t  a f t e r  more than  two and a h a l f  decades o f  f i e l d  mapping,  

i n i t i a t e d  by R .M .S h a c k le to n  and c a r r i e d  on by B .E .Leake  and h i s  

c o - w o r k e r s .

In  1965, K i l b u r n ,  P i t c h e r  and S h a c k le to n  re c o g n is e d  t h a t  the  

ro c k s  o f  Connemara were D a l r a d i a n  i n  age and t h a t  t h e y  c o u ld  be 

d i r e c t l y  c o r r e l a t e d  w i t h  the  D a l r a d i a n  o f  Donegal  and S c o t l a n d .

S ince  t h a t  t im e ,  K i l b u r n  ( u n p u b l i s h e d  w o r k ) ,  Edmunds and Thomas

( 1 9 6 6 ) ,  B ad ley  ( 1 9 7 2 ,1 9 7 6 ) ,  P a t r i c k  ( 1 9 6 7 ) ,  Y a r d l e y  ( 1 9 7 L ,1 9 7 6 ) ,  

T r e l o a r  (1977)  and Leake ( u n p u b l i s h e d  w o rk )  have mapped th e  c e n t r a l ,  

n o r t h e r n  and e a s t e r n  p a r t s  o f  Connemara. Cruse and Leake (1968)  

d e s c r i b e d  the  ground t o  the  n o r t h - w e s t  and Cobbing (1969)  and Tanner

(1967)  th e  r e g io n  t o  the  w e s t .  Leake has mapped much o f  th e  s o u t h ­

west  o f  Connemara and a l s o  ground t o  the  e a s t  i n  the  Cashe l  d i s t r i c t  

( 1 9 7 C ,a ) ,  the  i n t e r v e n i n g  area  b e ing  d e s c r i b e d  by Evans (1959)  and 

Bremner ( 1 9 7 7 ) .  Harvey  (1967)  mapped i n  th e  ex t reme sou th  i n  the  

G l i n s k  d i s t r i c t  and S e n io r  (1973)  t h e  Shannavara d i s t r i c t  i n  the  

s o u t h - e a s t .

—  A f o r m a l  s t r a t i g r a p h y  and s t r u c t u r e  f o r  th e  whole o f  

Connemara was f i r s t  p u b l i s h e d  by B a d le y  ( 1 9 7 6 ) ,  wh ich  was o n l y  

s l i g h t l y  m o d i f i e d  by Y a rd le y  ( 1 9 7 6 ) .  R e c e n t l y ,  Tanner and S h a c k le to n  

(1979)  have p re s e n te d  a r e g i o n a l  s y n t h e s i s  o f  the  s t r a t i g r a p h y  and
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s t r u c t u r e  o f  c e n t r a l  Connemara u h i c h  i n c l u d e s  bo th  g e n e r a l i s e d  

g e o l o g i c a l  and s t r u c t u r a l  maps and s t r u c t u r a l  s e c t i o n s .  The 

D a l r a d i a n  s t r a t i g r a p h i c a l  sequence o f  Connemarauas p roposed by 

B ad ley  (1976)  and Tanner  and S h a c k le to n  (1979).

S ince  t h e i r  d e p o s i t i o n ,  thes e  r o c k s  have undergone f o u r  

main d e f o r m a t i o n a l  phases ,  the  second and t h i r d  o f  u h i c h  uere  

e x t r e m e l y  i n t e n s e  and p roduced  m a jo r  and i s o c l i n a l  f o l d s .

M a jo r  m etamorph ic  e v e n t s ,  and M^, accompanied the  and 

d e f o r m a t i o n s ,  r e s p e c t i v e l y  , u i t h  th e  M^ e v e n t  p r o b a b l y  p r o d u c in g  the 

h i g h e s t  r e g i o n a l  t e m p e r a tu r e s ,  i n  th e  D a l r a d i a n  r o c k s .  The f o u r t h  

d e f o r m a t i o n  produced  l a r g e  s c a le  open f o l d s  and one o f  t h e s e ,  the  

e a s t u a r d - p l u n g i n g  Connemara A n t i f o r m ,  c o n t r o l s  the  g e o lo g y  o f  

c e n t r a l  Connemara.

The Louer  and M id d le  D a l r a d i a n  s u c c e s s io n  o u t c r o p p i n g  i n  the 

co re  o f  t h i s  F^ f o l d  i s  f l a n k e d  t o  th e  s o u th  and n o r t h . by the  

D a l r a d i a n  Cashel  and hy lem ore  F o r m a t i o n s ,  r e s p e c t i v e l y ,  bu t  i s  

s e p a ra te d  f rom  them by m a jo r  t e c t o n i c  b r e a k s .  N o r th  o f  the  Cashel  

F o rm a t io n  i s  th e  ' s t e e p  b e l t ' ,  a zone o f  F^ f o l d s  and s l i d e s ,  and 

s ou th  o f  the  hy lem ore  F o rm a t io n  i s  th e  R e n v y le - B o f i n  s l i d e  (Cruse 

and Leake,  1968 ) .  The Cashel  and hy lem ore  F o rm a t io n s  l i e  s t r u c t u r a l l y '  

above the  c e n t r a l  Connemara s u c c e s s io n  and a re  presumed to  be 

younger  than  i t ,  h o u e v e r ,  the  s t r a t i g r a p h i c  r e l a t i o n s  be tueen a l l  

t h r e e  are  u n c e r t a i n  due t o  the  n a t u r e  o f  t h e i r  m u tu a l  c o n t a c t s .

M o r r i s  and Tanner (1977)  t e n t a t i v e l y  c o r r e l a t e  the  hy lemore  and 

Cashel  F o rm a t io n s  because o f  t h e i r  r o u g h l y  ana logous  s t r u c t u r a l  

p o s i t i o n s ,  t h e i r  s i m i l a r  l i t h o l o g i e s  and th e  f a c t  t h a t  t h e y  are  bo th  

i n t r u d e d  by u l t r a b a s i c  and b a s i c  r o c k s .  Tanner  and S h a c k le to n  (1979)  

p o s t u l a t e d  t h a t  the  B a l l y n a k i l l  F o r m a t i o n ,  ( t h e  younges t  r o c k s  t o  

o c c u r  s t r u c t u r a l l y . b e lo u  the  s l i d e  s u r f a c e s  and fo u n d  o n l y  i n  

u e s t e r n  Connemara) , i s  the  s t r a t i g r a p h i c a l  e q u i v a l e n t  o f  bo th  the  

hy lem ore  and Cashe l  F o rm a t io n s  b u t  d e c id e d  t h a t  the  p r e s e n t  e v idence  

u a s . i n s u f f i c i e n t  t o  f o r m a l l y  c o r r e l a t e  th e  t h r e e  f o r m a t i o n s .

1 . 1 . 2  The s y n t e c t o n i c  i n t r u s i v e  com p lex .

The s y n t e c t o n i c  i n t r u s i v e  complex o f  s o u th e r n  Connemara i s  

composed o f  u l t r a b a s i c  and b a s i c  r o c k s ,  t o n a l i t i c ,  g r a n o d i o r i t i c  and 

g r a n i t i c  - g n e i s s e s , and a n a t e c t i c  and q u a r t z - f e l d s p a t h i s e d  g n e i s s i c  

d e r i v a t i v e s  o f . t h e  Cashel  F o r m a t i o n .

-Bounded t o  th e  sou th  by the  Galuay g r a n i t e  b a t h o l i t h ,  the  

i n t r u s i v e  complex o c c u rs  i n  a n a r r o u  b e l t  u h i c h  ru n s  e a s tu a r d s  f o r



a t  l e a s t  65 km f r o m . S l y n e  Head u n t i l  i t  d i s a p p e a rs  belaid the  

C a r b a n i f e r o u s  c o v e r .

The g e o lo g y  o f  th e  complex rema ined  u n d e s c r ib e d  u n t i l  an 

a c c o u n t  o f  the  Cashe l -Lough  Uhee laun i n t r u s i o n  appeared (Leake ,195B)  

T h i s  uas f o l l o u e d  by a s t u d y  o f  th e  p e l i t i c  h o r n f e l s e s  and 

d e s i l i c a t e d . p e l i t i c  x e n o l i t h s  a s s o c i a t e d  u i t h  the  i n t r u s i o n  (Leake 

and S k i r r o u ,  1 96 0 ) .  Evans (196L)  l a t e r  c o n s id e r e d  the  t r a c e  e lem e n t  

v a r i a t i o n s  i n  the  h o r n f e l s e s  and x e n o l i t h s .

Harvey ( 1 9 6 7 ) ,  u o r k i n g  i n  th e  G l i n s k  d i s t r i c t ,  r e c o g n is e d  

t h a t  the  complex uas composed o f  s e v e r a l  d i f f e r e n t  component r o c k  

g ro u p s .  These he c l a s s i f i e d  a s : -

1.  Mass ive u l t r a b a s i c  and b a s i c  a m p h i b o l i t e .

2 .  B a s ic  g n e is s  -  a b road group o f  r o c k s  i n c l u d i n g  bo th  

m e t a s o m a t i c a l l y - a l t e r e d  sheared  a m p h i b o l i t e s  and the  

coa rse  g r a in e d  h o rn b le n d e  l a b r a d o r i t e  g n e i s s .

3 .  B i o t i t e ,  q u a r t z ,  p l a g i o c l a s e  g n e is s  u i t h  m ino r  h o rn b le n d e

L.  B i o t i t e ,  q u a r t z ,  andes ine  g n e i s s .

5 .  Q u a r tz ,  a n d e s in e ,  m i c r o c l i n e ,  b i o t i t e  g n e i s s .

W h i l s t . Harvey  r e c o g n i s e d  t h a t  some o f  th e  g n e is s e s  had an ig neou s  

o r i g i n ,  he f a v o u r e d  a m e ta som a t ic  o r i g i n  f o r  the  b u l k  o f  them. T h i s ,  

he reason ed ,  uas the  o n l y  p o s s i b l e  e x p l a n a t i o n  f o r  the  u id e  range i n  

bo th  t h e i r  appearance  and c h e m ic a l  c o m p o s i t i o n s  and f o r  the  

g r a d a t i o n a l  f i e l d  b o u n d a r ie s  t h a t  appear  t o  e x i s t  be tueen them.

In  197B, Leake p u b l i s h e d  a m a jo r  uo rk  d e s c r i b i n g  i n  d e t a i l ,  

bo th  p e t r o g r a p h i c a l l y  and p e t r o l o g i c a l l y , the  v a r i o u s  components o f  

the  complex i n  the  Cashe l  d i s t r i c t ,  an area  u h i c h  he d e s c r i b e d  as 

'a  key a rea  f o r  th e  e l u c i d a t i o n  o f  th e  sequence o f  ev e n ts  i n  

Connemara and the  r e l a t i o n s h i p s  o f  t h e  m e ta s e d im e n ts ,  the  b a s i c  and 

u l t r a b a s i c  r o c k s  and th e  o r t h o g n e i s s e s 1. In  a d d i t i o n ,  he p r e s e n te d  

a g e o l o g i c a l  map and s t r u c t u r a l  i n t e r p r e t a t i o n  o f  the  a r e a .

On the  o r i g i n  o f  th e  s y n t e c t o n i c  i n t r u s i v e  s u i t e ,  Leake, 

a l t h o u g h  a c k n o u le d g in g  t h a t  m a jo r  m e ta som a t ic  a c t i v i t y  d i d  o c c u r  

d u r i n g  i t s  f o r m a t i o n ,  p roposed t h a t  t h i s  had o n l y  a m o d i f y i n g  

i n f l u e n c e  on u ha t  uas e s s e n t i a l l y  a magmatic r o c k  s e r i e s .  E x c e p t i n g  

the  p a r a g n e i s s e s , he conc lude d  t h a t  the  r o c k s  ue re  the  p r o d u c t s  o f  

the  c r y s t a l l i s a t i o n  o f  am ph ibo le  and c a l c i c  p l a g i o c l a s e  f rom  a b a s i c  

magma c o n t a i n i n g  a h ig h  v o l a t i l e  c o n t e n t .  To a c c o u n t  f o r  the  

obse rved  d i s s e m i n a t i o n  o f  each component r o c k  group t h r o u g h o u t  the  

complex ,  h e . e n v i s a g e d  a dynamic s i t u a t i o n  i n  u h i c h  f r a c t i o n a t i n g  

b a s i c  magma, m an t led  by h o r n f e l s e d  D a l r a d i a n  m e ta sed im en t ,  uas



r e p e a t e d l y  sqeezed d u r i n g  D^ and t e c t o n i c  movements.  T h is  caused 

the  com p le te  d i s r u p t i o n  o f  the  c um u la te  p i l e  beneath  i t  and the  

i n j e c t i o n ,  i n t o  the  c o u n t r y  r u c k s ,  o f  d i f f e r e n t i a t e d  magmas spann ing  

the  c o m p o s i t i o n  range gabb ro ,  t h ro u g h  d i o r i t e ,  q u a r t z - d i o r i t e , t o  

g r a n o d i o r i t e . D u r in g  c o n s o l i d a t i o n  o f  the  g r a n o d i o r i t e , l a t e  

r e s i d u a l  magma s e p a ra te d  f rom  i t  f o r m in g  the  r e l a t i v e l y  s m a l l  bod ies  

o f  m i c r o c l i n e  g r a n i t e . g n e i s s .

S e n io r  ( 1 9 7 3 ) , w o rk in g  on th e  i n t r u s i v e  complex t o  th e  e a s t ,  

i n  the  Shannavara d i s t r i c t ,  came to  v i r t u a l l y  th e  same c o n c l u s i o n s  

as Leake (197D) had p r e v i o u s l y .  He a l s o  r e a l i s e d  t h a t  the  

m etased im en ts  a d j a c e n t  t o  th e  o r t h o g n e i s s e s  had undergone p a r t i a l  

m e l t i n g ,  b u t  c o n s id e r e d  t h a t  t h e r e  had been l i t t l e  o r  no 

a s s i m i l a t i o n  o f  c o u n t r y  r o c k s  by th e  i n t r u d i n g  magmas.

R e c e n t l y ,  Leake and S e n io r  (ms. ) have c o n s id e r e d  the  o r i g i n  

o f  the  i n t r u s i v e  ro c k s  i n  the  complex u s in g  geochem ica l  da ta  

g a th e re d  by bo th  a u t h o r s  and a l s o  c o n s i d e r i n g  H a r v e y ' s  c o n t r i b u t i o n ,  

t h i s  a ccou n t  be ing  a summary o f  a l l  p r e v i o u s  work on t h i s  p a r t  o f  

the  com p lex .

F u r t h e r  west  i n  the  c o n t i n u a t i o n  o f  the  s y n t e c t o n i c  

i n t r u s i v e  complex t h e r e  l i e s  a l a r g e  u l t r a b a s i c  and b a s i c  i n t r u s i o n ,  

the  Roundstone com plex ,  u h i c h  has been s t u d ie d  by Mor ton  (1 9 6 * 0 ,  and 

Bremner ( 1 9 7 7 ) .  The a m p h i b o l i t e s  and h o rn b le n d e  gabbros  p r e v i o u s l y  

d e c r i b e d ,  a re  b e l i e v e d  t o  be c o e v a l  u i t h  those  o f  th e  Roundstone 

body (Leake and S e n io r  ( ms. ) ,  Bremner and Leake ( 1 9 8 1 ) ) .

1 .2  The aim o f  t h i s  w o rk .

The aim o f  t h i s  work i s  t o  t r y  t o  c o n c l u s i v e l y  d e te rm in e  

the  o r i g i n s  o f  the  v a r i o u s  components o f  the  s y n t e c t o n i c  i n t r u s i v e  

com p lex .  T h is  i s  a t te m p te d  u s i n g : -

1.  The f ram ework  p r o v id e d  by p r e v i o u s  w o r k e r s .

2 .  F i e l d  o b s e r v a t i o n s  made i n  t h i s  s t u d y .

3 .  A p e t r o g r a p h i c  s t u d y  o f  th e  ro c k  t y p e s .

L .  New p e t r o l o g i c a l  da ta  f o r m u l a t e d  d u r i n g  the  te n u r e  o f  

t h i s  r e s e a r c h ,  by m y s e l f ,  i n c l u d i n g  m a jo r  and t r a c e  

e lem en t  r o c k  a n a ly s e s ,  Rare E a r th  e lem e n t  a n a ly s e s  o f  

r o c k s  and a f e u  m in e r a l  e x t r a c t s ,  and m ic ro p ro b e  m in e r a l  

. a n a l y s e s .

5.. Computer m o d e l l i n g .

1 .3  The area- s t u d i e d  in .  t h i s  w o rk .

In  o r d e r  t o  c a r r y  o u t  the  aim o f  t h i s  w o rk ,  an area  i n  the





2i n  the  s ou th  o f  Connemara, r o u g h l y  ICO km i n  a r e a l  e x t e n t ,  

encompassing the  C a s he l ,  Shannavara ,  and G l i n s k  d i s t r i c t s ,  has been 

examined ( f i g . 1 . 2 ) .  F i e l d  work was c a r r i e d  o u t  u s in g  bo th  the  

u n c o n to u re d ,  s i x  i n c h  to  one m i l e ,  I r i s h  Ordnance Survey map s h e e t ,  

51 ( C a s h e l . d i s t r i c t ) ,  and the  g e o l o g i c a l  maps o f  the  Cashe l ,  

Shannavara ,  and G l i n s k  d i s t r i c t s  (Leake ( 1 9 7 0 a ) , S e n io r  ( 1 9 7 3 , t h s s . ) ,  

Harvey ( 1 9 6 7 , t h s s . ) .

Cashel  h i l l  (1D2A1) and Shannavara h i l l  ( 1 1 7 8 1) i n  the  

w e s te rn  and e a s t e r n  p a r t s  o f  the  f i e l d  a re a ,  r e s p e c t i v e l y ,  dom ina te  

the  t o p o g r a p h y .  Exposure i s  g e n e r a l l y  good on th e  h i g h e r  ground i n  

the  S h annava ra . d i s t r i c t  and around Cashe l  h i l l .  However, the  ground 

be low 200 f e e t ,  wh ich  encompasses much o f  th e  n o r t h e r n  and c e n t r a l  

p a r t s  o f  th e  f i e l d  a re a ,  i s  i n v a r i a b l y  p o o r l y  exposed,  e x c e p t  

around the  lough  s h o r e s ,  and the  c o a s t  i n  th e  G l i n s k  d i s t r i c t ,  due 

t o  e x t e n s i v e  pea t  bogs and some d r u m l i n s .  There i s  l i t t l e  

c o r r e l a t i o n  between the  geo log y  and th e  t o p o g r a p h y .

G e o l o g i c a l l y ,  the  f i e l d  area c o n t a i n s  Cashe l  Fo rm a t ion  

m etased im en ts  and a m a jo r  s e c t i o n  o f  the  s y n t e c t o n i c  i n t r u s i v e  

com plex .  I t  i s  bounded t o  the  n o r t h  by the  Connemara A n t i f o r m  and 

t o  the  s o u th  by the  Galway g r a n i t e .



C h ap te r  2 .

The P e t r o g r a p h y  and F i e l d  R e l a t i o n s  o f  th e  Rocks o f  the  

I n t r u s i v e  Complex.

The complex i s  composed o f  t h r e e  component r o c k  g roups

1. m e ta b a s i te s

2 .  o r t h o g n e i s s e s

3 .  p a ra g n e is s e s

2.1  M e t a b a s i t e s ,

These metamorphosed b a s i c  and u l t r a b a s i c  r o c k s  have 

undergone c o n s i d e r a b l e  s p a t i a l  d i s r u p t i o n  and a m p h i b o l i t i s a t i o n  

s in c e  t h e i r  i n t r u s i o n  i n t o  th e  D a l r a d i a n  o f  s ou th  Connemara. 

A c c o rd in g  t o  Leake ( 1 9 7 0 a ) ,  t h e y  were i n t r u d e d  d u r i n g  the  D2 

d e f o r m a t i o n  as l a r g e  masses and s h e e ts  wh ich  were s u b s e q u e n t l y  

f rag m en ted  i n  t h i s  and the  l a t e r  D3 d e f o r m a t i o n .  The h o r n f e l s e d  

m etased im en ts  wh ich  must have m a n t le d  such i n t r u s i o n s  now o u t c r o p  

ove r  a wide a rea  i n  a r a t h e r  p a t c h y  manner,  and have s u f f e r e d  

c o n s i d e r a b l e  m etamorph ic  a l t e r a t i o n .

2 . 1 . 1  F i e l d  R e l a t i o n s .

Th roughou t  the  a re a ,  m e ta b a s i t e  o c c u rs  m a in l y  as l a r g e  

i n t r u s i v e  masses ( e g .  th e  C ashe l -Lough  liJheelaun i n t r u s i o n .  Leake, 

1970a) ,  o r  as much s m a l l e r  pods and l e n s e s  «  L0 m e t res  i n  l e n g t h ) ,  

embedded i n  th e  D a l r a d ia n  c o u n t r y  r o c k s .  I t  may a l s o  o c c u r  as 

' p o d - l i k e 1 x e n o l i t h s  i n  the  o r t h o g n e i s s e s ,  and i s  a common r o c k  

type  c o n s t i t u t i n g  some 25% o f  the  com p lex .

On w e a th e r in g  s u r f a c e s  the  m e ta b a s i t e s  a re  c o l o u r e d  p a le  

t o  da rk  green and a re  s p e c k le d  w i t h  w h i t e  b le b s  o f  f e l d s p a r  t h a t  

s tand  o u t  above the  s u r f a c e .  Green p a tc h e s  o f  c h l o r i t e  and e p i d o t e  

are  common i n  these  ro c k s  and i n d i c a t e  the  s e v e r i t y  o f  t h e i r  

m e t a m o r p h i c a l l y  r e t r o g r e s s e d  s t a t e .  H o rnb lende  o c c u r s  u b i q u i t o u s l y  

i n  the  m e ta b a s i te s  and,  a l t h o u g h  u s u a l l y  l e s s  than  Amm in  mean 

g r a i n  d i a m e t e r ,  i t  may o c c a s i o n a l l y  reach  a much l a r g e r  s i z e .

A t  one o u t c r o p  o f  th e  Lough Uheelaun m e ta b a s i te  mass i n  th e  Cashe l  

d i s t r i c t ,  ho rn b le n d e  o c c u rs  as m e g a p o i k i l o b l a s t s  o f  up t o  5cm i n  

mean d ia m e te r  and c o n t a i n s  numerous p l a g i o c l a s e  i n c l u s i o n s .



U l t r a m a f i c  m e ta b a s i t e s  o c c u r  l o c a l l y  t h r o u g h o u t  the  f i e l d  a re a ,  

n o t a b l y  i n  the  s o u th e r n  s id e  o f  Cashel  H i l l  and i n  the  area 

around Loughauni l laun t o  the  e a s t .  They a re  mass ive ro c k s  and a re  

composed o f  up t o  90% c h l o r i t i s e d  and e p i d o t i s e d  ho rn b le n d e  and 

b r o n z e - t a r n i s h e d  p y ro x e n e .

Large a reas  o f  agm a t ised  m e ta b a s i t e  o c c u r  i n  the  f i e l d  a rea  

w i t h  i n d i v i d u a l  b lo c k s  up t o  2 m e t res  a c ro s s  and s e p a ra te d  by t h i n  

v e i n s  o f  q u a r t z - r i c h  p e g m a t i t e .  A d ja c e n t  m e tased im en ts  show no 

t r a c e  o f  a g m a t i s a t i o n  and i n d i c a t e  t h a t  t h i s  p ro c e s s  o c c u r re d  

w h i l e  the  m etased im en ts  were hea ted  s u f f i c i e n t l y  so t h a t  t h e y  

c o u ld  de fo rm  i n  a p l a s t i c  manner .

Igneous  band ing  i s  found  i n  th e  m e ta b a s i te  and c o n s i s t s  

o f  l a y e r s  up t o  a me tre  t h i c k ,  g r a d in g  f rom  m a f i c - r i c h  a t  one 

boundary  t o  r e l a t i v e l y  f e l d s p a r - r i c h  a t  the  o t h e r .  However, the  

ig neou s  band ing  i s  l i m i t e d  t o  a few exposu res  o n l y  and many o f  

the  l a r g e r  m e ta b a s i t e  masses i n  the  area  are  d e v o id  o f  any ig neou s  

b a n d in g .

M e ta b a s i te  o c c u r r i n g  as s m a l l  pods (10-A0m i n  l e n g t h )  i n  

the  m e ta s e d im e n t ,  may be e i t h e r  s c h i s t o s e  o r  m a s s iv e .  Very  s m a l l  

l e n s e s  (1-2m i n  l e n g t h )  a re  commonly s c h i s t o s e .  M e t a b a s i t e -  

m e tased im en t  c o n t a c t s  a re  u s u a l l y  c o n c o rd a n t  and a c l e a r  example 

i s  seen on th e  w e s te rn  s lo p e  o f  Cashe l  H i l l  where an e x t r e m e l y  

sharp  c o n t a c t ,  between mass ive  m e ta b a s i t e  and the  a d j a c e n t  

h o r n f e l s e d  r o c k s ,  ru n s  p a r a l l e l  t o  th e  main F2 f o l i a t i o n .

2 . 1 . 2  - P e t r o g r a p h y .

A t y p i c a l  m e ta b a s i t e  has a g r a n o b l a s t i c  t e x t u r e  and 

c o n t a i n s  a n h e d r a l  and s u b e u h e d ra l  am ph ibo les  (AD-65%), 

s a u s s u r i t i s e d  l a b r a d o r i t e  o r  b y t o w n i t e  (30 -50% ) ,  up t o  10% 

q u a r t z  and v a r i a b l e  amounts o f  a c c e s s o ry  opaque o r e ,  a p a t i t e ,  

p r e h n i t i s e d  b i o t i t e ,  e p i d o t e  and c h l o r i t e .

Two t y p e s  o f  am ph ibo le  a re  p r e s e n t  i n  the  m e t a b a s i t e s ,  

one o f  them be ing  a brown to  da rk  green ho rn b le n d e  wh ich  i s  

commonly p o i k i l i t i c  and the  o t h e r  a c o l o u r l e s s  t o  b r i g h t  green 

a c t i n o l i t e .  The h o r n b le n d e ,  i n  e x c e p t i o n a l  c i r c u m s ta n c e s ,  oc c u rs  

as g r a i n s  up t o  Acm a c r o s s ,  f o r  example i n  p a r t s  o f  the  Lough 

Wheelaun i n t r u s i o n ,  Cashel  d i s t r i c t ,  b u t  i s  u s u a l l y  between 

0 .3 -1cm  i n  mean g r a i n  d i a m e t e r .  P o i k i l i t i c  v a r i e t i e s  o f  the 

ho rn b le n d e  e n c lo s e  s m a l l  sube uhed ra l  p l a g i o c l a s e  and f ragm en ted



e u h e d r a l  opaque g r a i n s ,  and the  p r o p o r t i o n  o f  i n c l u s i o n s  may be 

as h ig h  as 65%. The a c t i n o l i t e  o c c u rs  m a in l y  as a g g re g a te s  o f  

s m a l l  (1mm mean d i a m e te r )  a n h e d r a l  g r a i n s  a s o c i a t e d  w i t h  q u a r t z  

and f r a g m e n ts  of- opaque o r e .  Both t y p e s  o f  am ph ibo le  tend  tD be 

v a r i a b l y  c h l o r i t i s e d .  R e p r e s e n t a t i v e  m ic ro p ro b e  a n a ly s e s  o f  bo th  

the  h o rn b le n d e  and th e  a c t i n o l i t e  a re  l i s t e d  i n  Tab le  2 . 1 .

P l a g i o c l a s e  o c c u rs  as s u b e u h e d ra l  g r a i n s ,  c □ . 2 - 0 . 5cm 

i n  mean d i a m e t e r ,  and i s  m a in l y  l a b r a d o r i t e ,  a l t h o u g h  b y t o w n i t e  

does o c c u r , e s p e c i a l l y  i n  the  u l t r a b a s i c  r o c k s .  U n a l t e r e d  g r a i n s  

o f  p l a g i o c l a s e  show e x c e l l e n t  C a r l s b a d - R l b i t e  t w i n n i n g ,  b u t  

these  a re  s ca rce  as the  f e l d s p a r  i s ,  i n  most cases ,  s t r o n g l y  

decomposed t o  s a u s s u r i t e  and e p i d o t e .

Q u a r tz  o c c u rs  m a in l y  i n  c u s p a te -e d g e d  a g g re g a te s ,  up to  

0.3mm i n  l e n g t h ,  o f  s t r o n g l y  s u t u r e d  g r a i n s  and s u b - g r a i n s ,  and 

e x h i b i t s  s t r a i n e d  e x t i n c t i o n .  E lsewhere  q u a r t z  i s  p r e s e n t  as 

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

The opaque o re  oc c u rs  as f r a g m e n ts ,  p resum ab ly  fo rmed i n  th e  D3 

d e f o r m a t i o n ,  o f  o r i g i n a l l y  e u h e d ra l  and s u b e u h e d ra l  g r a i n s  e i t h e r  

a t  i n t e r s t i t i a l  l o c a t i o n s  i n  the  r o c k  o r  as a common i n c l u s i o n  i n  

bo th  t y p e s  o f  a m p h ib o le .  In  p o l i s h e d  s e c t i o n s ,  v iewed w i t h  

r e f l e c t e d  l i g h t ,  the  ore  f ra g m e n ts  d i s p l a y  an i n t r i c a t e  

m i c r o s t r u c t u r e ,  wh ich  p roves  t o  be, f rom  m ic ro p ro b e  a n a l y s i s ,  

an i n t e r g r o w t h  o f  a manganese b e a r i n g  t i t a n o m a g n e t i t e  w i t h  i l m e n i t e  

and d i s c r e t e  p a tc h e s  o f  sphene.  The l a t t e r  phase i s  p r o b a b l y  a 

metamorph ic  component fo rmed by the  r e a c t i o n  o f  i l m e n i t e  w i t h  

c a l c iu m  r e le a s e d  i n  the  s a u s s u r i t i s a t i o n  o f  the  p l a g i o c l a s e .

B i o t i t e  may o c c u r  as a re p la c e m e n t  o f  h o rn b le n d e  and i s  i n v a r i a b l y  

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

o f t e n  deve loped  a long  i t s  c l e a v a g e .

A l th o u g h  most o f  the  b a s i c  r o c k s  con fo rm  c l o s e l y  t o  the  

above d e s c r i p t i o n ,  a few c o n t a i n  rem a ins  o f  h y p e rs th e n e  o r  a u g i t e ,  

o r  bo th  ( e g .  BK1D2 and BK138),  and i n  thes e  ro c k s  th e  r e l a t i o n s h i p s  

between the  p r im a r y  ig neou s  m in e r a l s  and th e  seconda ry  m etamorph ic  

assemblage can be e l u c i d a t e d .  BK138 i s  a f i n e  g r a in e d  m e t a b a s i t e ,  

h av ing  a maximum g r a i n  s i z e  o f  o n l y  2mm. I t  i s  composed o f  31% 

b y t o w n i t e ,  26% p n i k i l o b l a s t i c  g reen -b row n  h o r n b le n d e ,  20%

p a le  green a u g i t e ,  12% opaque o r e ,  6% s e v e r e l y  c o r ro d e d  h y p e rs th e n e ,  

and 5% q u a r t z  and a c t i n o l i t e .



The p o i k i l o b l a s t i c  h o rn b le n d e  c o n t a i n s  m a in l y  h y p e rs th e n e  

i n c l u s i o n s  and i t  i s  o b v i o u s l y  r e p l a c i n g  th e  o r th o p y r o x e n e  wh ich  

i s  e x t r e m e l y  c o r r o d e d .  The ho rn b le n d e  c o n t a i n s  o t h e r  i n c l u s i o n s  

o f  s u b e u h e d ra l  a u g i t e  and b y t o w n i t e  and a l s o  q u a r t z  b l e b s .  I t  

appears  t h a t  i n  t h i s  r o c k  the  h o rn b le n d e  i s  p a r t  o f  the  seconda ry  

m etamorph ic  assemblage .  T h i s  v iew  i s  c o n s i s t e n t  w i t h  the  

c o n c l u s i o n  t h a t  the  f i n e  g r a in e d  n a t u r e  o f  sample BK138, w i t h  

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

upon i n t r u s i o n ,  a p ro c e s s  wh ich  would  have a l l o w e d  l i t t l e  t im e  

f o r  c o r r o s i o n  and th e  r e p la c e m e n t  o f  o r th o p y r o x e n e  c r y s t a l s  by 

h o r n b le n d e ,  b e f o r e  s u b s o l i d u s  c o n d i t i o n s  s e t  i n .

A l th o u g h  th e  a u g i t e  ( a n a l y s i s  i n  Append ix  2) i n  sample BH138 

i s  r e m a rk a b ly  f r e s h ,  a few g r a i n s  show some a l t e r a t i o n  t o  a 

complex o f  a c t i n o l i t e  s tudded  w i t h  q u a r t z  b l e b s .

T i t a n o m a g n e t i t e  makes up c.65% o f  the  o re  g r a i n s  i n  t h i s  

r o c k  w i t h  b road  e x s o l u t i o n  l a m e l l a e  o f  i l m e n i t e  (33%) and a few 

p a tc h e s  o f  sphene (2%), the  re m a in d e r  ( a n a l y s e s  i n  Append ix  2 ) .  A 

r e c a l c u l a t e d  p r e - e x s o l u t i o n  c o m p o s i t i o n  f o r  the  whole  ore  c o n t a i n s  

c.AQ% u l v o s p i n e l .  The i l m e n i t e - t i t a n o m a g n e t i t e  geo the rm om ete r  o f  

Budd ing ton  and L i n d s l e y  (196A ) ,  however ,  g i v e s  a te m p e ra tu r e  o f  

o n l y  5AB°C, i n d i c a t i n g  t h a t  a l t h o u g h  some e x s o l u t i o n  o f  th e  ore 

had p r o b a b l y  o c c u r r e d  d u r i n g  s o l i d i f i c a t i o n  and c o o l i n g  o f  the  

b a s i c  magma, u nm ix ing  o f  the  ore  components proceeded a lm o s t  t o  

c o m p le t i o n  d u r i n g  subsequen t  a m p h i b o l i t e  f a c i e s  metamorph ism.

Sample BK102 i s  a medium g r a in e d  m e ta b a s i t e  (max. g r a i n  

d ia m e te r  3-Amm), and c o n t a i n s  25% c a l c i c  b y t o w n i t e ,  Angg , 20% 

p o i k i l o b l a s t i c  h o r n b le n d e ,  18% h y p e r s t h e n e ,  ^ n ^ g ,  15% a c t i n o l i t e  

and q u a r t z ,  and 8% a u g i t e .  A l l  o f  t h e  t e x t u r a l  r e l a t i o n s h i p s  

d e s c r i b e d  p r e v i o u s l y ,  f o r  sample BK138, a re  t r u e  o f  sample BK102 

b u t  th e  c o a r s e r  g r a i n  s i z e  o f  the  l a t t e r  e n a b le s  a more d e t a i l e d  

e x a m in a t io n  o f  the  r e a c t i o n - r e l a t i o n s h i p s  i n v o l v e d  between the  

ig n e o u s  and m etamorph ic  m in e r a l  assem b lages .

In  BK1D2, c o r ro d e d  c o re s  o f  h y p e rs th e n e  e n c lo s e d  i n  

p o i k i l o b l a s t i c  h o rn b le n d e  a re  s u r ro unde d  by a c o l o u r l e s s  r e a c t i o n  

r im  wh ich  i s  commonly 1DD to  30 m ic ro n s  w id e .  A m ic ro p ro b e  t r a v e r s e  

( a n a l y s i s  i n t e r v a l  = 20 m ic r o n s )  f rom  the  m arg in  o f  a h y p e rs th e n e  

co re  a c ro s s  such a r e a c t i o n  zone i n t o  the  a d j a c e n t  h o rn b le n d e  i s  

l i s t e d  i n  Tab le  2 .1  and shows t h a t  p o i n t s  i n  the  r e a c t i o n  r im  

a re  t r a n s i t i o n a l ,  i n  c o m p o s i t i o n ,  t o  the  o r t h o p y r o x e n e  and
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h o r n b le n d e .  The v a r i a t i o n s  i n  the  c o n c e n t r a t i o n  o f  the  i n d i v i d u a l  

o x id e s  a c ro s s  the  zone p r o v i d e  i n f o r m a t i o n  on th e  r e l a t i v e  

m o b i l i t i e s  o f  the  m a jo r  e lem en ts  i n  a m p h i b o l i t e  f a c i e s  metamorph ism.

I t  must be emphasised t h a t  the  c o n v e r s i o n  o f  py roxene  to  

am ph ibo le  i s  p r i m a r i l y  a h y d r a t i o n  r e a c t i o n  and t h a t  a p r o g r e s s i v e  

decrease  i n  the  a n a l y s i s  t o t a l  uas obse rved  a lo n g  th e  t r a v e r s e ,  

t o u a r d s  th e  h o r n b le n d e ,  c o r re s p o n d in g  t o  an i n c r e a s e  i n  the  

v o l a t i l e  component .  Houever ,  s in c e  the  changes i n  b u l k  c o m p o s i t i o n  

a c ro s s  the  r e a c t i o n  zone are  n o t  s im p l y  a d i l u t i o n  e f f e c t ,  a l l  

a n a ly s e s  have been r e c a l c u l a t e d  t o  an anhydrous  100% ( a p p r o x . )  

t o  a l l o u  f o r  d i r e c t  compar ison  o f  o x id e  c o n c e n t r a t i o n s .

The m a jo r  d i f f e r e n c e  betueen the  h y p e rs th e n e  and th e  f i r s t  

p o i n t  i n  th e  r e a c t i o n  r im  (RR1 i n  Tab le  2 . 1 ) i s  t h e  l a r g e  i n c r e a s e  

i n  SiD^ r e l a t i v e  to  the  o t h e r  m a jo r  o x i d e s ,  u i t h  bo th  tFeD and 

MgD d e c r e a s in g .  T h i s  i s  i n  c o n t r a s t  u i t h  the  o v e r a l l  r e a c t i o n  o f  

o r t h o p y r o x e n e  t o  h o rn b le n d e  u h i c h  p roduces  s i l i c a  as a b y - p r o d u c t *

The b u i l d - u p  o f  SiO^ a d j a c e n t  t o  the  h y p e rs th e n e  . u i l l ,  t h e r e f o r e ,  

i n h i b i t  th e  o v e r a l l  r e a c t i o n  and the  d i s s o l u t i o n  o f  SiO^ auay 

f rom  the  r e a c t i o n  zone u i l l  be the  r a t e  d e t e r m i n i n g  s te p .T h e  t r e n d  

o f  i n c r e a s i n g  SiD^ i s  a b r u p t l y  r e v e r s e d  f u r t h e r  auay f rom  the  

h y p e rs th e n e  a t  the  p o i n t  RR2, a l t h o u g h  th e  d e p l e t i o n  o f  tFeO and 

MgD c o n t i n u e s ,  u i t h  tFeD r a p - i d l y  r e a c h in g  a s te a d y  s t a t e  

c o n c e n t r a t i o n .  The r a t e  o f  d i s s o l u t i o n  o f  Fe f rom  the  r e a c t i o n  

zone i s  much g r e a t e r  than  t h a t  o f  Mg, and t h i s  i s  p r o b a b l y  due 

t o  th e  a b i l i t y  o f  Fe t o  c o n v e r t  t o  th e  3+ s t a t e ,  and p resum ab ly  

i n c r e a s e  i t s  s o l u b i l i t y ,  i f  o x i d i s i n g  c o n d i t i o n s  p r e v a i l .  The 

decrease  i n  S iD^ ,  tFeD and MgD, a c ro s s  th e  r e a c t i o n  zone (RR2-RRA),  

i s  compensated by an i n c r e a s e  i n  A l ^ D ^ ,  CaD and t o  a l e s s e r  e x t e n t  

T iD ^ ,  IMa^D and K^O. Ca r a p i d l y  reaches  a s te a d y  s t a t e  v a lu e  and 

t h e r e f o r e  has a g r e a t e r  m o b i l i t y  than  A1 , u h ic h  i n c r e a s e s  o n l y  

s t e a d i l y  a c ro s s  the  r e a c t i o n  zone .

A c l o s e r  e x a m in a t io n  o f  the  a d j a c e n t  h o rn b le n d e  r e v e a l s  

the  p resence  o f  many s m a l l  ( c .  2D m ic ro n s  mean d i a m e t e r )  a n h e d r a l  

i n c l u s i o n s  o f  q u a r t z  and these  are  o b v i o u s l y  a p r o d u c t  o f  the  

h y d r a t i o n  r e a c t i o n  d e s c r i b e d  above.

A ls o  p r e s e n t  i n  sample BK1D2 a re  l a r g e  ( c .  Amm mean d i a m e te r )  

c l i n o p y r o x e n e  r e l i c t s ,  composed o f  i r r e g u l a r  p a tc h e s  o f  p a le  

green a u g i t e  i n  an a c t i n o l i t e  and q u a r t z  b le b  mass. The a c t i n o l i t e



c l e a r l y  r e p l a c e d  th e  a u g i t e  as i t  s u r ro u n d s  and pseudomorphs 

the  l a t t e r .  However, th e  mechanism o f  t h i s  r e a c t i o n  appears  t o  be 

more complex than  t h a t  o f  the  h y p e r s t h e n e - h o r n b le n d e  r e a c t i o n .  I t  

i s  seen f ro m  m ic ro p ro b e  a n a ly s e s  o f  t h e  a u g i t e  and a d j a c e n t  

a c t i n o l i t e  ( i n  Tab le  2 . 1 ) t h a t  bo th  m i n e r a l s  have a p p r o x im a t e l y  

th e  same SiO^ c o n t e n t .  T h e r e f o r e ,  i n  o r d e r  t o  e x p l a i n  th e  p resence  

o f  q u a r t z  b l e b s  i n  th e  a c t i n o l i t e ,  i t  i s  n e c e s s a ry  t o  have had a 

S i  d e f i c i e n c y  a t  some s tage  i n  the  r e a c t i o n ,  p ro m o t in g  a S i  i n f l u x  

f rom  the  r e s t  o f  the  r o c k .  The s low  r a t e  o f  d i s p e r s i o n  o f  S i  f rom  

th e  im m ed ia te  r e a c t i o n  zone,  as n o te d  i n  the  p re c e d in g  d i s c u s s i o n  

o f  th e  h y p e rs th e n e -h o rn b le n d e  r e a c t i o n ,  may w e l l  have gen e ra te d  

t h i s  S i  d e f i c i e n c y  i n  o u t e r  p a r t s  o f  th e  zone .

The s p o r a d i c  mode o f  o c c u r re n c e  o f  t h e  q u a r t z ,  as b le b s  

i n  am ph ibo le  and as s m a l l  c us pa te -ed ged  s e g r e g a t i o n s ,  i n  sample 

BK1D2 i s  t y p i c a l  o f  a l l  the  sampled m e t a b a s i t e s .  I t  i s  c onc lude d  

f rom  th e  p r e v i o u s  d i s c u s s i o n ,  t h e r e f o r e ,  t h a t  the  q u a r t z  and 

am ph ibo le  p r e s e n t  i n  these  r o c k s  i s  m e tam orph ic  i n  o r i g i n  and 

was p roduced  f rom  th e  h y d r a t i o n  o f  t h e  o r i g i n a l  ig neou s  p y ro x e n e s ,  

p resum ab ly  a t  a m p h i b o l i t e  f a c i e s  t e m p e r a t u r e s .

2 .2  D r t h o q n e i s s e s .

The o r t h o g n e i s s e s ,  p r e v i o u s l y  d e s c r i b e d  by Leake (1 9 7 0 a ) ,  

a re  a group o f  f o l i a t e d  igneous  r o c k s ,  w h ic h ,  d u r i n g  the  D3 

d e f o r m a t i o n a l  e p is o d e ,  were i n t r u d e d  i n t o  and t h ro u g h  the  Cashe l  

m e tased im en ts  and t h e i r  a s s o c ia t e d  b a s i c  and u l t r a b a s i c  i n t r u s i o n s .

2 . 2 . 1  F i e l d  R e l a t i o n s .

A t  p r e s e n t  e r o s io n  l e v e l s ,  t h e  o r t h o g n e i s s e s  c o n s t i t u t e  

some 35% o f  th e  i n t r u s i v e  complex and,  v iewed as a w ho le ,  d i s p l a y  

a w ide range i n  appearance and m in e r a l o g y .  They a re  coa rse  g r a in e d  

ro c k s  w i t h  a rough w e a th e r in g  s u r f a c e  wh ich  has a moderate  t o  

weak F3 f o l i a t i o n ,  due t o  the  a l i g n m e n t  o f  f o l i a  o f  q u a r t z  w i t h  

f e l d s p a r .  A l th o u g h  th e y  are  m a in l y  l e u c o c r a t i c  r o c k s ,  m e l a n o c r a t i c  

o r t h o g n e i s s  does o c c u r ,  n o t a b l y  i n  th e  G l i n s k  d i s t r i c t ,  and may 

have up t o  A5% m a f i c  c o n t e n t .  The m e l a n o c r a t i c  v a r i e t i e s  c o n t a i n  

h o rn b le n d e  and p l a g i o c l a s e  i n  r o u g h l y  e q u a l  p r o p o r t i o n s ,  and a re  

d i s t i n g u i s h e d  i n  the  f i e l d  f rom  coarse  g r a in e d  m e ta b a s i t e s  by t h e i r  

s i g n i f i c a n t l y  g r e a t e r  q u a r t z  c o n t e n t .  However,  as the  o r t h o g n e i s s  

becomes more l e u c o c r a t i c ,  i e .  th e  q u a r t z  p l u s  p l a g i o c l a s e  p r o p o r t i o n



i n c r e a s e s  t c  a p p r c x .  75%, b i c t i t e  supe rsedes  ho rn b le n d e  as the  

commoner m a f i c  phase .  The most l e u c o c r a t i c  r o c k s  c o n t a i n  l a r g e  

( c .  2 mm max. g r a i n  d i a m e te r )  p h e n o c r y s t s  o f  p o tas h  f e l d s p a r .

These k f - b e a r i n g  g r a n i t i c  g n e i s s e s ,  however ,  com pr ise  o n l y  a 

s m a l l  ( c .  1CI%) p r o p o r t i o n  o f  the  o r t h o g n e i s s e s  and o u t c r o p  ove r  

a reas  u s u a l l y  l e s s  than  sq.km.-  They possess  the  weakest  

f o l i a t i o n  o f  the  o r t h o g n e i s s e s  and r e p r e s e n t  the  l a s t  s tages  o f  

th e  i n t r u s i o n  o f  the  o r t h o g n e i s s  magma.

The t o n a l i t i c  o r t h o g n e i s s  mass t h a t  ru n s  f rom  Lough-  

aunemlagh ,  i n  the  n o r t h - w e s t  o f  the  Cashe l  d i s t r i c t ,  t o  the  

s o u t h - w e s te r n  f l a n k  o f  Shannavara m oun ta in  ( F i g .  1 . 2 ) ,  i s  

a t y p i c a l  o f  the  t o n a l i t i c  o r t h o g n e i s s  group i n  t h a t  i t  i s  k f - r i c h  

and c o n t a i n s  many s m a l l  ( 2-3m i n  l e n g t h )  h o r n b le n d e - b e a r i n g  

a p l i t e  v e i n s .  The a p l i t e  v e i n s  are  e n t i r e l y  c o n f i n e d  t o  t h i s  

p a r t i c u l a r  o r t h o g n e i s s  mass and a re  c l e a r l y  s e g r e g a t i o n s  o f  the  

l a t e  s tage  m e l t  r e s id u u m .  The o v e r a l l  k f - r i c h  n a t u r e  o f  t h i s  

o r t h o g n e i s s  may i n d i c a t e  t h a t  th e  p r e s e n t  e r o s io n  l e v e l  exposes 

th e  topm os t  p a r t s  o f  th e  i n t r u s i o n ,  w h ich  are  e n r i c h e d  i n  l a t e  

s ta g e  r e s i d u a l  m e l t .

A l th o u g h  showing a wide range i n  appearance i 3v e r  the  

whole  i n t r u s i v e -  com plex ,  the  o r t h o g n e i s s e s  a re  u s u a l l y  homogeneous 

i n  any one a rea  o f  o u t c r o p  (-£• t o  1 sq .km )  i n d i c a t i n g  t h a t  t h e y  

a re  composed o f  s e v e r a l ,  i f  n o t  many, medium s i z e d  i n t r u s i o n s .

Mapped by Leake ( 1 9 7 0 a ) ,  and S e n io r  ( 1 9 7 3 ) ,  th e  main o r t h o g n e i s s  

masses are  e lo n g a te d  p a r a l l e l  t o  the  l e n g t h  o f  th e  i n t r u s i v e  

complex and e n c lo s e  a reas  o f  p a r a g n e is s  and m e t a b a s i t e .

F o l i a t e d  x e n o l i t h s  o f  bo th  p a r a g n e i s s  and m e ta b a s i t e ,  

w i t h  o c c a s i o n a l  F3 f o l d s  p re s e rv e d  i n  th e  f o r m e r ,  o c c u r  i n  the  

o r t h o g n e i s s  i n d i c a t i n g  t h a t  i t  was i n t r u d e d  d u r i n g  th e  D3 d e f o r m a t i o n .

2 . 2 . 2  P e t r o g r a p h y .

In  t h i s  s t u d y ,  th e  o r t h o g n e i s s e s  w i l l  be s u b d i v i d e d  and 

named a c c o r d i n g  to  th e  QAPF c l a s s i f i c a t i o n  p roposed  by the  IUGS 

Subcommision on the  S y s te m a t i c s  o f  Igneous  Rocks ( S t r e k e i s e n ,  1976 ) .

Modal e s t im a t e s  were c a l c u l a t e d  f o r  the  o r t h o g n e i s s e s ,  

f rom  t h e i r  c hem ica l  a n a ly s e s  (A ppe nd ix  1 ) ,  u s in g  a l e a s t  squares  

f i t t i n g  computer  p rogram ,  XTLFRAC ( S to rm e r  and N i c h o l l s ,  197B).

□ n l y  m ic ro p ro b e  a n a ly s e s  o f  the  e s s e n t i a l  m in e r a l  phases o f  each



r o c k  were used i n  the  modal c a l c u l a t i o n s .  I f  th e  e s s e n t i a l  phases 

o f  a r o c k  had n o t  been a n a ly s e d ,  t h e i r  c o m p o s i t i o n s  were s i m u l a t e d ,  

i n  t h e  c a l c u l a t i o n s ,  by the  c o m b in a t io n  o f  end-member m in e r a l s ;  

f o r  example ,  a l b i t e  and a n o r t h i t e  a n a ly s e s  were combined t o  

s im u l a t e  p l a g i o c l a s e .  The s i m u l a t i o n  o f  ho rn b le n d e  c o m p o s i t i o n s  

p roved  much more d i f f i c u l t  because o f  the  c o m p le x i t y  o f  s o l i d  

s o l u t i o n  i n  the  am ph ibo le  sys tem .  E v e n t u a l l y  a compromise was 

d e c id e d  upon whereby two h y p o t h e t i c a l  ho rnb lend e  1end-members1 

were s e l e c t e d  f o r  the  c a l c u l a t i o n s .  These are p l o t t e d  i n  the  m a jo r  

o x id e  v e rs u s  SiO^ v a r i a t i o n  d iagrams o f  F i g .  2 . 1 a , b  t o g e t h e r  w i t h  

the  h o rn b le n d e s  (and a c t i n o l i t e s )  a na ly s ed  i n  t h i s  s t u d y  ( s e e ,  a l s o ,  

t h e i r  p l o t t e d  p o s i t i o n  i n  the  CMAS sys tem,  F i g .  3 . 1 D a , b ) .

T h i s  method o f  c a l c u l a t i n g  th e  mode o f  a r o c k  makes the  

assum pt ion  t h a t  a l l  changes t o  i t s  p r im a r y  assemblages ,  i e .  the  

g row th  o f  s econ da ry  a c c e s s o ry  m i n e r a l s  by the  p a r t i a l  d e c o m p o s i t io n  

o f  th e  p r im a r y  e s s e n t i a l  ones,  o c c u r  i n  a n e a r l y - c l o s e d  system 

and t h a t  th e  ro c k  undergoes an i s o c h e m ic a l  change a p a r t  f rom  i t s  

H^O c o n t e n t  (H^D was n o t  used i n  the  c a l c u l a t i o n s ,  a l l  r o c k s  and 

phases were r e c a l c u l a t e d  t o  an anhydrous  100%). A l th o u g h  t h e r e  

are  d i f f i c u l t i e s  i n  m o d e l l i n g  p r e c i s e l y  the  c h e m is t r y  o f  m in e r a l  

phases ,  n o n e th e le s s  t h i s  method o f  c a l c u l a t i n g  a mode uses a 

r e a l  and p r e c i s e  c h a r a c t e r i s t i c  o f  the  r o c k ,  i t s  c h e m ic a l  a n a l y s i s ,  

as i t s  s t a r t i n g  p o i n t  and so i n  the  case o f  a coa rse  g r a in e d  

gn e is s o s e  igneou s  r o c k ,  i t  i s  an a l t e r n a t i v e  t o  p o i n t - c o u n t i n g  

t h i n  s e c t i o n s ,  w h ic h ,  may be u n r e p r e s e n t a t i v e  o f  th e  b u l k  modal 

m in e r a l o g y  o f  t h a t  r o c k .

The modal e s t im a t e s  were used t o  c a l c u l a t e  th e  QAP 

c o o r d i n a t e s  (see F i g .  2 . 2 ,  f o r  e x p l a n a t i o n  and Append ix  1 , 

f o r  l i s t i n g  o f  the  Q%, AF%, PLAG% - v a l u e s ) .  The r e l e v a n t  p o r t i o n  

o f  the  QAP d iag ram  w i t h  the  o r t h o g n e i s s e s  p l o t t e d  i n  i t ,  i s  shown 

i n  F i g .  2 . 2 •  The o r t h o g n e i s s e s  span the  range t o n a l i t e ,  g r a n o d i o r i t e  

and g r a n i t e  (N .B .  3 r o c k s  j u s t  f a l l  i n t o  the  q u a r t z  d i o r i t e  f i e l d ,  

b u t  f o r  conven ience  these  are  i n c l u d e d  i n  the  t o n a l i t i c  g r o u p ) .

The g r a n i t i c ,  g r a n o d i o r i t i c  and q u a r t z - r i c h  t o n a l i t i c  o r t h o g n e i s s e s ,  

however ,  p l o t  r e l a t i v e l y  c l o s e r  t o  the  Q apex than  do many 

a n a lo g o u s l y  named ro c k  t y p e s  ( S t r e c k e i s e n  and Le M a i t r e ,  1979, 

f i g s .  3,  A, and 5 ) .  Three samples o f  K f - b e a r i n g  t o n a l i t i c  

o r t h o g n e i s s  a re  a l s o  p l o t t e d  i n  the  QAP d iag ram  and th e y  l i e  o f f  

th e  Q-P j o i n ,  i n  the  d i r e c t i o n  o f  the  A apex.
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Fig. 2.2 M odal Q -A -P  plot (Streckeisen.1976) of the orthogneisses.

3b. -  G ran ites  

4. -  Granodiorites

Q  = quartz 

A = alkali fsp.

P = plagioclase fsp.-  Tonalites

10" -  Q u a r tz  Diorites

60 +- -  Orthogneiss  

©  -  Paragneiss

3b.



For  the  pu rposes  o f  the  d e s c r i p t i o n  o f  p e t r o g r a p h i c  

d e t a i l s ,  the  o r t h o g n e i s s e s  u i l l  be s p l i t  i n t o  t h r e e  main g r o u p s : -

a) m e l a n o c r a t i c  ( q u a r t z - p o o r )  t o n a l i t i c  o r t h o g n e i s s .

b) l e u c o c r a t i c  ( q u a r t z - r i c h )  t o n a l i t i c  o r t h o g n e i s s .

c)  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s .

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

A t y p i c a l  r o c k  has a h y p i d i o m o r p h i c  g r a n u l a r  t e x t u r e  and 

c o n t a i n s  AD-5D% l a b r a d o r i t e ,  An,-^., 2D-AD% b ro u n -g re e n  h o r n b le n d e ,  

10-15% q u a r t z ,  and up t o  k% opaque o re  u i t h  a c c e s s o ry  c h l o r i t e ,  

e p i d o t e  and a p a t i t e .  The l a b r a d o r i t e  o c c u rs  as l a r g e  a n h e d r a l  

g r a i n s  (up t o  6 mm a c r o s s )  and d i s p l a y s  e x c e l l e n t  c a r l s b a d - a l b i t e  

t u i n n i n g  uhere  i t  i s  n o t  s a u s s u r i t i s e d  and s e r i c i t i s e d .  Ho rnb len de  

i s  p r e s e n t  as d i s c r e t e  su b e u h e d ra l  c r y s t a l s ,  up t o  1 cm i n  l e n g t h ,  

u h i c h  are  o f t e n  t u in n e d  and c o n t a i n  o n l y  a f e u  rounded i n c l u s i o n s  

o f  q u a r t z  and opaque o r e .  The ho rn b le n d e  i n  th e  o r t h o g n e i s s e s  

c l e a r l y  c o n t r a s t s  u i t h  t h a t  i n  the  m e t a b a s i t e  r o c k s  and i s  conc lude d  

t o  be igneous  i n  o r i g i n .  Q ua r tz  oc c u rs  m a in l y  as i r r e g u l a r  

m u l t i - g r a i n  masses shou ing  s t r a i n e d  e x t i n c t i o n .  The a n h e d r a l  

opaque ore g r a i n s  have a complex e x s o l v e d  m i c r o s t r u c t u r e  and 

m ic ro p ro b e  a n a ly s e s  r e v e a l  t h a t  t h i s  i n t e r g r o u t h  m osa ic ,  u i t h  

i r r e g u l a r  'd o m a in s '  l e s s  than  1 0  m ic ro n s  a c r o s s ,  c o n s i s t s  o f  

m a g n e t i t e ,  r u t i l e  and sphene.  A r e t r o g r e s s i v e  o r i g i n  i s  sugges te d  

f o r  the  sphene,  i n  u h i c h  s l o u l y  c o o l i n g  t o n a l i t i c  r o c k s ,  h e l d  a t  

e l e v a t e d  t e m p e ra tu r e s  i n  the  r e g i o n a l  m e tam orph ic  reg im e (M3) ,  

ue re  p a r t i a l l y  h y d r a t e d ,  r e l e a s i n g  c a l c i u m  f rom  the  a l t e r a t i o n  o f  

th e  l a b r a d o r i t e  u h i c h  r e a c t s  u i t h  e x s o l v e d  r u t i l e  i n  the  o r e .  The 

o r i g i n a l  o re  uas p resum ab ly  i l m e n i t e .

b) l e u c o c r a t i c  t o n a l i t i c  o r t h o g n e i s s .

These ro c k s  d i f f e r  f rom  the  m e l a n o c r a t i c  t o n a l i t i c  

o r t h o g n e i s s e s  i n  t h a t  t h e y c o n t a i n  l e s s  than  2 0 % o f  a m a f i c  phase,  

u h i c h  i s  e i t h e r  h o r n b le n d e ,  o r  more commonly,  c h l o r i t i s e d  b i o t i t e .  

Where h o rn b le n d e  oc c u rs  i t  i s  i n v a r i a b l y  c o r ro d e d  and su r ro u n d e d  

by b i o t i t e  s h e a fs  and c h l o r i t e .  An des ine ,  f l n ^  and q u a r t z  make



up the  b u l k  o f  th e  ro c k  u i t h  s m a l l  m a f i c  g r a i n s  ( c . 1 mm mean d i a m e te r )  

and e re  f ra g m e n ts  f o r m in g  i n t e r s t i t i a l  s t r i n g e r s  and a g g r e g a t e s .

The a n h e d ra l  ore  g r a i n s  a re  commonly p o l y m i n e r a l i c , c o n t a i n i n g  

l a r g e  a reas  o f  pure  m a g n e t i t e  and o t h e r  a reas  o f  m a g n e t i t e ,  r u t i l e  

and sphene i n t e r g r o u t h .

c)  The q r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s .

The ro c k s  c o n t a i n  25-40% a n d e s in e ,  An, 25-35% q u a r t z .
AO-4 6 ’ 9

10-30% p h e n o c r y s t i c  m i c r o c l i n e ,  up t o  15% c h l o r i t i s e d  b i o t i t e

and m a g n e t i t e  f r a g m e n ts ,  and a c c e s s o ry  z i r c o n ,  common e p i d o t e

and a l l a n i t e .  These ro c k s  mark the  s t a b i l i s a t i o n  o f  po tash  f e l d s p a r

as an e s s e n t i a l  phase i n  the  o r t h o g n e i s s  s e r i e s .

The t e x t u r e  i s  xenomarph ic  g r a n u l a r ,  u i t h  g r a i n s  shou ing  

s l i g h t  t o  moderate a l i g n m e n t  i n  the  ueak F3 Fol ia t ion . The 

g r a i n  s i z e  i s  g e n e r a l l y  coa rse  u i t h  the  m i c r o c l i n e  p h e n o c r y s ts  

r a n g in g  up to  a maximum d ia m e te r  o f  c . 2 cm and m a t r i x  g r a i n s ,  

a mean d ia m e te r  o f  4mm.

The a n d e s in e ,  an u n u s u a l l y  c a l c i c  p l a g i o c l a s e  f o r  g r a n i t i c  

r o c k s ,  i s  s t r o n g l y  s a u s s u r i t i s e d  and c o r ro d e d  and o c c u rs  as 

a n h e d ra l  g r a i n s  and a l s o  s k e l e t a l  r e l i c s  i n  l a r g e  m i c r o c l i n e  

g r a i n s  and q u a r t z  f o l i a .

Quar tz  f o l i a  and masses, o f t e n  c o n t a i n i n g  s m a l l  g r a i n s  

o f  m i c r o c l i n e  and c o r ro d e d  a n d e s in e ,  a re  composed o f  numerous 

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

The s u b - g r a i n s  are  e s p e c i a l l y  s m a l l  ( c . 1 0 0  m ic r o n s )  and i r r e g u l a r l y  

shaped i n  n a r r o u  q u a r t z  f o l i a  e x t e n d in g  betueen l a r g e  f e l d s p a r  

g r a i n s ,  and a re  i n t e r s p e r s e d  u i t h  the  f ra g m e n te d  m a rg ins  o f  th e  

f e l d s p a r s .  T h is  i n d i c a t e s  t h a t  u h i l e  th e  q u a r t z  s im p l y  

r e c r y s t a l l i s e d  d u r i n g  the  f o r m a t i o n  o f  th e  F3 f o l i a t i o n ,  the  

f e l d s p a r  behaved i n  a r a t h e r  more b r i t t l e  f a s h i o n .

The a n h e d ra l  m i c r o c l i n e  p h e n o c r y s t s  and m a t r i x  g r a i n s  

are  commonly t u i n n e d  and c o n t a i n  g r a p h i c  e x s o l u t i o n  l a m e l l a e  

and b le b s  o f  q u a r t z  as u e l l  as co res  o f  a n d e s in e .  The b o u n d a r ie s  

be tueen q u a r t z  and m i c r o c l i n e  g r a i n s  are  i r r e g u l a r  and t h i s  f a c t ,  

t o g e t h e r  u i t h  the  e v idence  o f  g r a p h i c  i n t e r g r o u t h  o f  q u a r t z  i n  

m i c r o c l i n e , sugg es ts  t h a t  the  tuo  phases c r y s t a l l i s e d  s i m u l t a n e o u s l y .

Th in  i n t e r s t i t i a l  c l o t s  and s t r i n g e r s  o f  v a r i a b l y  

c h l o r i t i s e d  and p r e h n i t i s e d  b i o t i t e  o c c u r  t h r o u g h o u t ,  t o g e t h e r



u i t h  f ra g m e n ts  o f  m a g n e t i t e .

L i g h t  broun c o lo u r e d  b i p y r a m i d a l  z i r c o n s  a re  a l s o  p r e s e n t ,  

as a re  da rk  broun a l l a n i t e  g r a i n s  (up t o  1 cm i n  l e n g t h ) ,  a l t h o u g h  

the  l a t t e r  a re  much l e s s  common.

2 .3  P a ra g n e i s s e s .

I t  i s  c l e a r  f rom  f i e l d  ev id e n c e  t h a t  the  p a ra g n e is s e s  are  

m e tased im en ts  t h a t  have undergone a h i g h  te m p e ra tu r e  p a r t i a l  

m e l t i n g  e v e n t ,  u h i c h  uas c o i n c i d e n t  u i t h  the  i n t r u s i o n  o f  the  

o r t h o g n e i s s e s .  They c o n s i s t  o f  a l e u c o g n e i s s i c  m o b i l i s a t e ,  

u h i c h  com pr ises  up t o  c.75% o f  t h e i r  b u l k ,  and v a r i o u s  

r e f r a c t o r y  r o c k  t y p e s  o c c u r r i n g  as x e n o l i t h s  i n  t h i s  l e u c o g n e i s s .

2 . 3 . 1  F i e l d  R e l a t i o n s .

A l th o u g h  the  p a r a g n e is s e s  a re  th e  most common ro c k s  o f  

the  s y n t e c t o n i c  i n t r u s i v e  complex t h e y  ex tend  o n l y  a s h o r t  

d i s t a n c e  « £ k m )  n o r t h  o f  i t  b e fo r e  g r a d in g  i n t o  s i l l i m a n i t e -  

b i o t i t e - s c h i s t s .  There i s ,  t h e r e f o r e ,  a c l o s e  s p a t i a l  c o r r e l a t i o n  

be tueen the  i n t r u s i v e  complex and the  p a r a g n e i s s e s .  They o c c u r  

most s p e c t a c u l a r l y  i n  th e  c e n t r a l  p a r t s  o f  th e  Shannavara d i s t r i c t  

( F i g  1 .2) uhere  t h e y  o u t c r o p  ov e r  s e v e r a l  square  k i l o m e t e r s ,  

i n c l u d i n g  the  u ho le  o f  Shannavara m o u n ta in .

In  t h i s  d i s t r i c t ,  the  p a r a g n e is s e s  a re  he te roge neous  

r o c k s  c o n s i s t i n g  o f  a m o b i l i s e d  component o r  m o b i l i s a t e ,  u i t h  

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

q u a r t z i t e  and m e t a b a s i t e .  P l a t e s  1-9 shou th e  range o f  x e n o l i t h  

m o rp h o lo g ie s  and a l s o  h e lp  t o  d e m o n s t ra te  th e  c h a o t i c  appearance 

o f  the  p a r a g n e i s s e s .

The m o b i l i s a t e  i s  a s t r o n g l y  f o l i a t e d ,  medium g r a i n e d ,  

q u a r t z - r i c h  l e u c o g n e is s  u h i c h  i s ,  i n  i t s e l f ,  r e m a rk a b ly  homogeneous 

t h r o u g h o u t  the  u h o le  a r e a .  Houever ,  i t  c o n t a i n s  c o n t r a s t i n g l y  

d i f f e r e n t  p r o p o r t i o n s ,  shapes and s i z e s  o f  x e n o l i t h s  o f  d i f f e r i n g  

l i t h o l o g i e s ,  f rom  one o u t c r o p  t o  the  n e x t ,  and i t  i s  t h i s  f e a t u r e  

u h i c h  makes th e  p a r a g n e is s  so v a r i a b l e  i n  appea rance .

Very  commonly d i s p e r s e d  th ro u g h  the  m o b i l i s a t e  and a l i g n e d  

u i t h  i t s  f o l i a t i o n ,  a re  s m a l l ,  e l l i p s o i d a l ,  s i l l i m a n i t e - b i o t i t e -  

opaque ore melanosomes, u s u a l l y  l e s s  than  6 cm i n  l e n g t h . T h e s e



P l a t e  1.

P l a t e  2.

P l a t e  3 .

T h is  p l a t e  i l l u s t r a t e s  the  g e n e r a l  f e a t u r e s  

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

(unde r  the  hammer) , u h i c h  has a s t r o n g  F3 

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

o f  q u a r t z i t e ( m i d d l e  r i g h t ) ,  s e m i p e l i t e  

(uppe r  c e n t r e  and upper  r i g h t ) ,  and amph ib -  

o l i t e ( l o u e r  l e f t ) .  The a m p h i b o l i t e  i s  

s t r o n g l y  q u a r t z  ve ined . (Ham m er  l e n g t h  20cm)

T h is  p l a t e  shous the  e x t r e m e l y  c h a o t i c  

appearance o f  th e  p a r a g n e i s s .

T h i s  p l a t e  shous the  o c c u r r e n c e  o f  a’ 

rounded q u a r t z i t e  x e n o l i t h  and a s l i g h t l y  

f o l d e d  s e m i p e l i t i c  x e n o l i t h ,  i n  th e  

m o b i l i s a t e . (Hammer l e n g t h  20cm)
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P l a t e  4 .  T h is  p l a t e  shous a complex o u t c r o p  o f  

p a r a g n e i s s ,  i n  u h ic h  s t r o n g l y  f o l i a t e d  

m o b i l i s a t e  c o n t a i n s  many s m a l l  r e l i c t  

s e m i p e l i t i c  x e n o l i t h s  and t h e i r  s i l i c e o u s  

m e l t .  The l a r g e  l i g h t - c o l o u r e d  mass ( l e f t -  

c e n t r e )  r e p r e s e n t s  the  m e l t  enve lop e  u h i c h  

fo rmed around an a g g re ga te  o f  these  

x e n o l i t h s .

P l a t e  5 .  T h i s  p l a t e  shous tuo  s e m i p e l i t i c  x e n o l i t h s  

( c e n t r e )  u h i c h  a re  i n  a m o d e r a te l y  

advanced s t a t e  o f  a s s i m i l a t i o n .  They are  

s u r r o u n d e d  by m e l t i n g  r im s  u h i c h  possess  

" t a i l - l i k e "  e x t e n s i o n s  a t  one end o f  the  

x e n o l i t h .  These f e a t u r e s  may i n d i c a t e  the  

sense o f  movement o f  the  m o b i l i s a t e  t o  t h a t  

o f  th e  x e n o l i t h . (Hammer l e n g t h  2Dcm)

P l a t e  6 . T h i s  p l a t e  shous s e c t i o n s  o f  melanosome 

e l l i p s o i d s  u h i c h  are  a l i g n e d  u i t h  t h e i r  

l o n g  axes p a r a l l e l  t o  th e  f o l i a t i o n  i n  

th e  s u r r o u n d in g  m o b i l i s a t e .  The 

melanosomes c o n s i s t  m a in l y  o f  

s i l l i m a n i t e ,  b i o t i t e ,  i l m e n i t e  and 

a n d e s in e •





P l a t e  7 .  T h i s  p l a t e  shows an F3 f o l d  i n  a s t r i p e d  

s e m i p e l i t e  x e n o l i t h . ( H a m m e r  l e n g t h  20cm)

P l a t e  8 .

P l a t e  9.

T h i s  p l a t e  i l l u s t r a t e s  th e  s i l i c e o u s  

n a t u r e  o f  the  m o b i l i s a t e  component o f  the  

p a r a g n e i s s .  The s p e c k le d  appearance o f  the  

m o b i l i s a t e  i s  due to  the  m y r ia d s  o f  q u a r t z  

g r a i n s  wh ich  p r o t r u d e  f rom  th e  s u r f a c e  

a f t e r  p l a g i o c l a s e  has been s e l e c t i v e l y  

wea the red  o u t . ( P e n c i l  l e n g t h  16cm)

T h is  p l a t e  shows a f o l d e d  s i l i c e o u s -  

s e m i p e l i t e  x e n o l i t h  and i t s  m e l t  enve lope  

s u r ro unde d  by s t r o n g l y  f o l i a t e d  m o b i l i s a t e .





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

one metre  a c ro s s  and have a c o n t o r t e d  i n t e r n a l  s t r u c t u r e  made up o f  

s i l l i m a n i t e  k n o t s  and f o l i a ,  w i t h  l o c a l  c o n c e n t r a t i o n s  o f  b i o t i t e  

and opaque o r e .  O c c a s i o n a l l y , l a r g e  r e l i c t  m e g a c ry s ts  o f  c o r d i e r i t e  

, e n t i r e l y  p i n i t i s e d ,  o c c u r  i n  the  l a r g e r  s i l l i m a n i t e  masses.

Large  ( c .  1cm max. d i a m e t e r )  e u h e d r a l  b i o t i t e  p l a t e s  o c c u r  

i n  p a t c h e s ,  up t o  15cm a c r o s s ,  l y i n g  i n  embayments i n  th e  m arg ins  

o f  such r e s i d u a l  masses and i n d i c a t e  t h a t  the  l a t t e r  p r o v id e d  a 

u s e f u l  n u c l e a t i o n  s u r f a c e  as the  m o b i l i s e d  component began to  

s o l i d i f y .

D i s o r i e n t a t e d  psammite and q u a r t z i t e  b l o c k s  a re  e x t r e m e l y

common i n  th e  m o b i l i s a t e  and e x i s t  i n  a l l  s t a t e s  o f  a s s i m i l a t i o n ,

f rom  w e l l  d e f i n e d  r e c t a n g u l a r  o r  rounded b l o c k s  t o  " g h o s t "  x e n o l i t h s .  

S i l i c e o u s  h a lo e s ,  o f t e n  u i t h  a " t a i l - l i k e "  e x t e n s i o n  a t  one end, 

i n v a r i a b l y  s u r ro u n d  t h i s  t y p e  o f  x e n o l i t h  ( P l a t e s  k and 5 ) .  

O c c a s i o n a l l y ,  a g g re g a te s  o f  p s a m m i t i c  and s e m i p e l i t i c  x e n o l i t h s  

o c c u r  enve loped  i n  a c lo u d  o f  s i l i c e o u s  r o c k  ( P l a t e  L ) ,  and i n  these  

i n s t a n c e s  no o t h e r  a l t e r n a t i v e  t o  the  m e l t i n g  e x p l a n a t i o n  can be 

f o r e s e e n .  O b v io u s l y ,  th e  r a t e  o f  m e l t i n g  o f  the  x e n o l i t h s ,  a t  l e a s t  

i n  the  f i n a l  s ta g e s  o f  the  a n a t e c t i c  e v e n t ,  was g r e a t e r  than  the  

r a t e  o f  d i s s i p a t i o n  o f  the  r e s u l t a n t  q u a r t z - r i c h . m e l t  i n t o  the 

s u r r o u n d in g  m e l t .

Large e l l i p s o i d a l  m e ta b a s i t e  x e n o l i t h s ,  up t o  2 m i n  l e n g t h ,  

a l s o  o c c u r  f r e q u e n t l y  i n  the  p a r a g n e is s  b u t  show f e u  f e a t u r e s  

a t t r i b u t a b l e  t o  a s s i m i l a t i o n .  Houever ,  t h e y  are  o f t e n  s i t e s  o f  

p r o m in e n t  q u a r t z  v e i n i n g .

D i s c o u n t i n g  the  m e ta b a s i te  x e n o l i t h s ,  the  e s t im a t e d  degree

o f  p a r t i a l  m e l t i n g  o f  th e  o r i g i n a l  m e ta sed im en ts  i s  as h i g h  as 80%

, i n  p l a c e s .  Such a h ig h  l e v e l  o f  m e l t i n g  o v e r  a u id e  a rea  i s  

s u r p r i s i n g .  Houever ,  th e  l o u  r a t i o  o f  a l u m i n a - r i c h  melanosome to  

m o b i l i s a t e  s u g g e s ts  t h a t  the  o r i g i n a l  m e ta sed im en ts  ue re  p r o b a b l y  

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

In  the  Cashe l  d i s t r i c t  t o  the  u e s t ,  the  melanosome component 

makes up a c o n s i d e r a b l y  g r e a t e r  p r o p o r t i o n  o f  th e  p a r a g n e i s s  and 

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

i n  the  e q u i v a l e n t  r o c k s  to  the  e a s t .  One n o t a b l e  o u t c r o p  l y i n g  -^km 

n o r t h  o f  Goula Lodge, shous g a r n e t  ( c .  2 cm max. d i a m e t e r ) -  

s i l l i m a n i t e - b i o t i t e  pods ,  up t o  5 m e t res  i n  l e n g t h ,  s u r ro unde d  by 

s t r o n g l y  f o l i a t e d  l e u c o g n e i s s .  I t  u o u ld  appear  t h a t  the



o r i g i n a l  metased imen ts  were r a t h e r  more p e l i t i c  here  than i n  th e  

e a s t .

The c o n t a c t s  o f  the  p a ra g n e is s  u i t h  the  t o n a l i t i c  

o r t h o g n e i s s  tend t o  be r e l a t i v e l y  sharp  and can be d i s t i n g u i s h e d  

t o  u i t h i n  2 Dcm u s in g  m i n e r a l o g i c a l  and t e x t u r a l  c r i t e r i a .

Houever ,  the  a d ja c e n t  o r t h o g n e i s s ,  f o r  a d i s t a n c e  o f  up t o  5 t o  

1 0  m e t res  i n  f rom  the  c o n t a c t ,  i s  g e n e r a l l y  a t y p i c a l  o f  t h e  main 

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

and i n  p a r t s  i s  e x t r e m e l y  s i l i c e o u s .  I t  c o n t a i n s  abundant  numbers 

o f  s i l l i m a n i t e  l e n s e s  (up to  6  cm in  l e n g t h )  and a l s o  c o n t a i n s  

x e n o l i t h s  o f  c o r ro d e d  q u a r t z i t e ,  s e m i p e l i t e  and m e t a b a s i t e .  The 

f i e l d  e v idence  f o r  a s s i m i l a t i o n  i s  s t r o n g  u i t h  the  o r t h o g n e i s s  

m a rg in s  c o n t a i n i n g  remnants  o f  a l l  t he  x e n o l i t h s  found  i n  the  

p a r a g n e i s s ,  and t h e r e f o r e  p a r t i a l  m e l t i n g  o f  t h e  p a r a g n e is s  d i d  

o c c u r  i n  a s s o c i a t i o n  u i t h  the  i n t r u s i o n  o f  the  o r t h o g n e i s s  magma. 

I t  seems c l e a r  t h a t  th e  o r t h o g n e i s s  magmas uere  the  h ea t  sou rce  

t h a t  p roduced such h ig h  degree o f  p a r t i a l  m e l t i n g  i n  s e m i p e l i t i c  

m e ta sed im en ts ,  t o  fo rm  the  p a r a g n e i s s e s .  I t  i s  e nv isage d  t h a t  

the  more r e f r a c t o r y  s i l i c e o u s  and p e l i t i c  u n i t s  i n  the  o r i g i n a l  

m e ta s e d im e n ta ry  p i l e ,  ue re  b roken up by the  i n j e c t i o n  o f  a m e l t  

o f  s e m i p e l i t e  o r i g i n  and t h a t  these  c h a o t i c  m e l t - x e n o l i t h  

assemblages m an t led  th e  r i s i n g  t o n a l i t i c  magmas.

Smal l  F3 f o l d s ,  f o l d i n g  around the  main F2 f o l i a t i o n  o f  

the  D a l r a d i a n  m e ta sed im en ts ,  a re  o c c a s i o n a l l y  p re s e r v e d  i n  

x e n o l i t h s  o f  banded s e m i p e l i t e  ( P la t e s 7 & 9  ) .  T h i s  shous t h a t  th e  

a n a t e c t i c  even t  p o s t d a t e s  a t  l e a s t  some o f  the  D3 d e f o r m a t i o n  

even though the  p a r a g n e is s e s  and the  o r t h o g n e i s s e s  have b o th  

taken  up a s t r o n g  F3 f o l i a t i o n .  ,

2 . 3 .  2 P e t r o g r a p h y .

A t y p i c a l  example o f  the  l e u c o g n e i s s i c  m o b i l i s a t e  i s

medium g r a in e d  ( c . 2 mm mean g r a i n  d i a m e te r )  u i t h  a f o l i a t e d

xenomorph ic  g r a n u l a r  t e x t u r e  and has a m in e r a l o g y  c o n s i s t i n g

o f  57% q u a r t z ,  18% o l i g o c l a s e ,  An , 1A% o r t h o c l a s e ,  8 % f r e s h
2 d

to  c h l o r i t i s e d  b i o t i t e ,  3% m u s c o v i t e ,  and a c c e s s o ry  s i l l i m a n i t e  

c l o t s  and a s s o c ia t e d  i l m e n i t e .  The c o n s t i t u e n t  g r a i n s  o f  t h i s  

r o c k  shou s t r o n g  a l i g n m e n t  t o  the  f o l i a t i o n ,  e s p e c i a l l y  th e  q u a r t z  

u h i c h  has e x t e n s i v e l y  r e c r y s t a l l i s e d  i n t o  e l o n g a te  m u l t i - g r a i n  

masses u i t h  each g r a i n  s t r o n g l y  s u tu r e d  i n t o  n e i g h b o u r in g  g r a i n s ,



and a l s o  d i s p l a y i n g  s t r a i n e d  e x t i n c t i o n  under  c ro s s e d  n i c o l s .  The 

f e l d s p a r s ,  bo th  p l a g i o c l a s e  and o r t h o c l a s e ,  show some a l t e r a t i o n ,  

u i t h  the  f o rm e r  be ing  e x t e n s i v e l y  s a u s s u r i t i s e d .  P l a g i o c l a s e ,  

wh ich  m ic ro p ro b e  a n a l y s i s  r e v e a l s  t o  be o l i g o c l a s e  i n  c o m p o s i t i o n ,  

o c c u rs  as s m a l l  ( c . 1 mm mean d i a m e te r )  s u b e uhed ra l  t o  a n h e d r a l  

g r a i n s  o f t e n  d i s p l a y i n g  e x c e l l e n t  f i n e  l a m e l l a r  t w i n n i n g .  O r t h o c l a s e  

i s  p r e s e n t  as l a r g e  ( 2 mm mean d i a m e te r )  u n tu in n e d  a n h e d r a l  g r a i n s  

and m ic ro p ro b e  a n a ly s e s  o f  i t  r e v e a l  an Or component o f  c.81% and 

BaO c o n c e n t r a t i o n s  o f  up t o  0 .3  u t .% .  F r a c t u r e d  f e l d s p a r  g r a i n s  

are  common i n  t h i s  r o c k  e s p e c i a l l y  those  wh ich  a re  s l i g h t l y  

d i s o r i e n t a t e d  u i t h  r e s p e c t  t o  the  f o l i a t i o n .  The m icas  a re  p r e s e n t  

as s m a l l  ( c . 1 mm max. d i a m e te r )  f l a k e s  u i t h  b i o t i t e  much more 

abundant  than m u s c o v i t e .  The b i o t i t e  i s  g e n e r a l l y  v a r i a b l y  a l t e r e d  

t o  c h l o r i t e ,  whereas th e  m u s c o v i te  i s  i n v a r i a b l y  u n a l t e r e d .

Two examples o f  m o b i l i s a t e  are  p l a t t e d  i n  th e  QAP d iag ram  

(F ig .2 .2 )  and t h e y  l i e  on the  q u a r t z - r i c h  s id e  o f  the  Q6 D h o r i z o n t a l ,  

i n  the  f i e l d  o f  q u a r t z - r i c h  g r a n i t o i d s .  Thus th e y  can e a s i l y  be 

d i s t i n g u i s h e d  f rom  the  more a c i d i c  v a r i e t i e s  o f  th e  o r t h o g n e i s s  

wh ich  p l o t  a c ro s s  th e  g r a n i t e  and g r a n o d i o r i t e  f i e l d s .

The a lum ina  r i c h  melanosomes, wh ich o c c u r  i n  the  m o b i l i s a t e ,  

have an e x t r e m e l y  v a r i a b l e  m in e r a l o g y  and c o n t a i n  a m u l t i t u d e  o f  

t e x t u r e s .  F i b r o u s  mats o f  s i l l i m a n i t e  are  u b i q u i t o u s ,  o f t e n  

c o m p r i s i n g  c.5D% o f  th e  melanosome, u i t h  the  s i l l i m a n i t e  n e e d le s  

f o r m in g  s w i r l s  and k n o t s  i n  the  c o n t o r t e d  mass. Long t r a i n s  o f  

i l m e n i t e  f r a g m e n ts ,  i n  the  s i l l i m a n i t e ,  t e s t i f y  t o  s t r o n g  s h e a r i n g  

o f  the  melanosome, as do sheared o u t  l e n s e s  (c.f lmm max. d i a m e t e r )  

o f  p o r p h y r o b l a s t i c  p l a g i o c l a s e .  P l a g i o c l a s e  e x h i b i t s  a w ide range 

o f  c o m p o s i t i o n  i n  these  r o c k s ,  u i t h  g r a i n s  r a n g in g  f rom  A n ^  ~ A n ^  

i n  a s i n g l e  r o c k .  B i o t i t e  i s  p r e s e n t  as l a r g e  (D .5  cm max. d i a m e t e r )  

f l a k e s ,  and i s  o f t e n  s t r o n g l y  decomposed, c o n t a i n i n g  many n e e d le s  

o f  s i l l i m a n i t e  and becoming c o l o u r l e s s  towards  th e  m a rg in s ,  where 

i t  i s  m an t led  by i l m e n i t e .  T h is  a s s o c i a t i o n  p r o b a b l y  r e p r e s e n t s  

a p ro g ra d e  r e a c t i o n  i n  wh ich  b i o t i t e  b reaks  down t o  i l m e n i t e ,  

s i l l i m a n i t e  and a m e l t  component .  Garne t  o c c u rs  as l a r g e  

p o i k i l o b l a s t i c  g r a i n s  (up t o  2 cm i n  d i a m e te r )  u i t h  i n c l u d e d  q u a r t z  

c o m p r i s i n g  up t o  6 B% o f  i t s  v o l u m e . I n  many cases g a r n e t  possesses  

a p o i k i l i t i c  co re  u i t h  an i n c l u s i o n - f r e e  r i m .

Augen, up to  1cm i n  l e n g t h ,  c o n t a i n i n g  a random ly  o r i e n t a t e d



f i n e - g r a i n e d  mosaic  o f  m u s c o v i t e ,  q u a r t z ,  p l a g i o c l a s e  and e u h e d ra l  

i l m e n i t e ,  a l s o  o c c u r  i n  the  f i b r o u s  s i l l i m a n i t e  mat and are  o f t e n  

su r rounded  by a c h l o r i t i c  e n v e lo p e .  These augen may r e p r e s e n t  

s m a l l  p o c k e ts  o f  t r a p p e d  m e l t ,  and the  c h l o r i t i c  enve lope  may be 

due to  the  r e t r o g r e s s i v e  r e a c t i o n  o f  the  melanosome u i t h  H^D 

r e le a s e d  f rom  the  s o l i d i f y i n g  m e l t .

2 . L  C o n c lu s i o n s .

Much o f  the  p r im a r y  m in e r a l  assemblage o f  the  m e ta b a s i t e  

r o c k s  uas e i t h e r  r e p la c e d  o r  m o d i f i e d  d u r i n g  the  M3 a m p h i b o l i t e  

f a c i e s  metamorph ism.  O r i g i n a l  ig neou s  c l i n o -  and o r t h D - p y r o x e n e s  

have been a lm o s t  c o m p le t e l y  r e p la c e d  by a c t i n o l i t e ,  h o rn b le n d e  

and q u a r t z .  U l v o s p i n e l - b e a r i n g  t i t a n o m a g n e t i t e s  r e - e q u i l i b r a t e d  

under  the  metamorph ic  c o n d i t i o n s ,  l e a v i n g  o re  g r a i n s  composed o f  

t i t a n o m a g n e t i t e  u i t h  e x s o l v e d  i l m e n i t e  l a m e l l a e  and sphene p a t c h e s .  

P l a g i o c l a s e  ( b y t o u n i t e - l a b r a d o r i t e )  became e x t e n s i v e l y  

s a u s s u r i t i s e d  and s e r i c i t i s e d .

P r im a r y  ho rn b le n d e  i s  f i r s t  obse rved  i n  the  m e l a n o t o n a l i t i c  

o r t h o g n e i s s e s ,  o c c u r r i n g  as d i s c r e t e  sub e u h e d ra l  g r a i n s  wh ich  a re  

o f t e n  t w in n e d .  Co r roded ,  o r i g i n a l l y  e u h e d ra l  t o  s u b e u h e d ra l ,  

l a b r a d o r i t e  g r a i n s ,  q u a r t z  f o l i a  and p o l y m i n e r a l i c  opaque o re  

g r a i n s  c om pr ise  much o f  the  r e m a in in g  r o c k  b u l k .

The more l e u c o c r a t i c  t o n a l i t i c  o r t h o g n e i s s e s  c o n t a i n  o n l y  

m in o r  amounts o f  h o r n b le n d e ,  and i t s  a l t e r a t i o n  p r o d u c t s ,  b i o t i t e  

and c h l o r i t e ,  and t i t a n o m a g n e t i t e ,  and thes e  m a f i c  phases fo rm  

s in u o u s  i n t e r s t i t i a l  ’ s t r i n g e r s '  between the  f e l s i c  g r a i n s ,  

andes ine  and q u a r t z .

The g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s  a re  composed 

m a in l y  o f  q u a r t z ,  m i c r o c l i n e  and c o r ro d e d  a n d e s in e .  The andes ine  

i s  t h o u g h t  t o  be an e a r l y  c r y s t a l l i s e d ,  h i g h e r  t e m p e ra tu r e  phase,  

r e l a t i v e  t o  th e  q u a r t z  and m i c r o c l i n e ,  because i t  i s  an u n u s u a l l y  

c a l c i c  p l a g i o c l a s e  f o r  g r a n i t i c  r o c k s .

The m e ta b a s i t e  r o c k s  were i n t r u d e d  syn-D2 ( L e a k e , 1970a) and 

d i s r u p t e d  d u r i n g  the  f o l d i n g  o f  the  D a l r a d i a n  S e r i e s  i n  D3. High 

degrees  o f  p a r t i a l  m e l t i n g  o c c u r r e d  i n  the  D a l r a d i a n  m e tased im en ts  

wh ich  m an t led  the  i n t r u d i n g  t o n a l i t i c  o r t h o g n e i s s  magmas. Magma 

i n t r u s i o n  uas synchronous  u i t h  the  D3 d e f o r m a t i o n  and a lm o s t  

c e r t a i n l y  th e  cause o f  th e  M3 metamorph ism.



Chap te r  3.

M a jo r  E lement  G eachem is t ry  o f  the  Rocks o f  th e  I n t r u s i v e  Complex.

The main aim i n  t h i s  c h a p te r  i s  t o  p r e s e n t  th e  m a jo r  e lement  

d i s t r i b u t i o n s  o f  the  whole m e t a b a s i t e - o r t h o g n e i s s  s u i t e ,  f i r s t  o f  

a l l  i n  s im p le  v a r i a t i o n  d iag ram s and then i n  more complex m u l t i -  

component sys tem s ,  w i t h  a v ie w  t o  f o rm in g  p l a u s i b l e  hypo the ses  

p e r t a i n i n g  t o  the  o r i g i n  o f  these  r o c k s  and t o  p r o v i d e  e x p l a n a t i o n s  

f o r  t h e i r  m i n e r a l o g i c a l  and t e x t u r a l  f e a t u r e s .  These hypo the ses  and 

e x p l a n a t i o n s  w i l l  then  be checked f o r  c o m p a t i b i l i t y  w i t h  the  known 

phase r e l a t i o n s  o f  the  c o m p o s i t i o n  j o i n  g a b b r o - t o n a l i t e - g r a n i t e . The 

g e o c h e m is t r y  o f  a few p a r a g n e is s  r o c k s  w i l l  a l s o  be p r e s e n te d  and 

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

o r t h o g n e i s s  r o c k s ,  a l t h o u g h  the  t r e a tm e n t  w i l l  be much l e s s  r i g o r o u s  

because o f  th e  s m a l l  sample p o p u l a t i o n .

In  t h i s  t h e s i s ,  a l l  m a jo r  e lemen t  d a t a ,  f o r  bo th  r o c k s  and 

m i n e r a l s ,  have been r e c a l c u l a t e d  on an anhydrous  b a s i s .  I n f o r m a t i o n  

on the  p r a c t i c a l i t i e s  o f  c h e m ic a l  a n a l y s i s ,  da ta  r e d u c t i o n ,  and 

da ta  p l o t t i n g  c a r r i e d  o u t  d u r i n g  t h i s  r e s e a r c h  i s  g i v e n  i n  

Append ices  1, 2,  and 3.

B e fo re  d i s c u s s i n g  the  geochem ica l  v a r i a t i o n s  o f  t h e  r o c k s ,  a 

check w i l l  f i r s t  be made t o  see whe the r  th e  modal c l a s s i f i c a t i o n  

adop ted  i n  Chap te r  2 i s  c o m p a t ib le  w i t h  th e  m a jo r  e lem en t  

g e o c h e m is t r y .  Perhaps the  most u s e f u l  c h e m ic a l  c l a s s i f i c a t i o n  scheme 

i s  the  p l o t  o f  n o rm a t i v e  c o l o u r  in d e x  ( IM .C . I )  v e rs u s  n o r m a t i v e  

p l a g i o c l a s e  c o m p o s i t i o n  ( IM.P.C),  ( I r v i n e  and B a ra g a r ,  1 9 7 1 ) .  The 

fo rm u la e  f o r  th e  c a l c u l a t i o n  o f  these  p a ra m e te rs  are  g i v e n  beneath 

f i g .  3 . 1 .  I t  can be seen f rom  t h i s  p l o t  t h a t  the  modal c l a s s i f i c ­

a t i o n ,  i e .  t h e  sym bo ls ,  i s  indeed  c o m p a t ib le  w i t h  th e  c h e m ic a l  

c l a s s i f i c a t i o n ,  i e .  the  f i e l d s  i n  th e  d ia g ra m .

3 .1  The m e ta b a s i t e  and o r t h o g n e i s s  samples -  do t h e y  r e p r e s e n t

cum u la te  o r  magma c o m p o s i t i o n s ?

In  t h i s  s t u d y ,  the  t r e a t m e n t  o f  t h e  c h e m ic a l  d a ta  o f  the  

m e ta b a s i te  samples w i l l  be based Dn the  h y p o t h e s i s  t h a t  most o f  the  

samples c l o s e l y  a p p ro x im a te  t o  the  c o m p o s i t i o n  D f th e  magma f rom  

wh ich  th e y  fo rm e d .  I f  t h i s  h y p o t h e s i s  i s  t r u e  then  i t  f o l l o w s  t h a t  

th e  v a r i a t i o n s  i n  th e  m a jo r  and t r a c e  e lem en t  abundances i n  the  

m e t a b a s i t e - o r t h o g n e i s s  r o c k  s u i t e ,  d e f i n e  th e  v a r i a t i o n s  wh ich  

o c c u r r e d  i n  th e  c o m p o s i t i o n s  o f  the  m e ta b a s i t e  and o r t h o g n e i s s
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Symbols r e p r e s e n t  the  modal QAP c l a s s i f i c a t i o n  ( S t r e k e i s e n ,  1976)

| | -  M e t a b a s i t e .

-  T o n a l i t i c  o r t h o g n e i s s .  ( Q  = K f - r i c h  t y p e s )

+  -  G r a n o d i o r i t i c  and G r a n i t i c  o r t h o g n e i s s .

L a b e l l e d  f i e l d s  i n  the  IM.C. I .  v .  N .P .C .  p l o t  r e p r e s e n t  the  c h e m ic a l  

c l a s s i f i c a t i o n  o f  I r v i n e  and Ba ragar  ( 1 9 7 1 ) .

N o rm a t ive  M i n e r a l s .  

N o rm a t ive  C o lo u r  Index  ( N . C . I . )  = CL. + GPX. + CPX. +

MT. + I L .  + HM.

N o rm a t ive  P l a g i o c l a s e  C o m p o s i t io n  ( N . P . C . )  = 1GC.An/(An + Ab + 5 /3Ne)

F i g .  3 .1  N . C . I .  v .  N .P .C .  p l o t
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magmas.

The p ronounced h o m o g e n e i i t y  o f  th e  i n d i v i d u a l  o r t h o g n e i s s  

masses i n d i c a t e s  t h a t  the  o r t h o g n e i s s  r o c k s  u i l l  have c o m p o s i t i o n s  

wh ich  a p p ro x im a te  t o  the  c o m p o s i t i o n s  c f  t h e  o r t h o g n e i s s  magma. The 

m e ta b a s i te  r o c k s  are  the  most d i f f i c u l t  t o  r e c o n c i l e  i n  t h i s  p rob lem  

o f  w he the r  th e  ro c k  i s  cum u la te  o r  n o t ,  s im p l y  because t h e y  were 

e x t e n s i v e l y  a m p h i b o l i t i s e d  i n  the  M3 metamorphism wh ich  accompanied 

the  i n t r u s i o n  o f  the  o r t h o g n e i s s  magmas. As th e  m e t a b a s i t e  r o c k s  

were a l s o  f o l d e d  d u r i n g  the  D3 d e f o r m a t i o n ,  i t  i s  q u i t e  c o n c e i v a b le  

t h a t  some o f  th e  m e ta b a s i te  samples are a m p h i b o l i t i s e d  cum u la te  

m a t e r i a l .

There a re  few m e ta b a s i t e  o u t c r o p s  i n  the  f i e l d  a rea  wh ich  

d i s p l a y  ig neou s  l a y e r i n g ,  and p l a g i o c l a s e - r i c h  (>65%) m e t a b a s i t e s  

are  n o t  f o u n d .  T h is  sugg es ts  t h a t  b a s i c  c um u la te  r o c k s  are  n o t  

p r e v a l e n t  i n  th e  f i e l d  a r e a .  There a r e ,  however ,  s e v e r a l  masses o f  

v e r y  m a f i c  m e ta b a s i t e  (Leake ,  197Da) and thes e  may r e p r e s e n t  

a m p h i b o l i t i s e d  cum u la te  p y r o x e n i t e  and p e r i d o t i t e .  Two examples o f  

these  m a f i c  r o c k s ,  BKADB and BK96, are  i n c l u d e d  i n  the  m e ta b a s i t e  

samples .  The s m a l l  amount o f  p l a g i o c l a s e  i n  these  two r o c k s  i s  such 

t h a t  i t  c o u ld  e a s i l y  r e p r e s e n t  i n t e r c u m u lo u s  m a t e r i a l .

The m in e r a l o g y  o f  m e ta b a s i te  samples BK1D2 and BK138 was 

d e s c r ib e d  i n  th e  p r e v io u s  c h a p t e r ,  these  r o c k s  b e ing  un u s u a l  i n  t h a t  

t h e y  r e t a i n  much o f  t h e i r  p r im a r y  m in e r a l  assemblages ,  i e .  o r t h o -  

py roxene  + c l i n o p y r o x e n e  + t i t a n o - m a g n e t i t e  + b y t o w n i t e .  I f  t he  

a m p h i b o l i t i s a t i o n  o f  the  m e ta b a s i te  r o c k s  was e s s e n t i a l l y  an 

i s o c h e m ic a l  change, and i f  th e  m e ta b a s i te s  a re  cum u la te  i n  o r i g i n ,  

then  t h e i r  c o m p o s i t i o n s  sh o u ld  be w e l l  d e f i n e d  by s p e c i f i c  

c o m b in a t io n s  o f  th e  f o u r  p r im a r y  phases l i s t e d  above.  I t  s h o u ld  be 

t h e o r e t i c a l l y  p o s s i b l e  t o  d i s c r i m i n a t e  between th e  c h e m ic a l  

v a r i a t i o n s  o f  a g roup o f  cum u la te  r o c k s ,  each r o c k  c o n s i s t i n g  o f  

these  f o u r  phases i n  random p r o p o r t i o n s ,  and the  c h e m ic a l  v a r i a t i o n s  

o f  a n o th e r  g roup o f  r o c k s  wh ich  r e p r e s e n t  the  v a r i o u s  c o m p o s i t i o n s  

o f  a magma f r a c t i o n a t i n g  some c o m b in a t io n  o f  these  phases .

Two pa ra m e te rs  wh ich can be used t o g e t h e r  to  d i s c r i m i n a t e  

between g roups  o f  r o c k s  w i t h  these  d i f f e r e n t  c h a r a c t e r i s t i c s ,  a re  

(MgD + tFeB -  T iO^)  ut% and wt%. (MgO + tFeD -  T iD ^ )  ut% i s  a

good i n d i c a t o r  o f  the  p r o p o r t i o n  o f  py roxene  i n  the  r o c k ,  ( t h e  Fe 

component o f  t i t a n o - m a g n e t i t e  be ing  l a r g e l y  removed by s u b t r a c t i n g  

TiO^ wt% f rom  tFeD w t% ) . Al^D^, does oc c u r  i n  c l i n o p y r o x e n e  b u t  i n
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F i g .  3 . 2 .  (MgD + tFeD -  T iD ^ )  (u t% )  v .  (wt%) p l o t  o f  t h e

m e t a b a s i t e  r e c k s .



r e l a t i v e l y  s m a l l  amounts compared w i t h  c a l c i c  p l a g i o c ' l a s e , and so 

t h i s  p a ram e te r  i s  a r e l i a b l e  i n d i c a t o r  o f  p l a g i o c l a s e  i n  the  r o c k .

A p l o t  o f  (MgB + tFeB -  T iD ^ )  v .  Alr,D^ ^ Dr r o ^ a b a s i t e

ro c k s  i s  shoun i n  f i g .  3 . 2 .  The p l o t  co v e rs  the  c e n t r a l  s e c t i o n  o f

th e  f i e l d  o f  p a s s i b l e  c o m p o s i t i o n s  o f  cum u la te  r o c k s  fo rmed f rom the  

m ix in g  o f  c l i n o p y r o x e n e , o r t h o p y r o x e n e ,  and a range o f  p l a g i o c l a s e  

f rom  b y t o u n i t e  t o  l a b r a d o r i t e  ( t h e  a p p ro x im a te  b o u n d a r ie s  o f  t h i s  

f i e l d  are  shoun i n  the  p l o t ) .  Rocks BKAD8  and BK96, as p r e d i c t e d ,  

p l o t  auay f rom  the  r e s t  o f  the  m e ta b a s i te  samples i n  th e  d i r e c t i o n  

o f  the  m a f i c ,  ( i e .  h i g h  (MgD + tFeB -  T iD £ )u t% ) ,  end o f  th e  p l o t .

The cum u la te  n a t u r e  o f  sample BKAD8  i s  c o n f i r m e d  by i t s  ex t reme

p o s i t i o n  i n  th e  p l o t ,  r e l a t i v e  t o  the  o t h e r  m e ta b a s i te  r o c k s ,  and 

t h i s  o r i g i n  i s  a l s o  s t r o n g l y  i n d i c a t e d  f o r  sample BK96. The o t h e r  

m e ta b a s i te  samples p l o t  u i t h i n  a n a r r o u  ^ 2 ^ 3  range o f  o n l y  c .  5ut%, 

and t h i s  c a l c u l a t e d  as a modal p e r c e n t  u o u ld  r e p r e s e n t  a t o t a l  

modal p l a g i o c l a s e  v a r i a t i o n  o f  o n l y  c .  15%. The range o f  modal 

p l a g i o c l a s e  c o n t e n t  i n  a s e r i e s  o f  pyroxene  + p l a g i o c l a s e  cum u la te  

r o c k s  u ou ld  s u r e l y  be much g r e a t e r  than 15%. F u r t h e r m o r e ,  a s tu d y  

o f  the  tFeB/MgB r a t i o s  o f  the  m e ta b a s i te s  shous t h a t  t h e r e  i s  a 

s y s t e m a t i c  i n c r e a s e  i n  tFeB,  r e l a t i v e  to  MgD, u i t h  i n c r e a s i n g  A l ^ D ^ .  

Cumulate r o c k s  c o n s i s t i n g  o f  random p r o p o r t i o n s  o f  c l i n o p y r o x e n e ,  

o r t h o p y r o x e n e ,  t i t a n o - m a g n e t i t e , and p l a g i o c l a s e ,  u o u ld  n o t  be 

expec ted  t o  shou such a t r e n d .  T h e r e f o r e ,  i t  i s  c o nc lude d  t h a t  the  

m a j o r i t y  o f  th e  m e ta b a s i te  samples are  more l i k e l y  t o  r e p r e s e n t  

magma c o m p o s i t i o n s ,  r a t h e r  than  cum u la te  c o m p o s i t i o n s .

3 . 2  H a r k e r - t y p e  d ia g ra m s .

A f t e r  th e  c h e m ic a l  a n a l y s i s  o f  th e  ro c k  samples had been 

c om p le ted  i t  uas found  t h a t  a c o m p o s i t i o n a l  gap e x i s t e d  be tueen 

62 ut% and 70 ut% SiDr,. Houever ,  a s tu d y  o f  p r e v i o u s  u o rk  on the  

o r t h o g n e i s s e s ,  c a r r i e d  o u t  by Harvey  ( 1 9 6 7 , t h s s . )  and S e n io r  (1973 ,  

t h s s . ) ,  shous t h a t  t h i s  i s  n o t  a r e a l  f e a t u r e  and i s  due to  

s a m p l ing  e r r o r .  E i g h t  a n a ly s e s ,  s i x  f rom S e n i o r ’ s t h e s i s  ( th o s e  o f  

samples ,  ASA33, ASA9A, AS527, AS536, AS5AB, and AS583),  and tuo  f rom  

H a r v e y ' s  t h e s i s  (Q332 and G35B), are  i n c l u d e d  i n  th e  m a jo r  e lemen t  

p l o t s  and thes e  b r i d g e  the  a p p a re n t  c o m p o s i t i o n a l  gap.

A c o n t i n u o u s ,  though i n  many cases n o n - l i n e a r ,  c hem ica l  

v a r i a t i o n  e x i s t s  r i g h t  t h ro u g h  the  m e t a b a s i t e - o r t h o g n e i s s  rock  

s u i t e  f o r  a l l  m a jo r  e lem en ts  ( f i g .  3 . 3 a - i )  s u g g e s t i n g  t h a t  the  ro c k s  

a re  a l l  comagmat ic  and r e l a t e d  by the  p ro c e s 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 .  Of th e  p l o t s  o f  f i g .  3 . 3 ,  t h a t  o f  MgD ut% v .



SiDg i s  the  most s i g n i f i c a n t ,  i n  t h a t  i t  h i g h l i g h t s  the  SiO^ 

v a r i a t i o n  i n  th e  m e ta b a s i te  r o c k s .  The tu o  samples u i t h  th e  h i g h e s t  

MgD c o n t e n t  a re  BKA08 and BK96, the  suspe c ted  cum u la te  r o c k s .  The 

o t h e r  m e ta b a s i te  samples d e f i n e  a s c a t t e r e d  b u t  s i g n i f i c a n t  t r e n d  

o f  d e c re a s in g  S iO ^w t^ ,  down t o  MgD c o n t e n t s  o f  c .  6 ut%, and then  a 

t r e n d  o f  i n c r e a s i n g  SiOr,wt% u n t i l  t he  m e ta b a s i t e  t r e n d  merges u i t h  

th e  t o n a l i t i c  o r t h o g n e i s s  t r e n d .  T h i s  n o n - l i n e a r  b e h a v io u r  o f  SiD^ 

i n  the  m e ta b a s i t e  r o c k s  e x p l a i n s  much o f  the  s c a t t e r  shown by them 

i n  the  o t h e r  m a jo r  e lem en t  v .  BiD^ wt% p l o t s .  The p e t r o g e n e t i c  

s i g n i f i c a n c e  o f  the  c h e m ic a l  v a r i a t i o n  i n  th e  m e t a b a s i t e s  can be 

more r e a d i l y  seen i n  the  m a jo r  e lem en t  v .  SiO,-, ( S o l i d i f i c a t i o n  

I n d e x )  p l o t s ,  f i g .  3 . A.

The o r t h o g n e i s s e s  d e f i n e  c l e a r  t r e n d s  i n  a l l  o f  t h e  m a jo r  

e lem en t  v .  SiO^ p l o t s  ( f i g . 3 . 3 a - i ) , though  those  o f  Na^O, anc*

K^O show r a t h e r  more s c a t t e r  than  the  o t h e r  e lem en t  t r e n d s .  A l^O^ ,  

MgD, CaD, MnD, tFeD, and T iD^  a l l  dec rease  s t e a d i l y  i n  abundance i n  

th e  o r t h o g n e i s s e s ,  u i t h  i n c r e a s i n g  SiD^ ut%, as i s  the  norm i n  

a magmatic d i f f e r e n t i a t i o n  s e r i e s .  The d i s t r i b u t i o n  i s

p u z z l i n g ,  because th e  l a r g e s t  amount o f  s c a t t e r  o c c u rs  i n  t h e  

c o m p o s i t i o n  range r e p r e s e n t e d  by the  a n a ly s e s  o f  H a rv e y ( 1 9 6 7 , t h s s . ) 

and S e n i o r ( 1 9 7 3 , t h s s . ) .  A p r o j e c t i o n  o f  th e  t r e n d  o f  thos e  me lano-  

t o n a l i t i c  o r t h o g n e i s s e s  ana ly s e d  i n  t h i s  s t u d y ,  u o u ld  d i r e c t l y  

i n t e r s e c t  th e  a c i d i c  o r t h o g n e i s s e s ,  a l s o  a n a ly s e d  i n  t h i s  s t u d y .  I t  

u o u ld  seem t h a t  th e  ^2 ^ 5  anal y SES Harvey and S e n io r  a re  n o t  

c o m p a t ib le  u i t h  those  produced  i n  t h i s  s t u d y ,  and t h i s  d i f f e r e n c e  

i s  p r o b a b l y  a f u n c t i o n  o f  a n a l y t i c a l  p r o c e d u r e .  The d i s t r i b u t i o n s  

o f  th e  a l k a l i e s ,  Na^O and H^D, i n  th e  o r t h o g n e i s s  r o c k s ,  d e f i n e  a 

d i s t i n c t i v e  p a t t e r n  when p l o t t e d  a g a i n s t  S iO ^ .  T h i s  ' s t e p - l i k e '  

p a t t e r n  shous t h a t  th e  t o n a l i t i c  o r t h o g n e i s s e s  have f a i r l y  c o n s t a n t  

a l k a l i  abundances,  w h i l e  th e  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s  

r o c k s  d e f i n e  a t r e n d  o f  r a p i d  e n r ic h m e n t  o f  th e  a l k a l i e s .  The 

c o n s t a n t  K^D ut% f e a t u r e  o f  the  t o n a l i t i c  r o c k s  i s  u nu s ua l  s in c e  

p o ta s s iu m  i s  o f t e n  c o n s id e r e d  t o  be a s t r o n g l y  i n c o m p a t i b l e  e lem en t  

i n  magmatic p r o c e s s e s , ( i e .  i t  i s  p a r t i t i o n e d  i n t o  th e  m e l t  r a t h e r  

than  the  f r a c t i o n a t i n g  p h a s e s ) ,  and so i t  s h o u ld  i n c r e a s e  

c o n t i n u o u s l y  t h r o u g h o u t  the  D r t h o g n e i s s  r o c k s .  Na,-,0 i n c r e a s e s  

r a p i d l y  i n  the  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s  and must 

have ac ted  as an i n c o m p a t i b l e  e lem en t  i n  th e  a c i d i c  o r t h o g n e i s s  

magma, wh ich  s u p p o r t s  the  h y p o t h e s i s ,  t h a t  was made i n  th e  p r e v io u s  

c h a p t e r ,  t h a t  s o d i c  p l a g i o c l a s e  d i d  n o t  fo rm  i n  th e  magma. T h is
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i m p l i e s  t h a t  much IMa^O i s  h e ld  i n  the  m i c r o c l i n e  i n  thes e  r o c k s ,  

and t h i s  i s  c o n f i r m e d  by the  m ic ro p ro b e  a n a ly s e s  o f  t h i s  phase 

(Append ix  2 ) .  The h ig h  degree o f  s c a t t e r  o f  p o i n t s  abou t  th e  whole 

o r t h o g n e i s s  t r e n d  i n d i c a t e s  t h a t  two p ro c e s s e s  o p e ra te d  t o  fo rm  the  

a l k a l i  d i s t r i b u t i o n s  o f  the  o r t h o g n e i s s  s u i t e ,  a magmat ic  p roc es s  

wh ich  produced th e  o v e r a l l  o r t h o g n e i s s  t r e n d ,  and a secondary  

a l t e r a t i o n  p ro c e s s  wh ich  produced  the  s c a t t e r i n g .  The ' s c a t t e r i n g '  

o f  po ta s s iu m  may have i m p l i c a t i o n s  f o r  the  d i s t r i b u t i o n s  o f  the  

s t r o n g l y  i n c o m p a t i b l e  t r a c e  e lem en ts  i n  thes e  r o c k s .

□ne example o f  a lum inou s  melanosome and t h r e e  o f  m o b i l i s a t e  

r e p r e s e n t  the  p a r a g n e is s  group i n  the  m a jo r  e lem en t  v .  SiD^, wt% 

p l o t s  o f  f i g .  3 . 3 a - i .  The h i g h e r  c o n c e n t r a t i o n  o f  K^O i n  th e  

melanosome sample (BKAD9), compared w i t h  t h e  m o b i l i s a t e  r o c k s ,  i s  

due to  the  h ig h  p r o p o r t i o n  o f  r e s i d u a l  b i o t i t e  i n  the  melanosome 

m in e r a l o g y .  The low  a l k a l i  c o n t e n t s  o f  the  m o b i l i s a t e ,  wh ich  i s  the  

l a r g e s t  component o f  the  p a r a g n e i s s ,  s u g g e s ts  t h a t  the  r e l a t i v e l y  

c o n s t a n t  h^D and Na,-,0 abundances i n  the  t o n a l i t i c  o r t h o g n e i s s e s  

c o u ld  be due i n  p a r t  t o  the  a s s i m i l a t i o n  o f  p a r a g n e is s  by the  

t o n a l i t i c  o r t h o g n e i s s  magmas.

F i g .  3 . A a - j  shows th e  m a jo r  e lem en t  d i s t r i b u t i o n s  o f  the  

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

S o l i d i f i c a t i o n  In d e x ,  wh ich  i s  the  MgD wt% o f  a r o c k  d i v i d e d  by th e  

sum o f  i t s  MgD, tFeD, Na^D and K^D components .  T h i s  i n d e x  was 

o r i g i n a l l y  f o r m u l a t e d  w i t h o u t  the  a l k a l i e s ,  s p e c i f i c a l l y  f o r  the  

c o m p a r i s i o n  o f  b a s i c  r o c k s .  However, Huno e t  a l . ,  1957, added thes e  

o x id e s  t o  g i v e  th e  in d e x  a w id e r  a p p l i c a t i o n .  (NB. T h e i r  f o r m u la  

f o r  the  c a l c u l a t i o n  D f  S o l i d i f i c a t i o n  Index  ( S . I . )  i n v o l v e s  the  

m u l t i p l i c a t i o n  o f  the  in d e x  by 1DD; t h i s  s t e p  b e ing  o m i t t e d  i n  t h i s  

t h e s i s . )

The v a lu e  o f  th e  S . I .  dec reases  f ro m  th e  m e ta b a s i t e s  

th ro u g h  t o  th e  g r a n i t i c  o r t h o g n e i s s e s .  The m e ta b a s i t e s  have the  

b ro a d e s t  range o f  S . I .  v a lu e s  w i t h  the  i n t e r m e d i a t e  r o c k s  and then  

the  g r a n i t i c  r o c k s  h a v in g  p r o g r e s s i v e l y  s h o r t e r  S . I .  r a n g e s .  T h is  

means t h a t  th e  s e n s i t i v i t y  o f  the  S . I . ,  t o w a rd s  changes i n  b u l k  

c o m p o s i t i o n ,  d rops  a t  the  a c i d i c  end o f  the  s p e c t ru m .

The SiOr, v .  S . I .  p l o t ,  f i g .  3 .A a ,  shows the  i n i t i a l  t r e n d  

D f  SiD^ d e p l e t i o n  i n  the  m e ta b a s i t e  r o c k s .  T h i s  t r e n d  c ann o t  have 

been caused by the  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 l o w - S iO ^  wt% 

m a f i c  phase, such as h o rn b le n d e  o r  o l i v i n e .  Pyroxene would seem to  

be the  o n l y  m a f i c  phase capab le  o f  p r o d u c in g  t h i s  f e a t u r e  o f  the



m e ta b a s i t e  g ro u p .  The o r t h o g n e i s s e s  d e f i n e  a marked t r e n d  o f  SiO^ 

e n r i c h m e n t ,  u h i c h  o c c u rs  u i t h  a lm o s t  no change i n  the  S . I .  v a l u e .  To 

p roduce  t h i s  t r e n d  by 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 ,  the  f r a c t i o n a t i o n  

assemblage as a u h o le  must have had a tFeO/MgO r a t i o  a p p r o x im a t e l y  

e q u a l  t o  t h a t  o f  the  magma, and a l o u  SiO^, c o n t e n t .  Some o f  the  

most t F e O - r i c h  m e ta b a s i te  samples have tFeO/MgO 2.D and i f  t h e y  

a c c u r a t e l y  r e p r e s e n t  th e  magma c o m p o s i t i o n ,  then  the  f r a c t i o n a t i o n  

o f  an F e - r i c h  o x id e  u o u ld  seem to  be a n e c e s s i t y .

A g a in s t  S . I . ,  the  m e ta b a s i t e s  d e f i n e  d i f f u s e  t r e n d s  o f  tFeD 

and A1,-,D^ e n r i c h m e n t .  The tFeD i n c r e a s e  i s  c o n t r a r y  t o  the  t r e n d  

observed  i n  th e  tFeD v .  SiO^, wt% p l o t ,  f i g .  3 . 3 i ,  and t h i s  c l e a r l y  

shous the  l i m i t a t i o n s  o f  s im p l e ,  tuo  component,  v a r i a t i o n  d iagrams 

i n  p e t r o g e n e t i c  r e a s o n in g .  The i n c r e a s e  i n  the  tFeD c o n t e n t  o f  the  

m e ta b a s i te  r o c k s ,  sugg es ts  t h a t  c l i n o p y r o x e n e  may have been the  

dom inan t  f r a c t i o n a t i o n  phase,  i f  the  m e t a b a s i t e  magma e v o lv e d  by 

py roxene  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 .  The d i f f u s e  i n c r e a s e  i n  A l^D^  

u o u ld  appear  t o  l i m i t  the  f r a c t i o n a t i o n  o f  p l a g i o c l a s e  f rom  the  

m e ta b a s i t e  magma. The e x c e l l e n t  c o r r e l a t i o n  be tueen  MgD and the  S . I .  

, f i g .  3 . Ad, i s  t o  be expec ted  because o f  th e  v e r y  n a t u r e  o f  the  

S . I .  p a ra m e te r .  Houever, the  absence o f  any o b v io u s  b reaks  o r  

d i s c o n t i n u i t i e s  i n  the  o v e r a l l  m e t a b a s i t e - o r t h o g n e i s s  t r e n d  aga in  

s ugg es ts  t h a t  a l l  the  ro c k s  a re  g e n e t i c a l l y  l i n k e d .

The d i s t r i b u t i o n s  o f  ^nO, anc  ̂ TiO;?, a g a i n s t  S . I . ,  f o r

th e  m e t a b a s i t e - o r t h o g n e i s s  s u i t e ,  s ugg es t  t h a t  a marked change 

o c c u r r e d  i n  th e  n a t u r e  o f  the  phases f r a c t i o n a t i n g  f rom  the  most 

d i f f e r e n t i a t e d  m e ta b a s i t e  magma. The f r a c t i o n a t i o n  o f  a T i - F e  o re  

f rom  t h i s  magma u o u ld  be c o n s i s t e n t  u i t h  the  T iD^  d a t a ,  as u e l l  as 

th e  tFeD d a t a .

3 .3  The AFM d iag ram  and o t h e r  m a jo r  e lem e n t  c l a s s i f i c a t i o n  d ia g ra m s .

The c h e m ic a l  c l a s s i f i c a t i o n  system o f  I r v i n e  and Ba ragar  

(1971)  makes use o f  a f e u  s e l e c t e d  p l o t s  t o  d i s c r i m i n a t e  betueen 

r o c k s  o f  the  t h r e e  main d i v i s i o n s ;  S u b a l k a l i n e ,  A l k a l i n e ,  and 

P e r a l k a l i n e .  The system i s  a l s o  a b le  t o  d i s c r i m i n a t e  be tueen ro c k s  

o f  th e  C a l c - a l k a l i  S e r i e s  and the  T h o l e i i t i c  S e r i e s  u h i c h  be long  t o  

th e  S u b a l k a l i n e  d i v i s i o n .

The (Na^D + K^D) v e rs u s  SiD^ wt% p l o t  ( f i g .  3 . 5 )  c l e a r l y  

d e f i n e s  the  o r th o m a g m a t ic  r o c k s  o f  the  i n t r u s i v e  com plex ,  as r o c k s  

o f  the  S u b a l k a l i n e  d i v i s i o n .  The d i v i d i n g  l i n e  i n  t h i s  p l o t  i s  a 

m o d i f i c a t i o n ,  p roposed  by I r v i n e  and B a ra g a r ,  o f  M acDona ld 's  (196Q)
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d i v i d i n g  l i n e  f o r  Hawa i ian  t h o l e i i t i c  and a l k a l i n e  r o c k s .

The (Na^O + K^O - tFeD-M gD (AFM) wt% d iag ram ,  f i g .  3 . 6 ,  

shous t h a t  th e  m e ta b a s i t e s  d e f i n e  a t r e n d  tow a rds  i r o n  e n r i c h m e n t ,  

c h a r a c t e r i s t i c  o f  t h o l e i i t i c  r o c k s .  T h i s ,  as p r e v i o u s l y  s t a t e d ,  i s  

due tD  the  f r a c t i o n a t i o n  o f  h ig h  MgD/tFeD phases f rom  th e  meta ­

b a s i t e  magma. However,  t h o l e i i t i c  magmas de v e lo p  ex t reme i r o n  

e n r i c h m e n t ,  wh ich  was n o t  the  case w i t h  m e ta b a s i t e  magma. T h i s  

m o d e r a te l y  F e - r i c h  magma began t o  e v o l v e  a lo n g  what  i s  e s s e n t i a l l y  

a c a l c - a l k a l i n e  t r e n d ,  i e .  c o n s t a n t  tFeD/MgD and p r o g r e s s i v e  a l k a l i  

e n r i c h m e n t .  I t  may be t h a t  t h o l e i i t i c  magma can e v o l v e  i n t o  t y p i c a l  

c a l c - a l k a l i n e  magmas, and t h a t  the  m e ta b a s i t e  magma unde rw en t  t h i s  

t r a n s i t i o n  i n  i t s  l a t t e r  s ta g e s  o f  e v o l u t i o n ,  o r  a l t e r n a t i v e l y ,  the  

m e t a b a s i t e - o r t h o g n e i s s  r o c k s  may be long  t o  a t o t a l l y  d i f f e r e n t  

k i n d  o f  magmat ic  s e r i e s ,  wh ich  has c h a r a c t e r i s t i c s  a p p r o x im a t e l y  

t r a n s i t i o n a l  between th e  C a l c - a l k a l i n e  and T h o l e i i t i c  S e r i e s .

The Al^C-j wt% v e rs u s  n o rm a t i v e  p l a g i o c l a s e  c o m p o s i t i o n ( N . P . C )  

p l o t , f i g . 3 . 7 , i s  a n o th e r  t h a t  i s  used by I r v i n e  and Ba rager  t o  

d i s c r i m i n a t e  between b a s i c  t o  i n t e r m e d i a t e  r o c k s  o f  c a l c - a l k a l i n e  

and t h o l e i i t i c  t y p e .  I n  t h i s  i n s t a n c e ,  the  m e ta b a s i t e s  p l o t  a s t r i d e  

th e  d i v i d i n g  l i n e  and o v e r l a p  each f i e l d  e q u a l l y .  Whereas, i n  the  

p r e v i o u s  p l o t ,  f i g .  3 . 6 ,  the  t o n a l i t i c  o r t h o g n e i s s e s  p l o t t e d  m o s t l y  

i n  the  c a l c - a l k a l i n e  f i e l d ,  i n  t h i s  p l o t  th e  r e v e r s e  i s  t r u e .  I t  

i s  c l e a r  t h a t  th e  m e ta b a s i te  and o r t h o g n e i s s  r o c k s  a re  n e i t h e r  

t y p i c a l l y  c a l c - a l k a l i n e  n o r  t y p i c a l l y  t h o l e i i t i c  i n  t h e i r  n a t u r e .

Cawthorn and Brown ( 1 9 7 6 ) ,  have shown t h a t  a t r e n d  to w a rd s  

corundum n o r m a t i v e  c o m p o s i t i o n s  o c c u r s ,  w i t h  i n c r e a s i n g  SiD^,, i n  

many c a l c - a l k a l i n e  r o c k  s u i t e s . T h e s e  a u t h o r s  r e l a t e  t h i s  t r e n d  to  

t h e  f r a c t i o n a t i o n  o f  h o rn b le n d e  f rom  the  magma. The r o c k s  o f  th e  

i n t r u s i v e  complex show such a t r e n d  ( f i g .  3 . B ) ,  w i t h  most o f  the  

l e u c o t o n a l i t i c  o r t h o g n e i s s e s  and the  g r a n o d i o r i t i c  and g r a n i t i c  

o r t h o g n e i s s e s  h a v in g  corundum i n  the  norm.

3 . k The Ab -An-D r-Q  sys tem.

Termed the  " G r a n o d i o r i t e  Sys tem" by von P la t e n  ( 1 9 6 5 ) ,  the  

s y n t h e t i c  l \ l a A l S i ^ D g ( A b ^ C a A l ^ S i ^ D ^ A n ^ K A l S i ^ D ^ D ^ - S i D ^ Q )  system 

has been used e x t e n s i v e l y  t o  s tu d y  the  v a r i a t i o n s  o f  the  f e l s i c  

components i n  g r a n i t o i d  r o c k s .  The e x p e r i m e n t a l  phase r e l a t i o n s  are  

s c h e m a t i c a l l y  p re s e n te d  i n  f i g .  3 . 9 b .  The space o f  th e  Ab -A n -D r -Q  

sys tem i s  d i v i d e d  by t h r e e  c o t e c t i c  s u r f a c e s .  A l a r g e  c o t e c t i c  

s u r f a c e  ( g - h - i - j ,  i n  f i g . 3 . 9b) s e p a ra te s  th e  p r i n c i p a l  phase f i e l d
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□ f  q u a r t z  f rom  t h a t  o f  p l a g i o c l a s e .  Th is  s u r f a c e  meets the  two o t h e r  

c o t e c t i c  s u r f a c e s ,  those  betueen the  K - f e l d s p a r - q u a r t z  and 

K - f e l d s p a r - p l a g i o c l a s e  f i e l d s ,  a t  the  c o t e c t i c  l i n e  g - h .  T h i s  

c o t e c t i c  l i n e  has a c o t e c t i c  minimum, o r  e u t e c t i c ,  a t  g uhose 

p o s i t i o n  i n  th e  system v a r i e s  as a f u n c t i o n  o f  p re s s u r e  and a l s o  

the  b u l k  n o r m a t i v e  Ab/An r a t i o  ( W i n k l e r ,  1976 ) ,  b u t  a lu a y s  rem a ins  

i n  the  l o u  An p a r t  o f  the  sys tem .

The p o s i t i o n  o f  th e  o r t h o g n e i s s e s  i n  t h e  Ab -A n-D r-Q  system 

are  shoun i n  th e  p r o j e c t i o n s  f rom  Dr on to  th e  Ab-An-Q fa c e  and f rom  

An on to  the  Ab-Dr-Q  fa c e  ( f i g .  3 . 9 a ) ,  t o g e t h e r  u i t h  t h e  phase 

r e l a t i o n s  f o r  th e  s y n t h e t i c  system a t  5kba r  p r e s s u r e  u i t h  excess  

H^D ( P r e s n a l l  and Bateman, 197 3 ) .  The r o c k s  fo rm  a c o n t i n u o u s  a r r a y  

u i t h  the  t o n a l i t i c  o r t h o g n e i s s e s  p l o t t i n g  above the  q u a r t z  

s a t u r a t i o n  s u r f a c e ,  i n  the  f i e l d  o f  p l a g i o c l a s e ,  and th e  g ra n o ­

d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s  m a in l y  p l o t t i n g  b e lo u ,  i n  the  

q u a r t z  f i e l d .  A l l  r o c k s  c o n t a i n  more than 71% n o r m a t i v e  Ab + An +

□ r  + Q. .

The t o n a l i t i c  o r t h o g n e i s s e s ,  as a u h o le ,  d e f i n e  a n o r m a t i v e  

q u a r t z  e n r i c h m e n t  t r e n d ,  u i t h  t h i s  t r e n d  b e in g  l e s s  p ronounced  i n  

th e  most q u a r t z  n o r m a t i v e  v a r i e t i e s .  The g r a n o d i o r i t i c  and g r a n i t i c  

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

e n r i c h m e n t .

M i n e r a l o g i c a l  and t e x t u r a l  c r i t e r i a  d e s c r i b e d  i n  th e  

p r e v i o u s  c h a p t e r ,  i n d i c a t e  t h a t ,  i n  r e l a t i o n  t o  the  Ab -A n -D r -Q  

sys tem ,  th e  e v o l v i n g  t o n a l i t i c  magma moved th ro u g h  the  p l a g i o c l a s e  

phase f i e l d  c r y s t a l l i s i n g  b o th  p l a g i o c l a s e  and h o r n b le n d e .  The 

d e p l e t i o n  i n  t hes e  components pushed the  magma c o m p o s i t i o n  

p r o g r e s s i v e l y  t o u a r d s  the  q u a r t z  s a t u r a t i o n  s u r f a c e  and,  a t  some 

p o i n t ,  i n t e r s e c t i o n  o f  t h i s  s u r f a c e  o c c u r r e d .  A t  t h i s  s ta g e  the  

magma's c o m p o s i t i o n  .uas p r o b a b l y  s i m i l a r  t o  t h a t  o f  th e  l e u c o -  

t o n a l i t i c  o r t h o g n e i s s ,  and th e  magma began t o  c r y s t a l l i s e  q u a r t z  i n  

a d d i t i o n  t o  p l a g i o c l a s e  and ho rn b le n d e  as i t  moved a lo n g  th e  

q u a r t z - p l a g i o c l a s e  c o t e c t i c  s u r f a c e .  The p resence  o f  a n h e d r a l  po tash  

f e l d s p a r  p h e n o c r y s t s  i n  the  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s  

i n d i c a t e s  t h a t  t h i s  magma uas nou capab le  o f  r e a c h in g  th e  c o t e c t i c  

l i n e  b e fo r e  c o m p le t e l y  s o l i d i f y i n g .

Three m o b i l i s a t e  r o c k s  f rom  the  p a r a g n e is s  are  a l s o  

r e p r e s e n t e d  i n  f i g .  3 .9a  and the  p l o t  c lo s e  t o  the  q u a r t z  apex o f  

th e  t e t r a h e d r o n .  Many g r a n i t i c  r o c k s  have c o m p o s i t i o n s  u h i c h



c l u s t e r  i n  th e  r e g io n  o f  the  e u t e c t i c  p o i n t ,  i n  the  Ab-An-Or-Q  

sys tem (U J in k le r ,  1976 ) .  The m e l t  produced i n  th e  ex t reme a n a t e x i s  

o f  q u a r t z - r i c h ,  p l a g i o c l a s e - m i c a  s c h i s t s ,  u o u ld  e v o l v e ,  f rom  the  

r e g io n  o f  th e  e u t e c t i c ,  a long  the  q u a r t z - p l a g i o c l a s e  c o t e c t i c  

s u r f a c e  u n t i l  a l l  o f  the  p l a g i o c l a s e  uas e x t r a c t e d  f rom  th e  r e s i d u e .  

F u r t h e r  m e l t i n g  u o u ld  i n v o l v e  q u a r t z  and b i o t i t e ,  o n l y ,  and the  

m e l t  c o m p o s i t i o n  u o u ld  le a v e  the  q u a r t z - p l a g i o c l a s e  c o t e c t i c ,  i n  the  

d i r e c t i o n  o f  the  Q apex .  The m o b i l i s a t e  r o c k  appears  t o  r e p r e s e n t  

the  m e l t  u h i c h  fo rm s  a t  t h i s  s tage  o f  the  a n a t e x i s  o f  m e ta s e d im e n t .  

F u r t h e r  d i s c u s s i o n  on the  e x a c t  n a t u r e  o f  the  p a r a g n e is s  components 

and the  p o s s i b l e  t e m p e ra tu r e  o f  t h e i r  f o r m a t i o n ,  o c c u rs  i n  s e c t i o n  

3 . 7 .

3 .5  The CMA5 sys tem.

In  t h i s  s t u d y ,  use i s  made o f  D 'H a r a ' s  (1976)  da ta  

r e d u c t i o n  scheme u h i c h  c o n v e r t s  r o c k  and m i n e r a l  a n a ly s e s  t o  f o u r  

c om pos i te  components,  XD-YD-R^O^-ZD^, t h e r e b y  r e d u c in g  the  

c o m p le x i t y  o f  th e  c h e m ic a l  d a ta  so t h a t  i t  may be r e p r e s e n t e d  i n  a 

s i n g l e ,  3 - d im e n s io n a l ,  q u a t e r n a r y  sys tem.  The components a re  

c a l c u l a t e d  i n  te rm s  o f  e q u i v a l e n t  u e i g h t s  o f  CaO, MgD, A l ^ D ^ ,  and 

S iD ^ ,  r e s p e c t i v e l y :  f o r  example,  the  YD p r o p o r t i o n  o f  the  system 

c o n s i s t s  o f

( m o ls .  o f  MgO+MnO+l\l iO+(FeD-TiD,-,))x m o l . u t .  o f  MgD

, uhere  FeD, MnO, and I\li0 a l l  commonly s u b s t i t u t e  f o r  MgD i n  

m in e r a l  s t r u c t u r e s .  TiD^ i s  i n c o r p o r a t e d  i n t o  the  Rr, ^ 3  component as 

moles o f  i l m e n i t e ,  FeT iO^,  and t h i s  i s  the  reason  f o r  the  

s u b t r a c t i o n  o f  an equ a l  number o f  moles o f  FeD f rom  th e  YD 

component.  The com p le te  da ta  r e d u c t i o n  u i t h  t h e  f o u r  components 

f o r m u l a t e d  i n  te rm s  o f  e q u i v a l e n t  u e i g h t  p e rc e n ta g e s  o f  th e  u ho le  

sys tem,  i s  as f o l l o u s : -

X0=100(mo ls .  o f  CaD-3-J-P2D5+2Na20+2K20)x56 .08 /SUM 

YD=1DD(mols. Of MgD+FeD+MnO+(\liD-TiD2 )xAD.32/SUM 

R2D^=1DD(mols.  o f  A l 2D^+Fe2D^+Cr2D^+TiD2+I\la2D+K2D)x1D1.96/SUM 

Z02= 1 0 0 (m o ls .  o f  S i 0 2-2Na20 -2 K 20)x60.085/SUM

, uhere  SUM e q u a ls  th e  sum o f  a l l  f o u r  components ,  i e .  XD+YO+R^^+ZD^ 

In  t h i s  t h e s i s ,  the  system components XD, YD, and ZD2

are  r e f e r r e d  t o  as C, M, A, and S, r e s p e c t i v e l y ,  and ca re  s h o u ld  be



taken not to confuse these CMAS components uith the analogous 
components of the CaO-MgD-Al^O^-SiOg system.

□nee the  CMAS c o o r d i n a t e s  o f  a s e t  o f  r o c k ,  o r  m i n e r a l ,  

a n a ly s e s  have been c a l c u l a t e d ,  those  ro c k s  , o r  m i n e r a l s ,  can be 

p l o t t e d  i n  th e  3 - d im e n s io n a l  space o f  the  CMAS t e t r a h e d r o n .  Those 

r o c k s  composed o f  o n l y  one o f  the  f o u r  components p l o t  a t  t h a t  

p a r t i c u l a r  component apex o f  th e  t e t r a h e d r o n ,  and those  composed o f  

o n l y  tu o  o f  th e  components p l o t  a long  th e  edge o f  the  t e t r a h e d r o n  

t h a t  j o i n  t hes e  tu o  components.  Rocks composed o f  t h r e e  o f  th e  f o u r  

components p l o t  i n  the  fa c e  o f  the  t e t r a h e d r o n  u h i c h  has thos e  

t h r e e  components a t  i t s  t h r e e  a p i c e s ,  and ro c k s  composed o f  a 

c o m b in a t io n  o f  a l l  f o u r  components p l o t  i n s i d e  the  t e t r a h e d r o n .

Each edge o f  th e  t e t r a h e d r o n  i s  l i n e a r l y  d i v i d e d  i n t o  100 d i v i s i o n s  

u i t h  each d i v i s i o n  r e p r e s e n t i n g  one p e r c e n t  o f  the  t o t a l  C+M+A+S. 

T h e r e f o r e ,  a r o c k  p l o t t i n g  a t  th e  p o i n t  SA0A60 u ou ld  c o n t a i n  AD% S

component ,  60% A component and none o f  th e  C and M components ,  and

c o n s e q u e n t l y  u o u ld  l i e  on the  j o i n  S-A, c l o s e r  t o  A than  S.

3 . 5 . 1  M in e r a l s  i n  th e  CMAS sys tem.

The p o s i t i o n s ,  i n  the  CMAS sys tem,  o f  the  28 h o rn b le n d e s  

a na ly s ed  i n  t h i s  s t u d y ,  and the  h y p e rs th e n e ,  a u g i t e  and b y t o u n i t e  

f rom  m e ta b a s i t e  BK1D2, a re  shoun by th e  tu o  p r o j e c t i o n s  o f

f i g .  3 . 1 0 .  A ls o  shoun, a re  th e  p o s i t i o n s  o f  t h e  h y p o t h e t i c a l

h o rn b le n d e  end members, A (= a c i d i c  h o r n b le n d e )  and B (= b a s i c  

h o r n b le n d e ) ,  used e a r l i e r  t o  c a l c u l a t e  some o f  the  modal e s t i m a t e s .  

F i g .  3 .10a  i s  a p r o j e c t i o n  f rom  the  S apex o f  the  t e t r a h e d r o n ,  uhere  

q u a r t z  p l o t s ,  on to  th e  h o r i z o n t a l  median p l a n e ,  E n - l i J o l l - K y , and 

f i g .  3 .10b  i s  a p r o j e c t i o n  f rom  u o l l a s t o n i t e  on to  an a lm o s t  v e r t i c a l  

p r o j e c t i o n  p l a n e ,  S-S20A21C9-S20M21 (S20A21C9 r e p r e s e n t s  th e  

components S, A, and C i n  th e  r a t i o  2 0 : 2 1 : 9 ) .  These p r o j e c t i o n  

p la n e s  i n t e r s e c t  a long  the  j o i n  X-Y, u i t h  the  S-S20A21C9-S20M21C9 

p la n e  e x t e n d in g  b e lo u  the  l e v e l  o f  the  h o r i z o n t a l  median p la n e  o f  

th e  t e t r a h e d r o n  (see f i g .  3 .1 3  f o r  a 3 - d im e n s io n a l  v i e u  o f  the  

u h o le  CMAS s y s t e m ) .  From f i g .  3 . 1 0 b ,  i t  i s  c l e a r  t h a t  b o th  py roxenes  

and a l s o  p l a g i o c l a s e  f e l d s p a r  p l o t  c lo s e  t o  t h e  l e v e l  o f  t h i s  

h o r i z o n t a l  median p l a n e .  The h o r n b le n d e s ,  h o u e v e r ,  p l o t  

s i g n i f i c a n t l y  b e lo u  i t  and, bo th  ig neou s  and metamorph ic  v a r i e t i e s ,  

f o rm  a s i n g l e  l i n e a r  a r r a y  u h i c h  p o i n t s  doun t o  the  c e n t r e  o f  the  

b a s a l  C-M-A p la n e  o f  the  t e t r a h e d r o n .  The most SiD^ d e f i c i e n t  

h o r n b le n d e s ,  i e .  those  u h i c h  p l o t  the  f u r t h e s t  b e lo u  th e  h o r i z o n t a l
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median p l a n e ,  o c c u r  i n  the  more a c i d i c  r o c k  t y p e s ,  B i o t i t e  u i l l  n o t  

be c o n s id e r e d  as a f r a c t i o n a t i o n  phase s in c e  t h e r e  i s  v e r y  good 

Rare E a r th  e lem e n t  ev idence  (C h a p te r  A) t h a t  h o rn b le n d e  

f r a c t i o n a t i o n  o c c u r r e d  even i n  the  most a c i d i c  o r t h o g n e i s s  magma.

In  a d d i t i o n ,  the  t r u e  n a t u r e  o f  the  b i o t i t e  i n  th e  a c i d i c  

o r t h o g n e i s s  r o c k s ,  i e .  p r im a r y  o r  seconda ry  a f t e r  h o r n b le n d e ,  i s  

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

u i t h  a l t e r a t i o n  p r o d u c t s  such as c h l o r i t e  and e p i d o t e .

The p r o j e c t i o n  f rom  SiD^ on to  the  h o r i z o n t a l  median p la n e ,  

En-UJol l -Hy ( f i g . 3 . 1 D a ) ,  i s  u s e f u l  because c l i n o p y r o x e n e  and o r t h o -  

py roxene  p l o t  i n  i t  a t  t o t a l l y  d i f f e r e n t  p o s i t i o n s .  The i n f l u e n c e  

o f  the  tu o  py roxene  t y p e s  on magmatic d i f f e r e n t i a t i o n  can be 

assessed f rom  t h i s  p r o j e c t i o n .

3 . 5 . 2  Rocks i n  the  CMAS sys tem .

The d i s t r i b u t i o n  o f  the  m e ta b a s i t e s  and th e  o r t h o g n e i s s e s

i n  the  CMAS system i s  shoun by the  t h r e e  p r o j e c t i o n s  i n  f i g .  3 . 1 2 .

Tuo o f  the  p r o j e c t i o n s ,  f i g .  3 . 1 2 a , b ,  a re  the  same as i n  f i g .  3 . 1 0 ,  

and the  o t h e r ,  f i g .  3 . 1 2 c ,  i s  a p r o j e c t i o n  f rom  e n s t a t i t e  on to  the  

p la n e  S-C6DSAD-A6DSAD, u h i c h  i s  p a r t  o f  th e  S-C-A fa c e  o f  the  

t e t r a h e d r o n .  Cn a l l  t h r e e  p r o j e c t i o n s ,  a c o n t i n u o u s  t r e n d  o ccu rs  

f rom  the  m e ta b a s i t e  t h ro u g h  t o n a l i t i c  o r t h o g n e i s s  to  g r a n i t i c  

D r t h o g n e i s s ,  a l t h o u g h  changes i n  the  t r e n d  d i r e c t i o n  are  e v i d e n t  

a t  the  m e t a b a s i t e - t o n a l i t i c  o r t h o g n e i s s  j u n c t i o n  and i n  the  r e g io n

•of  th e  S i D ^ - r i c h  t o n a l i t i c  o r t h o g n e i s s .

T h i s  c o n t i n u o u s  t r e n d  i s  e v id e n c e ,  though  n o t  c o n c l u s i v e  

e v id e n c e ,  t h a t  th e  r o c k s  a re  a l l  descended f rom  the  same b a s i c  

magma, and i t  a l s o  i n d i c a t e s  t h a t  t h e y  a re  r e l a t e d  by th e  p rocess  

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 is  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 i s  u i l l  f i r s t  be examined,  and then  o t h e r  p o s s i b l e  models 

u i l l  be d i s c u s s e d .

Houever ,  t o  b eg in  u i t h ,  i t  i s  n e c e s s a ry  t o  u n d e rs ta n d  the  

uay i n  u h i c h  a magma's c o m p o s i t i o n  u i l l  change i n  CMAS space d u r i n g  

th e  f r a c t i o n a t i o n  p r o c e s s .  A magma, f rom  u h i c h  a s i n g l e  phase i s  

f r a c t i o n a t i n g ,  u i l l  become p r o g r e s s i v e l y  d e p le t e d  i n  those  

components u h i c h  have a phase/magma r a t i o  g r e a t e r  than  u n i t y .  I f ,  

i n  the  CMAS sys tem,  the  magma had an i n i t i a l  c o m p o s i t i o n  

re p r e s e n t e d  by a p o i n t  M and th e  phase,  a f i x e d  c o m p o s i t i o n  l o c a t e d  

a t  p o i n t  P, then  s u c c e s s i v e  magma d i f f e r e n t i a t e s  u o u ld  m ig r a t e  f rom  

M i n  a d i r e c t i o n  auay f rom  the  l o c a t i o n  o f  th e  phase,  a t  P. The



F r a c t i o n a t i o n  f r o m  a magma (M) 

o f  a phase o f  f i x e d

c o m p o s i t i o n  ( P ) .a.

F r a c t i o n a t i o n  f r o m  a magma (M-M3) 

o f  a phase o f  c h a n g in g

c o m p o s i t i o n  ( P - P 3 ) .

M1M 3  M 2
<3--q. -e- P2

P 3

F i g .  3 . 1 1 a , b  S im p le  magma e v o l u t i o n  m o d e l s .



magmas u ou ld  fo rm  a l i n e a r  a r r a y  on the  p r o j e c t i o n  o f  the  l i n e  PM 

( f i g .  3 . 1 1 a ) .  F r a c t i o n a t i o n  o f  a phase uhose c o m p o s i t i o n  v a r i e s

l i n e a r l y  i n  t h e  CMAS space,  i n  response  t o  a chang ing  m e l t

c o m p o s i t i o n ,  u i l l  g e n e ra te  s u c c e s s i v e  magmas u h i c h  d e f i n e  a cu rved  

a r r a y  ( f i g .  3 . 1 1 b ) .  I f  tu o  phases c r y s t a l l i s e d  f rom  th e  magma, 

i n s t e a d  o f  j u s t  one, and i f  t h e i r  c o m p o s i t i o n s  and th e  r a t i o  o f  

t h e i r  r e l a t i v e  p r o p o r t i o n s  rema ined  c o n s t a n t ,  then  the  t o t a l  c r y s t a l  

f r a c t i o n  u o u ld  have a f i x e d  c o m p o s i t i o n .  T h is  case i s  t h e r e f o r e  

e q u i v a l e n t  t o  the  f i x e d  c o m p o s i t i o n ,  s i n g l e  phase f r a c t i o n a t i o n  

mode l ,  d e s c r i b e d  above.

In  n a t u r a l  sys tems,  h ou eve r ,  th e  b u l k  c o m p o s i t i o n  o f  the  

c r y s t a l  f r a c t i o n  u i l l  r a r e l y  be c o n s t a n t  d u r i n g  f r a c t i o n a t i o n ,  s in c e  

bo th  phase c o m p o s i t i o n s  and p r o p o r t i o n s  u i l l  v a r y  c o n t i n u o u s l y ,  i n  

response  t o  th e  chang ing  magma c o m p o s i t i o n .  Hence, the  s u c c e s s i v e  

magmas formed by 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  n a t u r a l  sys tems 

s h o u ld  d e f i n e  a smooth,  b u t  i r r e g u l a r ,  c u rv e  i n  the  CMAS space .

A b ru p t  changes i n  d i r e c t i o n  a t  v a r i o u s  p o i n t s  on the  c u rv e  may be

b r o u g h t  abou t  by the  s t a b i l i s a t i o n  o f  a neu phase a t  th e  l i q u i d u s  

o f  th e  magma, o r  by the  d i s a p p e a ra n c e  o f  an e x i s t i n g  phase .

The c o n t i n u o u s  t r e n d  o f  the  ig neou s  ro c k s  i n  the  i n t r u s i v e  

complex ,  i n  CMAS space ,  can be e a s i l y  d e s c r i b e d  i n  te rm s  o f  t h r e e  

segments c o r r e s p o n d in g  t o  the  t h r e e  p r i n c i p a l  ro c k  g r o u p s .

The m e ta b a s i t e s  as shoun i n  f i g .  3 . 1 2 a , b , c  p l o t  b e lo u  the  

h o r i z o n t a l  median p l a n e ,  E n - l i l o l l - K y , and fo rm  an a r r a y  o f  p o i n t s  

r u n n in g  s u b - p a r a l l e l  t o  the  j o i n  X-Y.  They d i s p l a y  a p ronounced  

p r o g r e s s i v e  d e p l e t i o n  o f  the  M component and a s l i g h t  d e p l e t i o n  i n  

th e  S component .  Ho rnb lende  p l o t s  u e l l  b e lo u  th e  m e t a b a s i t e  t r e n d  

( f i g .  3 . 1 2 b ) ,  t h e r e f o r e  any f r a c t i o n a t i o n  o f  h o rn b le n d e  u o u ld  have 

caused a s i g n i f i c a n t  i n c r e a s e  i n  th e  p r o p o r t i o n  o f  th e  S component 

i n  th e  m e ta b a s i t e  magma. T h is  e n r ic h m e n t  i s  n o t  o b s e rv e d ,  a t  l e a s t  

n o t  u n t i l  a t  th e  j u n c t i o n  o f  th e  m e ta b a s i t e  and t o n a l i t i c  o r t h o -  

g n e is s  t r e n d s ,  and so h o rn b le n d e  f r a c t i o n a t i o n  f rom  th e  m e ta b a s i t e  

magma i s  p r e c l u d e d .

Thus,  th e  c o n c l u s i o n ,  made i n  th e  p r e v i o u s  c h a p t e r ,  t h a t  

th e  ho rn b le n d e  i n  th e  m e ta b a s i t e s  i s  m e tam orph ic  i n  o r i g i n  i s  

c o n f i r m e d  i n  t h i s  f r a c t i o n a t i o n  mode l .  T h is  same argument  a l s o  

makes i t  c l e a r  t h a t  o l i v i n e  f r a c t i o n a t i o n  c o u ld  n o t  have o c c u r r e d  

o v e r  the  range o f  magma c o m p o s i t i o n s  r e p r e s e n t e d  by the  m e ta b a s i t e  

samples ( o l i v i n e  p l o t s  miduay a long  th e  j o i n  e n s t a t i t e - M  and i f  

f r a c t i o n a t e d  f rom  the  magma u o u ld  cause a marked SiD^ e n r i c h m e n t ) .
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F i g .  3 . 1 2  ( c o n t i n u e d )

The d i s p o s i t i o n o f  t h e p r o j e c t i o n p l a n e s a , b , and c ,

r e l a t i v e to each o t h e r and t o  t h e u h o l e CMAS sys tem

i s shoun i n the f o l l o u i Log f i g u r e , F i g . 3 . 1 3 .



Pyroxene seems to  be the  o n l y  m a f i c  phase a b le  t o  produce 

the  m e ta b a s i te  t r e n d  and f i g .  3 .12a  i n d i c a t e s  t h a t  bo th  o r t h o -  

pyroxene  and c l i n o p y r o x e n e  f r a c t i o n a t e d  f rom  th e  magma i n  r o u g h l y  

c o n s t a n t  p r o p o r t i o n s ,  as shoun by the  l i n e a r  a r r a y  D f  p o i n t s .  The 

p r o g r e s s i v e  s h i f t  o f  the  m e ta b a s i t e  r o c k s  t o u a r d s  the  l o c a t i o n ,  i n  

the  CMAS sys tem ,  o f  p l a g i o c l a s e  p r e c lu d e s  f r a c t i o n a t i o n  o f  t h i s  

pha se •

The t r e n d  o f  the  m e ta b a s i t e  r o c k s  merges u i t h  t h a t  o f  the  

t o n a l i t i c  o r t h o g n e i s s ,  j u s t  above the  h o r i z o n t a l  median p la n e ,  

En -U Jo l l -Ky . The s l i g h t  u p t u r n  a t  the  end o f  th e  m e ta b a s i t e  t r e n d  

may be due t o  th e  s t a b i l i s a t i o n  o f  p l a g i o c l a s e  o r  h o r n b le n d e ,  a t  

the  l i q u i d u s  o f  the  magma.

The t o n a l i t i c  o r t h o g n e i s s e s  fo rm  an a r r a y  o f  p o i n t s  i n  the  

CMAS system u h i c h  d e f i n e  a t r e n d  o f  ex t reme s i l i c a  e n r ic h m e n t  ( f i g .  

3 . 1 2 b , c ) ,  u h i l e  th e  p r o p o r t i o n s  o f  o t h e r  components rema in  c o n s t a n t  

r e l a t i v e  t o  each o t h e r .  T h is  r a p i d  c o n c e n t r a t i o n  o f  S iD^ i n  the  

magma must be due t o  a c o m b in a t io n  o f  p l a g i o c l a s e  and h o rnb lend e  

f r a c t i o n a t i o n  and t h i s  u o u ld  agree u i t h  the  obse rved  p resence  o f  

p r im a r y  h o rn b le n d e  i n  the  m e l a n o c r a t i c  t o n a l i t i c  o r t h o g n e i s s .

The most S i O ^ - r i c h  t o n a l i t i c  r o c k s  d e f i n e  a g e n t l e  cu rve  

to u a r d s  the  S-C-A f a c e  o f  the  CMAS t e t r a h e d r o n  and pass i n t o  the  

g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s .  T h i s  s i g n i f i c a n t  

d i r e c t i o n a l  change p r o b a b l y  r e p r e s e n t s  the  in com ing  o f  q u a r t z  as a 

s t a b l e  phase a t  th e  l i q u i d u s  o f  the  magma as i s  f o r c a s t  by the  

p r e v i o u s  s tu d y  o f  the  o r t h o g n e i s s  r o c k s  i n  r e l a t i o n  t o  the  Ab-An-  

Dr-Q sys tem.

Thus th e  sequence o f  c r y s t a l l i s a t i o n  i n  t h i s  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  model i s : -

□PX+CPX —>  OPX+CPX+PLAG(or HBE) —>  PLAG+HBE —>  PLAG+HBE+QTZ

, uhere  the  f r a c t i o n a t i o n  assemblage PLAG+HBE i s  s t a b i l i s e d  i n  a 

magma c o n t a i n i n g  a p p r o x im a t e l y  55 ut% SiO^ ( r e c a l c u l a t e d  u i t h o u t  

th e  u a t e r  c o n t e n t ) .

A n o th e r  model u h i c h  m ig h t  e x p l a i n  th e  CMAS t r e n d  o f  these  

ro c k s  i s  one o f  a s s i m i l a t i o n .  As shoun i n  the  p r e v i o u s  c h a p te r  

t h e r e  i s  c o m p e l l i n g  e v idence  f o r  th e  a s s i m i l a t i o n  o f  p a r a g n e is s  by 

the  t o n a l i t i c  o r t h o g n e i s s  magmas. Three samples o f  m o b i l i s a t e  and 

one o f  melanosome, f rom  the  p a r a g n e i s s ,  a re  p l o t t e d  i n  the 

p r o j e c t i o n s  o f  f i g .  3 . 1 2 .  A l i n e  j o i n i n g  th e  m o b i l i s a t e  and
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melanosome r o c k s ,  i n  the  CMAS sys tem,  d e f i n e s  a m ix in g  l i n e  near  to  

u h i c h  the  p a r e n t  m e tased imen t  u o u ld  l i e .  T h is  l i n e  p r o b a b l y  a l s o  

a p p ro x im a te s  t o  th e  a r r a y  o f  p o i n t s  r e p r e s e n t i n g  the  v a r i o u s  

c o m p o s i t i o n s  o f  th e  m o b i l i s a t e  and melanosome f o r  d i f f e r e n t  degrees 

o f  p a r t i a l  m e l t i n g  o f  the  p a r e n t  m e ta s e d im e n t .

I t  i s  c l e a r  f rom  th e  l a c k  o f  s i g n i f i c a n t  SiD^ e n r ic h m e n t  

a long  the  m e ta b a s i t e  t r e n d ,  t h a t  c o n t a m in a t i o n  o f  th e  more p r i m i t i v e  

b a s i c  magmas, by s i l i c e o u s  p a r a g n e i s s ,  uas n e g l i g i b l e .  On the  o t h e r  

hand, the  u h o le s a le  a s s i m i l a t i o n  o f  p a r a g n e is s  by the  most 

f r a c t i o n a t e d  F e - r i c h  m e ta b a s i t e  and the  m e l a n o t o n a l i t i c  o r t h o g n e i s s  

magmas, u o u ld  c e r t a i n l y  c o n t r i b u t e  t o  the  ex t reme SiD^ e n r ic h m e n t  

t r e n d  shoun by th e  t o n a l i t i c  r o c k s .  The i n c o r p o r a t i o n  o f  s i l i c e o u s  

m o b i l i s a t e  s i m i l a r  t o  t h a t  a na ly s ed  i n  t h i s  s t u d y  u o u ld  a l s o  

d e p le t e  the  magma i n  i t s  tFeD c o n t e n t ,  a f e a t u r e  u h i c h  i s  nece ssa ry  

i f  th e  m e ta b a s i t e  magma e v o lv e d  i n t o  the  m e l a n o t o n a l i t i c  o r t h o g n e i s s  

magma. F u r t h e r m o r e ,  i t  has a l r e a d y  been sugges ted  t h a t  the  a l k a l i  

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

p r o d u c t  o f  th e  a s s i m i l a t i o n  o f  p a r a g n e is s  by th e  t o n a l i t i c  magmas. 

T h e r e f o r e ,  i t  i s  t h o u g h t  t h a t  th e  a s s i m i l a t i o n  o f  p a r a g n e i s s  may 

have had an i m p o r t a n t  i n f l u e n c e  i n  the  p e t r o g e n e s i s  o f  the  

o r t h o g n e i s s  r o c k s .  T h is  h y p o t h e s i s  u i l l  be f u r t h e r  d i s c u s s e d  i n  

r e l a t i o n  t o  th e  t r a c e  e le m e n ts ,  i n  th e  f o l l o u i n g  c h a p t e r .

R e c e n t l y ,  W h ite  and C h a p p e l l  ( 1 9 7 7 ) ,  p roposed  t h a t  some 

t o n a l i t e s  uere  th e  p a r t i a l  p r o d u c t s  o f  the  u l t r a m e ta m o rp h is m  o f  

a n d e s i t i c  r o c k s .  T h e i r  model i n v o l v e s  th e  g e n e r a t i o n  o f  d i a p i r s  o f  

g r a n o d i o r i t e  p a r t i a l  m e l t  and m o b i l i s e d  r e s t i t e  m a t e r i a l ,  i n  the  

fo rm  o f  x e n o c r y s t s  and x e n o l i t h s .  P r o g r e s s i v e  s e p a r a t i o n  o f  the  

r e s t i t e  f rom  th e  p a r t i a l  m e l t  o c c u rs  as th e  d i a p i r s  r i s e  t h ro u g h  

th e  c r u s t ,  l e a v i n g  beh ind  t o n a l i t e  masses u h i c h  have ne v e r  been 

m o l t e n .  C o n v e n i e n t l y ,  i n  the  mode l ,  the  r e s t i t e  c o n t i n u o u s l y  

r e - e q u i l i b r a t e s  u i t h  th e  s u r r o u n d in g  magma, so t h a t  g e o c h e m ic a l l y  

t h i s  p ro c e s s  i s  p r a c t i c a l l y  i n d i s t i n q u i s h a b l e  f rom  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  e q u i l i b r i u m  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 .  As 

C h a p p e l l  and W h i te  c o r r e c t l y  p o i n t  o u t ,  t h e i r  model does d i f f e r  

f rom  these  tu o  e q u i l i b r i u m  p roc e s s e s  i n  one a s p e c t .  The t e m p e ra tu re  

o f  f o r m a t i o n  o f  these  t o n a l i t e  m a sses .uou ld  be no more than  

g r a n o d i o r i t e  l i q u i d u s  t e m p e r a tu r e s ,  i e .  900° C, Bkb a r ,  8 ut% H^D, 

u n d e r s a t u r a t e d  m e l t ,  (Naney and Suanson, 198C) .  I t  i s  t h o u g h t  t h a t  

t h i s  maximum te m p e ra tu r e  o f  emplacement u o u ld  be to o  l o u  to  f u e l



t h e  l a r g e  s c a le  m e l t i n g  ep isode  u h i c h  fo rmed the  p a r a g n e is s  r o c k s ,  

and t h e r e f o r e  t h i s  model i s  r e j e c t e d .

The p o s s i b i l i t y  t h a t  the  m e t a b a s i t e s ,  t o n a l i t i c  

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

u n r e l a t e d  magma t y p e s ,  p roduced  f rom  t h r e e  d i f f e r e n t  s o u rc e s ,  and 

t h a t  t h e y  c o i n c i d e n t a l l y  fo rm  a smooth c o n t i n u o u s  t r e n d  on a l l  

m a jo r  e lem en t  v a r i a t i o n  d ia g ra m s ,  i s  n o t  t h o u g h t  t o  be l i k e l y .  

Houever ,  t h i s  h y p o th e s i s  u i l l  be f u r t h e r  t e s t e d  i n  th e  f o l l o u i n g  

c h a p t e r s .

3 .6  Phase r e l a t i o n s  ac ro s s  the  j o i n  q a b b r o - t o n a l i t e - q r a n i t e .

Phase r e l a t i o n s  a c ro s s  the  j o i n  g a b b m - t o n a l i t e - g r a n i t e  

depend t o  a l a r g e  e x t e n t  on th e  amount o f  H^D t h a t  i s  p r e s e n t  i n  

the  sys tem.  T h i s  f a c t  uas c l e a r l y  shoun by l i l y l l i e  (1977 ,  1979) uho, 

d r a u in g  upon th e  many e x p e r im e n ta l  s t u d i e s  i n  g e o l o g i c a l  l i t e r a t u r e ,  

p r e s e n t s  an e x c e l l e n t  r e v i e u  o f  the  p r e s e n t  knou ledge  on the  e f f e c t s  

o f  v o l a t i l e s  on the  phase r e l a t i o n s  o f  magmas. U n f o r t u n a t e l y ,  

hou e v e r ,  the  amount o f  H^O d i s s o l v e d  i n  a magma a t  dep th  i s  n o t  

q u a n t i t a t i v e l y  knoun,  and t h i s  u n c e r t a i n t y  has c o n s i d e r a b l y  

hampered the  f o r m a t i o n  o f  c once p ts  D f  magma g e n e s is  and e v o l u t i o n .

The p resence  o f  i n  a r o c k  c o n s i d e r a b l y  l o u e r s  the

t e m p e ra tu r e  a t  u h i c h  i t  b e g in s  t o  m e l t  and a l s o  the  te m p e ra tu r e  a t  

u h i c h  i t  i s  c o m p le t e l y  m o l t e n .  I t  i s  a u i d e l y  h e ld  v i e u  t h a t  b a s i c  

magmas a re  g e n e ra te d  i n  the  m a n t le  f rom  a sou rce  u h i c h  c o n t a i n s  a 

s m a l l  v o l a t i l e  c o n t e n t ,  h e ld  p r i n c i p a l l y  i n  hyd rous  phases .  The 

H^O c o n t e n t  i n  b a s a l t i c  magma i s  e s t im a t e d  t o  be l e s s  than  1 ut% 

f o r  ocean r i d g e  b a s a l t s  (Moore ,  1965) ,  and up t o  3 ut% i n  b a s a l t s  

e r u p te d  above s u b d u c t i o n  zones (Ande rson ,  19Q0). A b a s i c  magma, 

r i s i n g  t h ro u g h  th e  upper  m an t le  and i n t o  t h e  l o u e r  c r u s t ,  uou ld  

c r y s t a l l i s e  b o th  g a r n e t ,  a t  p r e s s u r e s  g r e a t e r  than  15 k b a r ,  and 

c l i n o p y r o x e n e  ( S t e r n  and U J y l l i e ,  1978 ) .  A l s o ,  A l l e n  and B o e t t c h e r  

(1978 )  have shoun t h a t  am ph ibo le  and H^O u n d e r s a t u r a t e d  m e l t  a re  

s t a b l e  i n  a b u l k  b a s a l t i c  c o m p o s i t i o n  a t  1050°C, 15 k b a r ,  a l t h o u g h  

am ph ibo le  i s  by no means c lo s e  t o  the  l i q u i d u s  o f  a b a s a l t i c  magma 

under  these  c o n d i t i o n s .  O r thopy rox en e  j o i n s  c l i n o p y r o x e n e  as a 

l i q u i d u s  phase a t  p r e s s u r e s  o f  around 10 k b a r  and f r a c t i o n a t i o n  o f  

these  tu o  phases u o u ld  cause a marked e n r i c h m e n t  o f  fM̂ Û  an(=l the  

a l k a l i e s  i n  th e  magma b u t  keep i t s  SiO^ c o n t e n t  s t e a d y .

C l e a r l y ,  o r t h o p y r o x e n e - c l i n o p y r o x e n e  f r a c t i o n a t i o n  does n o t  

p roduce  magmas o f  i n t e r m e d i a t e  c o m p o s i t i o n .  I f  i n t e r m e d i a t e  magmas



are  t o  be fo rmed by 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 rom  a b a s i c  magma, 

t h e n ,  a lou-S iO^,  phase,  such as am p h ib o le ,  must f r a c t i o n a t e .  T h is  

p rob lem  has been th e  s u b j e c t  o f  much d e b a te ,  u i t h  some u o r k e r s  

a d v o c a t i n g  h o rn b le n d e  f r a c t i o n a t i o n  f rom  a l r e a d y  h i g h l y  

f r a c t i o n a t e d  b a s i c  magmas as th e  mechanism o f  p ro d u c in g  

i n t e r m e d i a t e  c a l c - a l k a l i n e  magmas (C a u th o rn  and O 'Hara  ( 1 9 7 6 ) ,  

Cau tho rn  and Broun (1 9 7 6 ) ,  A l l e n  and B o e t t c h e r  ( 1 9 7 8 ) ,  Anderson 

( 1 9 8 0 ) ) .  O th e r s ,  i n c l u d i n g  E g g le r  and Burnham ( 1 9 7 3 ) ,  and U y l l i e

(1 9 7 7 ) ,  d i s p u t e  t h a t  h o rn b le n d e  f r a c t i o n a t i o n  i s  a l i k e l y  p roc es s  

because o f  th e  degree o f  s a t u r a t i o n  needed i n  the  p a r e n t  magma f o r  

am ph ibo le  t o  be th e  p r im a r y  l i q u i d u s  phase ( i e .  the  f i r s t . p h a s e  

t o  c r y s t a l l i s e )  o r  a 'n e a r  p r i m a r y '  l i q u i d u s  phase.

E g g le r  and Burnham (1973)  d e te rm in e d  the  phase r e l a t i o n s  o f  

a M t .  Hood a n d e s i t e  as a f u n c t i o n  o f  H^O c o n c e n t r a t i o n  up to  10 

k b a r  p r e s s u r e .  They found  t h a t  amph ibo le  d i d  n o t  became the  p r im a r y  

l i q u i d u s  phase even' under  s a t u r a t e d  c o n d i t i o n s .  A l t e r n a t i v e l y ,

A l l e n  and B o e t t c h e r  (1978)  found  t h a t  am ph ibo le  d i d  e x i s t  nea r  t o  

t h e  l i q u i d u s  o f  a n o th e r  M t.  Hood a n d e s i t e ,  a t  u n d e r s a t u r a t e d  

c o n d i t i o n s  o f  above 10 k b a r  p r e s s u r e .  Us ing  f i e l d  and t e x t u r a l  da ta  

Anderson (1980)  s ugg es ts  t h a t  am ph ibo le  may f r a c t i o n a t e ,  by means 

o f  a r e a c t i o n  r e l a t i o n s h i p  u i t h  o l i v i n e ,  f rom  magmas a t  l e a s t  as 

b a s i c  as b a s a l t i c  a n d e s i t e ,  b u t  concedes t h a t  e x p e r i m e n t a l  uo rk  

i n d i c a t e s  t h a t  ‘t h i s  canno t  happen u n le s s  a minimum o f  6 ut% H^O i s  

d i s s o l v e d  i n  th e  magma.

Amph ibo le  i s  f u r t h e r  s t a b i l i s e d ,  a t  the  l i q u i d u s ,  i n  

i n c r e a s i n g l y  a c i d i c  b u l k  c o m p o s i t i o n s .  S ince  the  e f f e c t  o f  amph ibo l  

f r a c t i o n a t i o n  i s  t o  m a rk e d ly  i n c r e a s e  the  SiO^ c o n t e n t  o f  the  magma 

the  p rocess  i s  s e l f  p e r p e t u a t i n g .  Amphibo le  i s  th e  p r im a r y  l i q u i d u s  

phase o f  a g r a n o d i o r i t e  m e l t  c o n t a i n i n g  more than  k ut% H^O a t  8 

k b a r  p r e s s u r e  (Naney and Suanson, 1980 ) .

As am ph ibo le  i s  s t a b i l i s e d  n e a re r  t o  the  l i q u i d u s  o f  a 

b a s i c  magma u i t h  in c re a s e d  H^O c o n t e n t ,  so p l a g i o c l a s e  i s  

d e s t a b i l i s e d .  T h is  e f f e c t  i s  added t o  t h e ,  a l s o ,  d e s t a b i l i s i n g  

e f f e c t  o f  i n c r e a s e d  p r e s s u r e ,  i e .  p l a g i o c l a s e  i s  n o t  th e  p r im a r y  

l i q u i d u s  phase o f  any b u l k  c o m p o s i t i o n  a t  p r e s s u r e s  g r e a t e r  than  

15 k b a r ,  even under  d r y  c o n d i t i o n s  ( U y l l i e  ( 1 9 7 7 ) ,  A l l e n  and 

B o e t t c h e r  ( 1 9 7 8 ) ,  U y l l i e  ( 1 9 qq) ) .  P l a g i o c l a s e  i s  n o t  the  p r im a r y  

l i q u i d u s  phase o f  b a s a l t i c  magma a t  any t e m p e r a tu r e ,  p r e s s u r e  o r  

degree o f  H^O s a t u r a t i o n .  Houever ,  A l l e n  and B o e t t c h e r  (1978)



showed t h a t  p l a g i o c l a s e  i s  the  p r im a r y  l i q u i d u s  o f  a M t .  Hood 

a n d e s i t e  i n  u n d e r s a t u r a t e d  c o n d i t i o n s  a t  p r e s s u r e s  o f  o v e r  10 k b a r .  

F u r th e r m o r e ,  E g g le r  and Burnham (1973)  d i s c o v e r e d  t h a t  i t  i s  the  

p r im a r y  l i q u i d u s  phase o f  a n o th e r  M t.  Hood a n d e s i t e ,  a t  5 k b a r  

p r e s s u r e ,  even under  H^D s a t u r a t e d  c o n d i t i o n s .  The pronounced  

s t a b i l i t y  o f  p l a g i o c l a s e  i n  E g g le r  and Burnham's  e x p e r im e n ts  on 

the  a n d e s i t e  may w e l l  r e p r e s e n t  the  peak o f  p l a g i o c l a s e  s t a b i l i t y ,  

i n  te rms o f  the  b u l k  c o m p o s i t i o n  o f  the  sys tem .  Naney and Swanson 

(1980)  found  t h a t  p l a g i o c l a s e  was w e l l  be low the  l i q u i d u s  o f  a 

s l i g h t l y  u n d e r s a t u r a t e d  (10 wt% H^O) g r a n o d i o r i t e  c o m p o s i t i o n  a t  

8 k b a r ,  and was some 3BD°C be low th e  l i q u i d u s  o f  a g r a n i t e  

c o m p o s i t i o n  under  e x a c t l y  the  same c o n d i t i o n s .  In  the  l a t t e r  case ,  

a l k a l i  f e l d s p a r  and q u a r t z  were bo th  s t a b l e  t o  h i g h e r  t e m p e ra tu r e s  

than  p l a g i o c l a s e ,  wh ich  was s t a b l e  o n l y  up t o  a few °C above th e  

s o l i d u s .  T h is  f a c t  i s  s i g n i f i c a n t ,  i n  te rms  o f  th e  g r a n i t i c  

o r t h o g n e i s s  m in e r a l o g y ,  because o f  the  t o t a l  l a c k  o f  s o d i c  

p l a g i o c l a s e  i n  these  r o c k s .  P l a g i o c l a s e  was o b v i o u s l y  u n s t a b l e  i n  

t he  a c i d i c  o r t h o g n e i s s  magmas, a t h e o r y  s u p p o r te d  by th e  p resence  

o f  c o r ro d e d  rem a ins  o f  a n d e s in e .  The andes ine  must then  r e p r e s e n t  

an e a r l y  c r y s t a l l i s e d  phase wh ich  has rema ined  suspended i n  the  

v i s c o u s  g r a n i t i c  magma. An e s t im a t e  o f  the  degree o f  s a t u r a t i o n

o f  the  g r a n i t i c  o r t h o g n e i s s  magma, f rom  these  m i n e r a l o g i c a l  

r e l a t i o n s h i p s  would  depend, t o  a l a r g e  e x t e n t ,  on the  dep th  a t  

wh ich  the  magma c r y s t a l l i s e d .

The f o l l o w i n g  f r a c t i o n a t i o n  scheme may w e l l  a p p ly  t o  t h e  

g r a n i t i c  o r t h o g n e i s s  magma. A g r a n o d i o r i t e  magma, c o n t a i n i n g  7 -8  

wt% H20, would  f r a c t i o n a t e  ho rn b le n d e  ( a n d / o r  b i o t i t e )  and 

p l a g i o c l a s e  a t  a p r e s s u r e  o f  8 kba r  (30 km d e p t h ) , (Naney and 

Swanson, 198B) .  I f  ba tches  o f  the  magma were p e r i o d i c a l l y  r e l e a s e d ,  

and rose  to  h i g h e r  l e v e l s  ( i e .  lo w e r  p r e s s u r e s )  i n  the  c r u s t ,  t h e n ,  

d u r i n g  the  a s c e n t ,  these  magmas would e v e n t u a l l y  become H^D 

s a t u r a t e d ,  because H^D i s  l e s s  s o l u b l e  i n  magmas a t  l o w e r  p r e s s u r e s .  

The e f f e c t  o f  in c re a s e d  H^O s a t u r a t i o n  would be t o  r a p i d l y  l o w e r  

the  t e m p e ra tu re  o f  s t a b i l i t y  o f  p l a g i o c l a s e  and c r y s t a l l i s a t i o n  o f  

t h i s  phase would  cease .  P l a g i o c l a s e  c r y s t a l s ,  c a r r i e d  up i n  

s uspens ion  w i t h i n  the  magma, would become u n s t a b l e  and would be 

r e s o r b e d .  Once the  magma becomes c o m p le t e l y  s a t u r a t e d ,  any f u r t h e r  

d rop  i n  p r e s s u r e  would l e a d  to  r a p i d  s o l i d i f i c a t i o n  ( H a r r i s ,  1977) 

w i t h  the c r y s t a l l i s a t i o n  o f  q u a r t z  and po ta s h  f e l d s p a r .



3 . 7  Phase r e l a t i o n s  i n  the  a n a t e x i s  o f  m e t a p e l i t i c  r o c k s .

M e l t i n g  r e l a t i o n s  o f  p e l i t i c  g n e is s e s  have been d e s c r ib e d  

by Knabe ( 1 9 7 0 a , b ) ,  S t e u h l  ( 1 9 6 2 ) ,  and W in k l e r  (1976 ,  Chap te r  1 6 ) .  

Knabe 's  e x p e r im e n ts ,  conduc ted  on b i o t i t e - p l a g i o c l a s e - q u a r t z  r o c k s  

a t  H,-,D p r e s s u r e s  o f  2 k b a r , dem on s t ra te d  t h a t  th e  f o l l o w i n g  b i o t i t e  

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

m a t e r i a l : -

b i o t i t e  + p l a g i o c l a s e  + q u a r t z  —^  K - f e l d s p a r  and a l b i t e

components + m a f i c  phase

, where the  k - f e l d s p a r  and a l b i t e  components combine w i t h  q u a r t z  

t o  p roduce  m e l t .  The m a f i c  phase fo rmed i n  t h i s  r e a c t i o n  depends 

on the  c o m p o s i t i o n  o f  the  b i o t i t e .  The breakdown o f  Fe and T i  r i c h  

b i o t i t e  p roduces  i l m e n i t e  as th e  main r e s i d u a l  phase.

These e x p e r im e n ts  c o n f i rm e d  th e  r e s u l t s  o f  S t e u h l  who had 

m e l te d  p a r a g n e is s  c o n s i s t i n g  o f  A0% p l a g i o c l a s e ,  28% q u a r t z ,  22% 

b i o t i t e ,  and 10% K - f e l d s p a r ,  a t  2 kba r  p r e s s u r e  w i t h  excess  H^D.

The f i r s t  m e l t  t o  fo rm  had a c o m p o s i t i o n  on th e  c o t e c t i c  l i n e ,  i n  

the  Ab-An-Cr-Q  sys tem,  i n  e q u i l i b r i u m  w i t h  a l l  p r e - h e a t i n g  phases .  

A t  710°C a l l  o f  the  K - f e l d s p a r  had m e l te d  and the  m e l t  had moved 

on t o  the  m e l t  + p l a g i o c l a s e  + q u a r t z  c o t e c t i c  s u r f a c e .  A f u r t h e r  

i n c r e a s e  i n  t e m p e ra tu r e  m e l te d  a l l  th e  the  q u a r t z  by 7 6 0 ° C, and by 

the  t im e  8 0 0 ° C had been rea c h e d ,  BA% o f  the  o r i g i n a l  g n e is s  had 

m e l t e d .  A t  t h i s  s tage  i n  the  e x p e r im e n t ,  th e  melanosome component 

was composed o f  kk% p l a g i o c l a s e ,  37% opaque o re  and 19% b i o t i t e .

The melanosome p l a g i o c l a s e  was a n d e s in e ,  A n ^ ,  compared w i t h  the  

o l i g o c l a s e ,  A n ^ ,  i n  th e  o r i g i n a l  g n e i s s .

These e x p e r im e n t a l  melanosomes bear  a s t r o n g  resemblance  to  

th e  melanosome o f  the  Connemara p a r a g n e i s s ,  w h ic h ,  i n  many cases ,  

has a m in e r a l o g y  composed o f  s i l l i m a n i t e ,  i l m e n i t e ,  b i o t i t e ,  and 

p l a g i o c l a s e ,  up t o  A n ^ .  There i s  a l s o  e v id e n c e  f o r  the  b i o t i t e  

d e g r a d a t i o n  r e a c t i o n ,  f o r c a s t  by Knabe (197111a,b), i n  th e  t e x t u r e  

o f  th e  n a t u r a l  melanosome (see C hap te r  2,  s e c t i o n  2 . 3 . 3 ) ,  though 

t h i s  r e a c t i o n  d i f f e r e d  f rom  th e  e x p e r i m e n t a l  one, i n  t h a t  i t  

i n v o l v e d  the  f o r m a t i o n  o f  s i l l i m a n i t e ,  as w e l l  as i l m e n i t e  and the

m e l t  components.  T h is  i n c o n g r u e n t  b i o t i t e  m e l t i n g  r e a c t i o n  was a l s o

i d e n t i f i e d  by IMedelec and Paquet  (1981)  who s t u d ie d  h i g h - g r a d e  

p a r a g n e is s e s  f rom  the  Haut A l l i e r  (F rench  M a s s i f  C e n t r a l ) .

The D a l r a d i a n  m e tased im en ts  f l a n k i n g  th e  i n t r u s i v e  complex ,



t o  the  n o r t h ,  t y p i c a l l y  c o n t a i n  no K - f e l d s p a r ,  even though th e y  are 

h ig h  a m p h i b o l i t e  grade ro c k s  ( T r e l o a r ,  1977, t h s s . ) .  They have a 

m in e r a l o g y  composed o f  v a r i a b l e  p r o p o r t i o n s  o f  q u a r t z ,  p l a g i o c l a s e ,  

b i o t i t e  and m u s c o v i t e ,  w i t h  a c c e s s o ry  g a r n e t  and o t h e r  m ino r  phases 

The m e l t i n g  r e l a t i o n s  o f  m e tased im en ts  c o n t a i n i n g  b i o t i t e  and 

m u s c o v i t e ,  b u t  no K - f e l d s p a r ,  have been d i s c u s s e d  by W in k l e r  (1976)  

I n  these  r o c k s ,  a n a t e x i s  i s  t r i g g e r e d  by th e  r e l e a s e  o f  K - f e l d s p a r  

component and H^O i n  the  breakdown o f  m u s c o v i te  a t  t e m p e ra tu re s  

j u s t  above th e  w a te r  p r e s e n t  g r a n i t e  s o l i d u s .  W ith  i n c r e a s i n g  

t e m p e ra tu re  the  m u s c o v i te  breakdown r e a c t i o n  p roceeds  r a p i d l y ,  and 

a c o r r e s p o n d i n g l y  h ig h  r a t e  o f  m e l t i n g  o c c u r s .  However, when the  

m u s c o v i te  d i s a p p e a r s ,  a t  t e m p e ra tu r e s  p r o b a b l y  l e s s  than  20°C above 

the  f i r s t  m e l t i n g  t e m p e r a tu r e ,  the  r a t e  o f  m e l t i n g  d rops  m a rk e d ly ,  

and i s  c o n t r o l l e d  by th e  s l u g g i s h  b i o t i t e  breakdown r e a c t i o n .  

B i o t i t e  becomes m e ta s ta b le  above 6 5 5 °C, a t  5 k b a r ,  i n  th e  p resence 

o f  a l b i t e  + s i l l i m a n i t e  + q u a r t z  + H^O ( H o f f e r ,  197 8 ) .  However,  

a l b i t e  i s  n o t  u s u a l l y  p r e s e n t  as a s e p a ra te  phase i n  p a r a g n e i s s e s , 

r a t h e r  i t  i s  h e ld  i n  s o l u t i o n  i n  p l a g i o c l a s e ,  u s u a l l y  a n d e s in e .  I f  

e q u i l i b r i u m  i s  m a in t a i n e d  the  a l b i t e  component s h o u ld  d i f f u s e  o u t  

o f  the  p l a g i o c l a s e  s t r u c t u r e  and r e a c t  w i t h  th e  b i o t i t e  t o  fo rm  

m e l t .  T h is  happens o n l y  t o  a l i m i t e d  deg re e ,  because o f  the  

tendency  o f  i n t e r m e d i a t e  p l a g i o c l a s e  t o  r e a c t ,  o r  m e l t ,  a lm os t  

s t o i c h i o m e t r i c a l l y  (Johannes ,  1980 ) .  Large te m p e ra tu r e  i n c r e a s e s  

a re  needed t o  p roduce  f u r t h e r ,  s i g n i f i c a n t ,  m e l t i n g  i n  these  ro c k s  

and the  r e s u l t a n t  m e l t  becomes H^C u n d e r s a t u r a t e d .

The t e m p e ra tu r e  r e q u i r e d  t o  m e l t  a s e t  p r o p o r t i o n  o f  any

r o c k ,  i s  much h i g h e r  f o r  u n d e r s a t u r a t e d  c o n d i t i o n s  (PIinri <  PT j. -, ) ,H2u l o t a l
than  f o r  s a t u r a t e d  c o n d i t i o n s  (P linri = P-r . n )» and i n  r o c k s  w i t hH2D T o t a l  ’
l o w  c o n c e n t r a t i o n s  « 2  wt%) o f  H^C, l i q u i d u s  t e m p e ra tu r e s  approach

thos e  o f  the  d r y  sys tem .  F u r th e r m o r e ,  the  te m p e ra tu r e  range ,  ove r  

wh ich  u n d e r s a t u r a t e d  m e l t i n g  can o c c u r ,  i e .  th e  d i f f e r e n c e  between 

th e  w a te r  p r e s e n t  and d r y  l i q u i d i ,  expands w i t h  i n c r e a s i n g  p re s s u re  

due t o  the  enhanced s o l u b i l i t y  o f  H^C i n  t h e  magma. The t e m p e ra tu re  

range o f  u n d e r s a t u r a t e d  m e l t i n g  may be i n  excess  o f  200° C f o r  a

r o c k  o f  g r a n i t i c  c o m p o s i t i o n  ( f i g .  2a,  Naney and Swanson, 1980) .

The m o b i l i s a t e  r o c k s  o f  the  Connemara p a ra g n e is s e s  are 

e x t r e m e l y  s i l i c e o u s  ( f i g .  3 . 9 a )  and o b v i o u s l y  do n o t  r e p r e s e n t  

minimum m e l t s .  White  and C h a p p e l l  ( 1 9 7 7 ) ,  and W in k l e r  and B r e i t b a r t

( 1 9 7 8 ) ,  s ugg es t  t h a t  g r a n i t i c  r o c k s  d e r i v e d  f rom  p a r t i a l  m e l t i n g  o f



m e ta s e d im e n ta ry  g n e is s e s  may n o t  a lways  r e p r e s e n t  the  a c t u a l  m e l t ,

b u t  the  m e l t  p l u s  suspended x e n c c r y s t i c  m a t e r i a l  c a r r i e d  up f rom

th e  magma s o u r c e .  In  the  m c b i l i s a t e ,  the  suspended x e n D c r y s t i c

m a t e r i a l ,  i f  t h e r e  was any,  would  have been m a in l y  q u a r t z .  However,

i n  the  f i e l d ,  t h e r e  are  many examples o f  l a r g e  x e n o l i t h i c  b l o c k s  o f

s i l i c e o u s  s e m i p e l i t e  wh ich  are  i n  an advanced s t a t e  o f  a s s i m i l a t i o n ,

and these  s ugg es t  t h a t  x e n o c r y s t i c  q u a r t z  c o u ld  n o t  have p e r s i s t e d
u a t e r -

i n  the  m e l t .  The l i q u i d u s  te m p e ra tu r e  o f  such a s i l i c e o u s ^ u n d e r -  

s a t u r a t e d  m e l t  would be c lo s e  t o  9DD°C.

3 .8  C o n c lu s io n s .

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

be long  to  the  S u b a l k a l i n e  d i v i s i o n ,  t h e y  possess c h e m ic a l  f e a t u r e s  

wh ich  are  n e i t h e r  t y p i c a l l y  c a l c - a l k a l i n e ,  n o r  t y p i c a l l y  t h o l e i i t i c  

, i n  n a t u r e .  The m e ta b a s i te  r o c k s  do, however ,  show some a f f i n i t y  

w i t h  t h o l e i i t i c  r o c k s ,  i e .  e a r l y  Fe e n r i c h m e n t ,  w h i l e  the  o r t h o -  

g n e is s e s  have an a f f i n i t y  w i t h  c a l c - a l k a l i n e  r o c k s ,  i e .  c o n s t a n t  

tFeO/MgO, and SiD^ e n r i c h m e n t .

The m a j o r i t y  o f  the  m e ta b a s i te  and o r t h o g n e i s s  samples do 

n o t  r e p r e s e n t  cum u la te  r o c k s ,  ha v in g  c o m p o s i t i o n s  wh ich  are  

p r o b a b l y  c l o s e  a p p r o x im a t i o n s  t o  the  c o m p o s i t i o n s  o f  the  magma f rom  

wh ich  t h e y  fo rm e d .  These ro c k s  d e f i n e  c o n t i n u o u s ,  o f t e n  n o n - l i n e a r ,  

t r e n d s  i n  a l l  m a jo r  e lem en t  p l o t s ,  wh ich  i n d i c a t e s  t h a t  t h e y  are  

a l l  comagmatic and r e l a t e d  by the  p ro c e s 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 .

The m e ta b a s i te  magma e v o lv e d  by the  f r a c t i o n a t i o n  o f  bo th  

c l i n o -  and o r t h o - p y r o x e n e ,  and c o n s e q u e n t l y  became p r o g r e s s i v e l y  

Fe e n r i c h e d  and S i  d e p l e t e d .  However, a t  some p o i n t ,  t hes e  t r e n d s  

were r e v e r s e d ,  p o s s i b l y  by a c o m b in a t io n  o f  the  a d d i t i o n a l  

f r a c t i o n a t i o n  o f  a F e - T i  o r e ,  and the  a s s i m i l a t i o n  o f  s i l i c e o u s ,  

F e -p o o r ,  p a r a g n e i s s .  The magma e v o lv e d  tow ards  m e l a n o t o n a l i t i c  

o r t h o g n e i s s  c o m p o s i t i o n s  ( r o u g h l y  a n d e s i t i c ) , and the  tw o -p y ro x e n e  

f r a c t i o n a t i o n  assemblage was superseded by a p l a g i o c l a s e  + 

ho rn b le n d e  assemblage .  The f r a c t i o n a t i o n  o f  the  l a t t e r  assemblage 

produced  th e  ex t reme SiD^ e n r i c h m e n t  t r e n d  shown by the  t o n a l i t i c  

o r t h o g n e i s s e s .  The H^D c o n t e n t  o f  the  m e l a n o t o n a l i t i c  o r t h o g n e i s s  

magma i s  e s t im a t e d  a t  6 -8  wt% on the  b a s i s  t h a t  h o rn b le n d e  

c r y s t a l l i s a t i o n  would  n o t  o c c u r  a t  l e v e l s  below t h i s .  The H^D 

c o n t e n t  o f  th e  magma b u i l t  up as f r a c t i o n a t i o n  c o n t i n u e d ,  and as a 

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



became u n s t a b le  nea r  t o  the  l i q u i d u s  and ceased t o  f r a c t i o n a t e .

The l a s t  formed p l a g i o c l a s e  c r y s t a l s  d i d  n o t  s e p a ra te  c o m p le te l y  

f rom  the  v i s c o u s  a c i d i c  magma and t h e y  were p a r t i a l l y  r e s o r b e d .  

Q uar tz  began t o  f r a c t i o n a t e  i n  a d d i t i o n  t o  h o rnb lend e  and the  magma 

c o m p o s i t i o n  e v o lv e d  to  those  o f  the  g r a n o d i o r i t i c  and g r a n i t i c  

o r t h o g n e i s s e s .

The m in e r a l o g y  and t e x t u r e s  i n  the  melanosome component o f  

the  p a r a g n e is s  a re  c o n s i s t e n t  w i t h  those  observed  i n  the  

e x p e r i m e n t a l  p a r t i a l  m e l t i n g  o f  q u a r t z - p l a g i o c l a s e - m i c a  s c h i s t .

The v e r y  c a l c i c  n a t u r e  o f  th e  p l a g i o c l a s e ,  A n ^ ,  i n d i c a t e s  t h a t  

h ig h  t e m p e ra tu r e s  were reached d u r i n g  th e  M3 a n a t e c t i c  e v e n t .  T h is  

i s  a l s o  c o n f i r m e d  by the  s i l i c e o u s  n a t u r e  o f  the  a n a t e c t i c  m e l t ,  

t h e  m o b i l i s a t e  component o f  the  p a r a g n e i s s .  A peak t e m p e ra tu re  o f  

c .  9DDDC i s  e s t im a t e d  f o r  t h i s  e v e n t ,  i n  the  p a r a g n e i s s .



C h a p t e r  4 .

Trace E lement G eochem is t ry  o f  the  Racks o f  the  I n t r u s i v e  Complex.

I n  th e  p re c e d in g  c h a p t e r ,  the  m e t a b a s i t e - o r t h o g n e i s s  samples 

were t r e a t e d  as though t h e y  r e p r e s e n t  the  v a r i o u s  c o m p o s i t i o n s  o f  a 

s i n g l e  e v o l v i n g  magma, even though th e y  have been taken  f rom  the  

many d i f f e r e n t . i n t r u s i o n s  and i n t r u s i v e  masses wh ich  o c c u r  w i t h i n  

the  f i e l d  a r e a .  T h is  g e n e r a l i s a t i o n  i s  j u s t i f i e d ,  i n  t h a t ,  a l t h o u g h  

th e  ro c k s  may be o f  more than  one magma, i f  t hes e  magmas had 

s i m i l a r  i n i t i a l  c o m p o s i t i o n s ,  i n  terms o f  th e  m a jo r  o x i d e s ,  then 

i n t r u d e d  i n t o  th e  same e n v i r o n m e n t ,  i e .  th e  same th e r m a l  and 

t e c t o n i c  r e g im e s ,  t h e y  sh o u ld  have s i m i l a r  f r a c t i o n a t i o n  h i s t o r i e s .  

They sh o u ld  a l s o  have magma d i f f e r e n t i a t e s  w h ic h ,  when tak en  a l l  

t o g e t h e r ,  d e f i n e  the  f r a c t i o n a t i o n  h i s t o r y  o f  a s i n g l e  c om pos i te  

magma. The s t u d i e s  o f  th e  p r e v i o u s  c h a p te r  i n d i c a t e  t h a t  the  

m e t a b a s i t e - o r t h o g n e i s s  r o c k s  do show such a f e a t u r e .

U n f o r t u n a t e l y ,  the  sdme g e n e r a l i s a t i o n  canno t  be made w i t h  

a n y t h i n g  l i k e  the  same c o n f id e n c e  f o r  the  t r a c e  e le m e n ts .  Trace 

e lem en t  c o n c e n t r a t i o n s  a re  e x t r e m e l y  s e n s i t i v e  t o  even m in o r  

v a r i a t i o n s  i n  a magma’ s c o m p o s i t i o n  and phase r e l a t i o n s , i t s  degree 

o f  f r a c t i o n a t i o n ,  and i n  the  amounts o f  c o u n t r y  r o c k  m a t e r i a l  t h a t  

i t  a s s i m i l a t e s .  T h e r e f o r e ,  magmas wh ich  are  i n i t i a l l y  s i m i l a r  bo th  

i n  m a jo r  and t r a c e  e lem en t  c o m p o s i t i o n ,  may d i v e r g e  s i g n i f i c a n t l y  

i n  t h e i r  t r a c e . e lem en t  c o m p o s i t i o n s  d u r i n g  f r a c t i o n a t i o n  and 

i n t r u s i o n . T h u s , i n  the  t r a c e  e lem en t  p l o t s  t h a t  fo rm  the  core  o f  

t h i s  c h a p t e r ,  t h e  t r a c e  e lem en t  d i s t r i b u t i o n s  sh o u ld  n o t  be 

e x p e c t e d - t o  d e f i n e  t r e n d s  t h a t  a re  as w e l l  d e f i n e d  as those  o f  the  

m a jo r  o x id e  d i s t r i b u t i o n s . T r e n d s  t h a t  do o c c u r  w i l l  p r o b a b l y  be 

com pos i te  and, i n  t h e i r  s c a t t e r , t h e y  w i l l  i l l u s t r a t e  the  range o f  

v a r i a t i o n  o f  the  t r a c e  e lem en t  abundances i n  magmas o f  th e  same 

t y p e .

4 .1  Trace e lem e n t  d i s t r i b u t i o n  t h e o r y .

A . 1.1 Trace e lem e n t  m i n 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 .

The b e h a v io u r  o f  t r a c e  e lem en ts  i n  ig neou s  p roc e s s e s  such 

as 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 r  f u s i o n ,  r e l i e s  h e a v i l y  on the  

m i n 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 ,  , wh ich  i s  the  r a t i o  o f



t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  a t r a c e  e lem e n t  between a m in e r a l  

phase and a c o e x i s t i n g  m e l t .  ' s can be d e te rm in e d  d i r e c t l y ,  e i t h e r  

f rom  n a t u r a l l y  o c c u r r i n g  phe no c ry s t -g ro u n d m a s s  p a i r s  o r ,  

a l t e r n a t i v e l y ,  f rom  p h e n o c r y s t - g l a s s  p a i r s  p roduced  i n  l a b o r a t o r y  

m e l t i n g - c r y s t a l l i s a t i o n  e x p e r im e n ts  on n a t u r a l  r o c k  s y s te m s .

There i s  no s i n g l e  d i s t r i b u t i o n  c o e f f i c i e n t  t o  d e f i n e  the  

b e h a v io u r  o f  a t r a c e  e lemen t  t h r o u g h o u t  an igneou s  p r o c e s s .  Each 

t r a c e  e lemen t  h a s .a  s e p a ra te  f o r  each m i n e r a l  phase ,and  th e  v a lu e  

o f  the  Kp depends, t o  a l a r g e  d e g re e ,  on the  ease i n  wh ich  th e  

t r a c e  e lemen t  i s  accommodated i n t o  th e  s t r u c t u r a l  f ram ework  o f  the  

phase.  Large v a lu e s  mean t h a t  the  t r a c e  e lem en t  i s  e a s i l y  

accommodated i n t o  the  m in e r a l  s t r u c t u r e .

Trace e lem en ts  are  e x t r e m e l y  v a r i e d  i n  t h a t  t h e y ,  as a 

who le ,  have a broad range i n  bo th  i o n i c  s i z e  and v a l e n c y .  

C o n s e q u e n t l y ,  m i n e r a l  g roups  t h a t  possess d i f f e r e n t  b a s i c  s t r u c t u r a l  

f ram ew ork s ,  w i l l  have d i f f e r e n t  t r a c e  e lemen t  a f f i n i t i e s ,  t h i s  

f e a t u r e  i s  d r a m a t i c a l l y  shown by the  Rare E a r th  e le m e n t ,  (REE),  

c u r v e s  o f  the  main m in e r a l  g ro u p s ,  ( f i g . 4 . 1 2 a , b ) . Much o f  th e  

knowledge o f  v a r i a t i o n  has come f rom the  e x p e r i m e n t a l  s t u d i e s  o f  

Drake and W e i l l  ( 1 9 7 5 ) ,  Watson ( 1 9 7 7 ) ,  L i n d s t ro m  and W e i l l  ( 1 9 7 8 ) ,  

Mysen (1 9 7 8 b ) ,  and Mysen and V i r g o  ( 1 9 8 0 ) .  I t  i s  r e c o g n i s e d ,  f i r s t l y  

, t h a t  m i n e r a l - m e l t  K ^ ' s  are  i n v e r s e l y  c o r r e l a t e d  w i t h  t e m p e r a t u r e ,  

i e .  as the  te m p e ra tu r e  o f  the  m e l t  d e c re a s e s ,  K ^ ' s  i n c r e a s e ,  and, 

s e c o n d ly ,  t h a t  m i n e r a l - m e l t  1s i n  b a s a l t i c  m e l t s  a re  s m a l l e r  than  

a na logous  ' s i n  more a c i d i c  m e l t s .  There i s  a s t r o n g  c o r r e l a t i o n  

between these  two r e l a t i o n s h i p s ,  because b a s a l t s  a re  h ig h  t e m p e ra tu r e  

m e l t s  a n d , o b v i o u s l y  , i f  t he  main dependence were on t e m p e ra tu r e  

then  b a s a l t  K ^ ' s . w o u ld  be ex pec ted  t o  be s m a l l e r .

R e c e n t l y ,  Mysen and V i r g o  (1980)  have shown c o n c l u s i v e l y  

t h a t  the  ove rwhe lm ing  f a c t o r  t h a t  c o n t r o l s  t h e  v a r i a t i o n  o f  m in e r a l  

- m e l t  K p 's  i s  the  degree o f  p o l y m e r i s a t i o n  o f  th e  c o e x i s t i n g  m e l t ,  

( t h e  degree o f  p o l y m e r i s a t i o n  i s  exp ressed  i n  u n i t s  o f  ' n o n -  

b r i d g i n g  oxygens p e r  s i l i c a  t e t r a h e d r a  ' , (= l \ IB0 /T ) , and ranges  f rom 

4 .0  i n  a c o m p le t e l y  n o n -p o ly m e r i s e d  m e l t  t o  □ .□  i n  the  s o l i d ) .  The 

a u t h o r s  e nv isage  t h a t  t r a c e  e lem en ts  a c t  as n e tw o rk  m o d i f i e r s ,  

h a v in g  a d i s o r d e r i n g  e f f e c t  on m e l t  s t r u c t u r e .  W i th  i n c r e a s i n g  m e l t  

p o l y m e r i s a t i o n ,  ( i e .  because o f  a lo w e r  t e m p e ra tu r e  o r  a more a c i d i c  

m e l t  c o m p o s i t i o n ) ,  the  m e l t  becomes i n c r e a s i n g l y  l e s s  a b le  t o  

c o n t a i n  these  m o d i f y i n g  e lem en ts  and t h e r e f o r e  h ^ ' s  i n c r e a s e .



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

p r e v i o u s l y ,  Mysen and V/ irgo shoued,  f o r  s e l e c t e d  Rare E a r th  e lemen ts  

, t h a t  the  r e l a t i o n s h i p  betueen K p 's  and m e l t  p o l y m e r i s a t i o n  i s  

a p p r o x im a t e l y  l i n e a r ,  an a l o g  v e rsus  NBO/T p l o t ,  ov e r  the  range 

o f  m e l t  c o m p o s i t i o n ,  b a s a l t  t o  a n d e s i t e .  Mysen and V i r g o  a l s o  r e l a t e  

m e l t  c o m p o s i t i o n  t o  m e l t  p o l y m e r i s a t i o n ,  a s s i g n i n g  a v a lu e  o f  D.7 

IMBO/T t o  a t h o l e i i t i c  b a s a l t  and v a lu e s  ^  0 . 3  NBD/T t o  a n d e s i t e  and 

more a c i d i c  magma t y p e s .

Much o f  the  p r e s e n t l y  a v a i l a b l e  d a ta  has been o b t a in e d  

f rom  th e  a n a l y s i s  o f  n a t u r a l l y - o c c u r r i n g  p h e n o c ry s t -g ro u n d m a s s  p a i r s  

i n  a broad range o f  v o l c a n i c  r o c k s  ( P h i l p o t t s  and S c h n e t z l e r ,  1970; 

S c h n e t z l e r  and P h i l p o t t s ,  1970; A r t h  and B a r k e r ,  1976; Schock,  1977; 

Pearce and N o r r y ,  1979; Luhr  and C a rm ic h a e l ,  1 98 0 ) .  These da ta  have 

b e e n . c r i t i c i s e d  most r e c e n t l y  by Apted and B o e t t c h e r  (19Q1) ,  i n  

t h a t ,  p rob lem s such as i n c o m p le te  s e p a r a t i o n ,  and the  d e m o n s t r a t i o n  

o f  e q u i l i b r i u m  mere n o t  shoun t o  have been overcome.  Houever ,  the  

da ta  a re ,  on the  u h o l e , i n  good agreement u i t h  th e  c o n c l u s i o n s  o f  

Mysen and V i r g o  ( 1 9 8 0 ) .

M i n e r a l - m e l t  o f  1A t r a c e  e lem e n ts  f o r  each o f  the  m e l t

t y p e s ;  b a s a l t , a n d e s i t e , d a c i t e , and r h y o d a c i t e ,  have been s e l e c t e d

f rom  the  l i t e r a t u r e  and are l i s t e d  i n  Tab le  A .1 ,  t o g e t h e r  u i t h  t h e i r

sou rce  r e f e r e n c e .  A d ju s tm e n t  o f  some o f  the  v a lu e s  has been made

uhere  d i s c r e p a n c i e s  uere  t h o u g h t  t o  e x i s t ,  i n  r e l a t i o n  t o  the

v a r i a t i o n s  d i s c u s s e d  above.  In  some i n s t a n c e s  uhere  a t r a c e  e lem en t

Kn uas n o t  a v a i l a b l e  f o r  a c e r t a i n  m e l t  t y p e ,  an e s t i m a t i o n  uas made 
U K0's

u h i c h  uas based on t h a t  t r a c e  e l e m e n t ' s  f o r  o t h e r  m e l t  t y p e s  and on
A

t h e  K p 's  o f  o t h e r  t r a c e  e lem en ts  u i t h  s i m i l a r  c h e m i s t r i e s .

A . 1 .2  Trace  e lem en t  v a r i a t i o n  i n  te rms o f  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 .

A t  any one i n s t a n c e  d u r i n g  c r y s t a l l i s a t i o n ,  o r  p a r t i a l  

m e l t i n g ,  a magma may be i n  e q u i l i b r i u m  u i t h  a number o f  phases .  The 

d i s t r i b u t i o n  o f  a s i n g l e  t r a c e  e lemen t  be tueen  the  magma and these  

phases i s  d e s c r i b e d  by i t s  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 ,  D , u h ic h  

i s  the  sum o f  th e  p r o d u c t s  the  i n d i v i d u a l  m i n e r a l - m e l t  K ^ ' s  and the  

phase mass f r a c t i o n s  i n  the  t o t a l  s o l i d .  Because i t  i s  a f u n c t i o n  o f  

bo th  the  m i n e r a l - m e l t  K ^ ' s  and the  phase mass f r a c t i o n s ,  D u i l l  

v a r y  as th e y  v a r y  u i t h  p r o g r e s s i v e  d i f f e r e n t i a t i o n  o f  the  magma. 

A l th o u g h  a b r u p t  changes i n  D 's  can d c c u t , p r i n c i p a l l y  by the  r a p i d  

appearance ,  o r  d i s a p p e a ra n c e ,  o f  s i g n i f i c a n t  volumes o f  a l o u  o r



V

Appendage t o  Tab le  A.1

Hey t o  S u p e r s c r i p t s : -

Hp -  v a l u e  o b t a i n e d  f rom  source  r e f e r e n c e ,  x .  

x *Kp -  v a lu e  o b t a i n e d  f rom source  r e f e r e n c e ,  x ,  and 

m o d i f i e d  s l i g h t l y ,  o r  as i s  the  case f o r  Tb 

t h e  v a lu e s  uere  o b ta in e d  by i n t e r p o l a t i o n  

m ethods .

Hp -  v a lu e  e s t im a t e d .

Kp -  A r t h  and B a rk e r ,  1976.

Hp -  P h i l p o t t s  and S c h n e tz le r ' ,  197D.

Hp -  S c h n e t z l e r  and P h i l p o t t s ,  197D. 
k

Hp -  Pearce and IMorry, 1979.

Hp -  Luh r  and C a rm ic h a e l ,  1980.

Hp -  A r t h ,  1976.
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h ig h  Kp phase, most v a r i a t i o n  u i l l  be g r a d a t i o n a l  and r e l a t e d  t o  the  

pa ra m e te rs  u h i c h  i n f l u e n c e  i n d i v i d u a l  K ^ ' s .  The c o n c e n t r a t i o n  o f  a 

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

c o n t r o l l e d  by the  v a r i a t i o n  o f  i t s  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 .

The te rm  ' i n c o m p a t i b l e  e l e m e n t ( s y n o n o m o u s  u i t h  ' h y g r o -  

magmatoph i le  e l e m e n t ' ,  o r  ' l a r g e  io n  l i t h o p h i l e  e l e m e n t ' ) ,  has been 

a p p l i e d  to  t r a c e  e lem en ts  u h i c h  have v e r y  l o u  K ^ ' s  f o r  most o f  the  

common magmatic m i n e r a l s ,  i e .  t h e y  are  s t r o n g l y  p a r t i t i o n e d  i n t o  

th e  m e l t  r e l a t i v e  t o  the  phase .  C o n s e q u e n t l y ,  these  t r a c e  e lem e n ts  

u i l l  u s u a l l y  have l o u  D v a lu e s  f o r  many magma t y p e s .

C o n v e n t io n a l  r e a s o n in g  assumes t h a t  s t r o n g l y  i n c o m p a t i b l e  

e lem en ts  u i l l  have D v a lu e s  t h a t  rema in  c lo s e  t o  ze ro  t h r o u g h o u t  

most o f  the  d i f f e r e n t i a t i o n  o f  magmas, and t h e r e f o r e  the  

c o n c e n t r a t i o n s  o f  these  e lem en ts  i n  s u c c e s s i v e  magma d i f f e r e n t i a t e s  

depend a lm o s t  c o m p le t e l y  on the  degree o f  f r a c t i o n a t i o n .  Thus 

s t r o n g l y  i n c o m p a t i b l e  t r a c e  e lem en ts  have o f t e n  been used as 

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

t r a c e  e le m e n ts .  The assum pt ion  t h a t  D— □.□  i s  c e r t a i n l y  a v a l i d  one 

f o r  magmas o f  b a s a l t i c  t o  i n t e r m e d i a t e  c o m p o s i t i o n ,  b u t  i s  su s p e c t  

f o r  more a c i d i c  magmas, because o f  th e  in c r e a s e d  degree o f  

p o l y m e r i s a t i o n  and, h e n c e , t h e  h i g h e r  i n t h e  l a t t e r .  A n o th e r

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

e lem en ts  as f r a c t i o n a t i o n  i n d i c e s  i s  one o f  c h e m ic a l  i n h o m o g e n e i i t y . 

P r o t r a c t e d  c r y s t a l l i s a t i o n  o f  a magma o f  any c o m p o s i t i o n  u i l l  l e a v e  

a f i n a l  r e s i d u a l  l i q u i d  e n r i c h e d  i n  i n c o m p a t i b l e  e le m e n ts .

In c o m p le te  s e g r e g a t i o n  o f  t h i s  r e s i d u a l  l i q u i d  u o u ld  c r e a t e  

i n c o m p a t i b l e  e lem en t  i n h o m o g e n e i i t y  t h r o u g h o u t  th e  c r y s t a l l i s e d  

mass.

The a l t e r n a t i v e  to  u s in g  an i n c o m p a t i b l e  e le m e n t ,  as a 

f r a c t i o n a t i o n  in d e x ,  i s  t o  use a s t r o n g l y  c o m p a t i b le  one, because i f  

D i s  s u f f i c i e n t l y  l a r g e  the  decrease  i n  c o n c e n t r a t i o n  o f  the  t r a c e  

e lem en t  i n  s u c c e s s i v e  magma d i f f e r e n t i a t e s  i s ,  a l s o ,  dependent  

m a in l y  on th e  degree o f  f r a c t i o n a t i o n .  Houever ,  an e lem en t  may be 

c o m p a t i b le  u i t h  one phase,  i e . N i  i n  o l i v i n e ,  b u t  i n c o m p a t i b l e  u i t h  

a n o t h e r ,  i e .  Ni  i n  p l a g i o c l a s e ,  and so D v a lu e s  o f  these  e lem en ts  

can be l o u e r e d  i f  the  f r a c t i o n a t i o n  assemblage i s  dom ina ted  by 

u n r e c e p t i v e  m i n e r a l s .  Dn the  o t h e r  hand,  the  D v a lu e s  o f  an e le m e n t ,  

u h ic h  i s  s t r o n g l y  c o m p a t ib le  i n  b a s i c  magmas, a re  l i k e l y  t o  be j u s t  

as h ig h  i n  g r a n i t i c  magmas s im p l y  because m i n e r a l - m e l t  K ^ ' s  a re  

h i g h e r  i n  magmas o f  the  l a t t e r  t y p e .



□ne o f  the  main d i s a d v a n ta g e s  o f  s t r o n g l y  c o m p a t ib le  t r a c e  

e lem en ts  as f r a c t i o n a t i o n  i n d i c e s , i s  t h a t  these  e lem en ts  are  o f t e n  

p r e s e n t  o n l y  i n  e x t r e m e l y  s m a l l  c o n c e n t r a t i o n s  i n  g r a n i t i c  r o c k s ,  

and canno t  t h e r e f o r e  be d e te rm in e d  u i t h o u t  r e l a t i v e l y  l a r g e  

a n a l y t i c a l  e r r o r .

Many t r a c e  e lemen ts  are  n e i t h e r  s t r o n g l y  i n c o m p a t i b l e  n o r  

s t r o n g l y  c o m p a t i b l e ,  and ac ro s s  th e  c o m p o s i t i o n  range b a s a l t -  

r h y o l i t e  t h e y  can p r o g r e s s  f rom  b e ing  m i l d l y  i n c o m p a t i b l e  ( D C 1 . D )  

t o  m i l d l y  c o m p a t ib le  ( D > 1 . 0 ) .  T h is  means t h a t  d u r i n g  f r a c t i o n a t i o n  

a c ro s s  t h i s  c o m p o s i t i o n  ra n g e ,  these  e lem en ts  u i l l  u s u a l l y  be 

e n r i c h e d  i n  b a s i c  magmas, and depend ing  on th e  n a t u r e  o f  the  

c r y s t a l l i s i n g  phases ,  may became p r o g r e s s i v e l y  d e p le t e d  i n  more 

a c i d i c  magma d i f f e r e n t i a t e s .  These e lem en ts  can be c a l l e d  th e  

t r a n s i t i o n a l  D group e le m e n ts .

A f e u  t r a c e  e lem en ts  have d i s t r i b u t i o n s  u h ic h  a re  c o n t r o l l e d  

by j u s t  one phase,  f o r  example ;  Sr has l a r g e  K ^ ' s  f o r  p l a g i o c l a s e  

b u t  i s  n o t  c o m p a t ib le  u i t h  any o t h e r  common magmatic m i n e r a l .  The 

Sr  d i s t r i b u t i o n  can t h e r e f o r e  be u s e f u l  i n  a s s e s s in g  the  r o l e  o f  

p l a g i o c l a s e  i n  a magmatic p r o c e s s .

^ .2 Trace e lem en t  d i s t r i b u t i o n s  i n  the  ro c k s  o f  the  i n t r u s i v e

com plex .

Upto 20 t r a c e  e lem en ts  have been a n a ly s e d  f o r  each r o c k ,  13. 

b y . X - r a y  f l u o r e s c e n c e  (XRF) a n a l y s i s ,  ( C r ,C o , ( \ l i , R b ,S r ,  Y ,Z r , f \ l b ,B a ,L a ,  

C e ,R b ,T h ) ,  and 9 by i n 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  a n a l y s i s  ( IN A A ) ,  

( L a , C e , N d ,S m , E u , T b , Y b , L u , S c ) • Of t h e s e ,  O r , IMi, Co, S c , and Sr  a re  

c o m p a t ib le  e lem en ts  and depend ing  on the  f r a c t i o n a t i n g  p h a s e s , shou ld  

be expec ted  t o  decrease  i n  c o n c e n t r a t i o n  f rom  th e  m e ta b a s i t e s  to  the  

g r a n i t i c  o r t h o g n e i s s e s , . uhereas  Rb ,Ba,Pb,  and Th are  i n c o m p a t i b l e  

and shou ld ,  i n c r e a s e .  Z r ,Y ,N b ,  and the  REE's,  i n c l u d i n g  La,Ce,Nd,Sm, 

E u ,Tb ,Y b ,  and Lu, be long  t o  the  t r a n s i t i o n a l  D group and t o g e t h e r  

u i t h  Sr. sh o u ld  p r o v i d e  the  most c r u c i a l  e v id e n c e  i n  th e  assessment  

o f  the  p e t r o g e n e t i c  models p u t  f o r u a r d  i n  the  p r e v i o u s  c h a p t e r .  The 

REE's are  d e a l t  u i t h ,  as a u h o le ,  i n . s e c t i o n  ^ . 3 .  A l l  th e  t r a c e  

e lem en t  da ta  are  l i s t e d  i n  Append ix  1.

^ . 2 . 1  Trace e lem en t  (ppm) v e rs u s  S iDg (u t%) p l o t s  o f  the  m e ta b a s i t e

- o r t h o g n e i s s  r o c k s .

The t r a c e  e lem en t  da ta  f o r  the  m e ta b a s i t e  and o r t h o g n e i s s  

r o c k s  a na lysed  i n  t h i s  r e s e a r c h  a r e  p l o t t e d  a g a i n s t  SiO^ wt% i n
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f i g . 4 . 1 a - l .  I n  each p l o t , ,  e x c e p t  t h a t  o f  Z r  v .  SiD^ ut%, the  da ta  

d e f i n e  a c o n t in u o u s  t r e n d , ( e x c e p t  f o r  t h e  s a m p l ing  gap, u h ic h  i s  

d i s c u s s e d  i n  the  p r e v i o u s  c h a p t e r ) ,  f rom  the  m e ta b a s i t e s  t o  the  

g r a n i t i c  o r t h o g n e i s s e s ,  u h i c h  i n  most cases  i s  a s t r o n g l y  n o n - l i n e a r  

a r r a y .  T h is  c o n t i n u o u s - t r e n d  f e a t u r e  r e i n f o r c e s  the  p r i o r  c o n c lu s i o n  

t h a t  these  ro c k s  are  c o g e n e t i c  and l i n k e d  by th e  p rocess  D f c r y s t a l  

f r a c t i o n a t i o n .

4 . 2 . 1 a  The i n c o m p a t i b l e  t r a c e  e l e m e n t s : -  Rb, Ba, Pb , . and Th.

As uas p r e d i c t e d  f rom  the  ut% p l o t s  o f  IMa^O, and 

a g a i n s t  S iB ^ ,  the  i n c o m p a t i b l e  t r a c e  e le m e n ts ,  Ba,Rb,Th ( f i g . 4 . 1 a ,b ,  

c )  and Pb ( n o t  shoun) d i s p l a y  a l a r g e  degree o f  s c a t t e r  ov e r  the  

u ho le  o f  the  m e t a b a s i t e - o r t h o g n e i s s  s e r i e s .  For  the  m e t a b a s i t e s ,  

t h i s  s c a t t e r i n g  may be i n  p a r t  due to  v a r i a b l e  m e tasom a t ic  

a l t e r a t i o n ,  and t h i s  t h e o r y  can be checked by p l o t t i n g  a r a t i o  o f  

tu o  i n c o m p a t i b l e  e le m e n ts ,  say Ba/Rb, a g a i n s t  some f r a c t i o n a t i o n  

in d e x ,  say C r .  I f  th e  m e ta b a s i t e s  have been v a r i a b l y  e n r i c h e d  i n  

bo th  o f  these  i n c o m p a t i b l e  e le m e n ts ,  by a m e ta s om a t ic  f l u i d  u h i c h  

had a s i m i l a r  Ba/Rb r a t i o  t o  t h a t  o f  the  p rem e ta m o rph ic  b a s i c  r o c k s ,  

then  the  Ba/Rb r a t i o  o f  the  m e ta b a s i t e s  u o u ld  rema in  a p p r o x im a t e l y  

c o n s t a n t .  The Ba/Rb v .  Cr p l o t  ( f i g . 4 . 2 )  shous t h a t  t h i s  i s  n o t  so,  

and t h e r e  i s  j u s t  as much s c a t t e r  i n  the  Ba/Rb r a t i o  as t h e r e  i s  i n  

t h e  i n d i v i d u a l  e lem en t  d a t a .  T h e r e f o r e ,  t h i s  u o u ld  s ugg es t  t h a t  

m e tasom a t ic  a l t e r a t i o n  uas n o t  th e  p r im e  cause o f  the  s c a t t e r  i n  

t h e  i n c o m p a t i b l e  e lem en t  d a t a .  Houever ,  th e  Ba/Rb r a t i o  o f  the  

m e tasom a t ic  f l u i d  i s  n o t  knoun and so t h i s  l i n e  o f  ev idence  i s  n o t  

s t r o n g .

A n o th e r  p o s s i b l e  reason f o r  th e  s c a t t e r i n g  o f  the  m e ta b a s i t e  

i n c o m p a t i b l e  e lem en t  d a ta ,  i s  t h a t  some. o f  th e  m e ta b a s i te  samples 

r e p r e s e n t  a m p h i b o l i t i s e d  cum u la te  r o c k s ,a n d  n o t  magma c o m p o s i t i o n s .  

T h i s  i s  a l r e a d y  the  suspec ted  o r i g i n  o f  samples BK408 andBK96. The 

p roposed f r a c t i o n a t i o n  scheme f o r  th e  m e ta b a s i t e  magma i n v o l v e s  the  

c r y s t a l  f r a c t i o n a t i o n  o f  c l i n o p y r o x e n e  and o r th o p y r o x e n e  o n l y ,  

(C h a p te r  3,  CMAS s y s te m ) .  The h y p o t h e s i s  o f  a cum u la te  o r i g i n  f o r  

some o f  the  m e ta b a s i t e  r o c k s  can be t e s t e d  i n  a p l o t  such as Sr v .

Cr ( f i g . 4 . 3 ) .  Rocks composed o f  cum u la te  py roxene  u i l l  have l o u  Sr 

c o n t e n t  because Sr does n o t  e n t e r  i n t o  the  py roxene  s t r u c t u r e .

BK408, u h ic h  i s  p r o b a b l y  an a m p h i b o l i t i s e d  p y ' r o x e n i t e  has o n l y  55 

ppm o f  S r .  There i s  a g roup o f  5 m e ta b a s i t e  samples u i t h  S r< 2D C  ppm 

, i n  f i g . 4 .3  ( u h i c h  does n o t  i n c l u d e  samples BK4D8 and BK96),  and 

f rom  t h e i r  l o u  Sr c o n t e n t ,  these  5 r o c k s  m ig h t  u e l l  r e p r e s e n t
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p y r o x e n e - r i c h  c u m u la te s .  However,  t h r e e  o f  thes e  r o c k s  c o n t a i n  l e s s  

than.. 10D ppm Cr ,  so t h i s  cum u la te  o r i g i n  i s  c o n s i d e r e d . u n l i k e l y  f o r  

them because Cr i s  s t r o n g l y  p a r t i t i o n e d  i n t o  py ro x e n e ,  r e l a t i v e  to  

the  magma, and .w ou ld  be p r e s e n t  i n  g r e a t e r  q u a n t i t i e s ,  i n  p y r o x e n e -  

r i c h  c u m u la te s ,  than  t h i s .  A l l  o f  the  m e ta b a s i t e s  i n c l u d e d  i n  f i g .

A . 3 have a l a r g e  modal p r o p o r t i o n  o f  p l a g i o c l a s e  and t h e r e f o r e  the  

l o w - S r  group o f  m e ta b a s i te s  canno t  be m is c o n s t r u e d  as r e p r e s e n t i n g  

p y r o x e n e - r i c h  cum u la te  r o c k s .  The m e ta b a s i te  r o c k s  w i t h  h i g h  S r ,  

i e .  BK138 wh ich  has A79 ppm, do n o t  c o n t a i n  l a r g e r  p r o p o r t i o n s  o f  

p l a g i o c l a s e  than  the  l o w - S r  g r o u p .  T h e r e f o r e ,  i t  would seem t h a t  

a l a r g e  m a j o r i t y  o f  th e  m e ta b a s i te  samples do n o t  r e p r e s e n t  cum u la te  

r o c k s ,  and t h e r e f o r e ,  the  s c a t t e r  o f  the  i n c o m p a t i b l e  e le m e n t  da ta  

must have been caused by some o t h e r  phenomenon. Some o f  t h i s  s c a t t e r  

, and c e r t a i n l y  most o f  the  s c a t t e r  i n  the  m e ta b a s i t e  S r . d a t a ,  w i l l  

be due t o  l e a c h i n g  o f  S r ,  Ba , and th e  a l k a l i e s ,  [\la and K, d u r i n g  

th e  s e r i c i t i s a t i o n  o f  the  p l a g i o c l a s e  f e l d s p a r .  T h is  p ro c e s s  w i l l  

a l s o  have a f f e c t e d  th e  o r t h o g n e i s s  r o c k s ,  because the  p l a g i o c l a s e  

i n  these  r o c k s  i s  s t r o n g l y  s e r i c i t i s e d  t o o .

The s c a t t e r  o f  the  i n c o m p a t i b l e  e lem en t  da ta  f o r  the  whole 

o f  the  m e t a b a s i t e - o r t h o g n e i s s  s e r i e s  may a l s o  r e f l e c t  v a r i a t i o n s  i n  

i n c o m p a t i b l e  e lem en t  c o n c e n t r a t i o n s  i n  d i f f e r e n t  i n t r u s i v e  bo d ie s  

o f  the  same r o c k  t y p e .  T h is  i s  c o n s i s t e n t  w i t h  the  s c a t t e r  o f  the 

Ba/Rb r a t i o  i n  th e  m e ta b a s i te  samples ( f i g . A . 2) and would  p o i n t  t o  

d i f f e r e n c e s  i n  i n c o m p a t i b l e  e lem en t  abundances,  and r a t i o s ,  between 

th e  p a r e n t a l  m e ta b a s i t e  magmas. These d i f f e r e n c e s  i n  the  t r a c e  

e lem en t  c h a r a c t e r i t i c s  o f  the  p a r e n t a l  magmas o f  the  m e t a b a s i t e -  

o r t h o g n e i s s  s e r i e s ,  c o u ld  have a r i s e n  t h ro u g h  p r o c e s s e s , ( e g .  

f r a c t i o n a l  m e l t i n g  ( S c h i l l i n g  and W in c h e s t e r , 1 9 6 7 ) ) , a c t i n g  a t  the  

magma s o u r c e w h i c h  was p resum ab ly  i n  the  upper  m a n t l e .  

A l t e r n a t i v e l y ,  th e  d i f f e r e n c e s  c o u ld  have a r i s e n  d u r i n g  magma 

i n t r u s i o n ,  by t h e  v a r i a b l e  a s s i m i l a t i o n  o f  c r u s t a l  r o c k s  w i t h  

d i f f e r e n t  i n c o m p a t i b l e  e lement  c h a r a c t e r i s t i c s  t o  those  o f  the  

magmas•

. The s c a t t e r  i n  the  o r t h o g n e i s s  i n c o m p a t i b l e  e lem e n t  da ta

may a l s o . r e f l e c t  th e  range o f  i n h o m o g e n e i i t y  i n  a s i n g l e  i n t r u s i o n ,  

caused by. t h e . - i n c o m p le te  and i n c o n s i s t e n t  d r a i n i n g  and s e g r e g a t i o n  

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

c r y s t a l l i s a t i o n  o f  . these  r o c k s .  A g a in s t  t h i s ,  however ,  i s  the  

d i s t r i b u t i o n  o f  the  K f - r i c h  t o n a l i t i c  o r t h o g n e i s s e s ,  wh ich  do no t



p 1□t  c o n s i s t e n t l y  h i g h e r  than o t h e r  t o n a l i t i c  o r t h o g n e i s s e s  i n  the  

i n c o m p a t i b l e  e lem en t  v .  SiO^ wt% p l o t s .

Ba d i s p l a y s . a  c l e a r  t r e n d  o f  e n r i c h m e n t  u i t h  i n c r e a s i n g  

SiD^ c o n t e n t  ( f i g . A . 1 a )  i n  th e  m e t a b a s i t e - o r t h o g n e i s s  s e r i e s ,  

a l t h o u g h  t h i s  e n r ic h m e n t  t r e n d  i s  n o t  as s t r o n g  i n  th e  t o n a l i t i c  

o r t h o g n e i s s  as i n  the  o t h e r  r o c k  g ro u p s .  T h i s  s t e p - l i k e  f e a t u r e  

o c c u rs  i n  each o f  the  Ba, Na^B, and K^B v .  SiB^, ut% p l o t s  and i s  

m a in l y  a f u n c t i o n  o f  the  r a p i d  i n c r e a s e  i n  SiO^ i n  the  t o n a l i t i c  

r o c k s .  T h e r e f o r e ,  the  f r a c t i o n a t i n g  phases r e s p o n s i b l e  f o r  such 

changes i n  the  c o m p o s i t i o n  o f  th e  t o n a l i t i c  o r t h o g n e i s s  magmas must 

have been a b le  t o  accommodate i n c o m p a t i b l e  e le m e n ts ,  l i k e  Ba and K, 

i n t o . t h e i r  s t r u c t u r e s  i n  s i g n i f i c a n t  amounts ,  and a l s o  must have 

been, i n  b u l k ,  s i g n i f i c a n t l y  l o w e r  i n  SiB^ c o n t e n t ,  than  the  magma 

i t s e l f .  The . t o n a l i t i c  r o c k s  c o n s i s t  m a in l y  o f  h o rn b le n d e  and 

l a b r a d o r i t e , . and these  two phases s u i t a b l y  f u l f i l  the  above 

r e q u i r e m e n t s , i n  t h a t ,  h o rn b le n d e  i s  a l o w - S i B ^  phase, commonly 

c o n t a i n i n g  l e s s  than  A3wt% S iBg ,  and bo th  h o rn b le n d e  and l a b r a d o r i t e  

c o n t a i n  a p p r e c i a b l e  amounts o f  [\lar,B, and s i g n i f i c a n t  amounts o f  K^B 

and Ba.

A . 2 . 1b The t r a n s i t i o n a l  D e l e m e n t s ; -  Z r , Y, l \ lb,and Ce.

The t r a n s i t i o n a l  D e le m e n ts ,  Z r ,  Y, l\lb, and Ce a l l  have, 

d i s t r i b u t i o n s . wh ich  d e f i n e  a convex-upwards  c u r v e ,  a g a i n s t  S iB ^ ,

( f i g . A . 1 d , e , f , g ) , w i t h  the  maximum c o n c e n t r a t i o n s  o f  these  e lem en ts  

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

At  f i r s t  s i g h t ,  t h i s  c u r v e d - t r e n d  f e a t u r e  appears  t o  be 

c o n s i s t e n t  w i t h  the  ho rn b le n d e  f r a c t i o n a t i o n  h y p o t h e s i s  in v o k e d  

e a r l i e r  t o  e x p l a i n  the  r a p i d  S iB^  e n r ic h m e n t  t r e n d  i n  the  most 

f r a c t i o n a t e d  m e ta b a s i t e s  and i n  th e  t o n a l i t i c  o r t h o g n e i s s e s .  T h is  

i s  because Z r ,  Y, and Nb have h o rn b le n d e  K ' s  wh ich  a re  g r e a t e r  than  

u n i t y  i n  magmas o f  i n t e r m e d i a t e  c o m p o s i t i o n  (Pearce  and N o r r y ,1 9 7 9 ) ,  

and i n  s l i g h t l y  more a c i d i c  magmas Ce a l s o  has a h o rn b le n d e  

above u n i t y  ( A r t h  and B a r k e r , 1 9 7 6 ) .  Thus,  i f  h o rn b le n d e  was the  

dom inan t  f r a c t i o n a t i n g  phase, th e  t r a n s i t i o n a l  D e lem en ts  would be 

ex pec ted  t o  decrease  i n  c o n c e n t r a t i o n  f rom  a peak i n  the  t o n a l i t i c  

o r t h o g n e i s s e s  t o  a minimum i n  th e  g r a n i t i c  o r t h o g n e i s s e s .  However, 

c e r t a i n  f e a t u r e s  o f  th e  Zr  d i s t r i b u t i o n  i n  t h e  m e t a b a s i t e - o r t h o g n e i s s  

r o c k s ,  may w e l l  p rove  d i f f i c u l t  t o  e x p l a i n  by t h i s  ho rn b le n d e  

dom ina ted  c r y s t a l  f r a c t i o n a t i o n  h y p o t h e s i s .  There i s  a gap, i n  the  

S iB^  ut% v .  Z r  p l o t  ( f i g . A . l d ) ,  o f  some 15B ppm between th e  h i g h e s t  

Z r  c o n c e n t r a t i o n s  i n  the  m e ta b a s i t e  r o c k s ,  and the  Zr  c o n c e n t r a t i o n s



□ f  th e  S iD ^ -p o o r  t o n a l i t i c  o r t h o g n e i s s e s .  A p a r t  f rom  the  p resence  

o f  t h i s  gap, u h i c h  i s  p u z z l i n g  because i t  i s  n o t  a p p a re n t  i n  the  

o t h e r  t r a n s i t i o n a l  D e lement  d i s t r i b u t i o n s ,  the  r a p i d  i n c r e a s e  ( i e .  

150 ppm) i n  th e  Z r  c o n c e n t r a t i o n  oc c u rs  a t  t h e  p o i n t  where the  

f r a c t i o n a t i o n . o f , p r e d o m i n a n t l y ,  h o rnb lend e  i s  proposed to  have been 

i n i t i a t e d ,  i e .  i n  the  most f r a c t i o n a t e d  m e ta b a s i t e  magmas. T h is  Zr  

d i s t r i b u t i o n  i s  i n  o b v io u s  c o n t r a d i c t i o n  w i t h  th e  mode l ,  because 

th e  Zr  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  o f  a h o rn b le n d e  dom ina ted  

phase assemblage i n  a s t r o n g l y  f r a c t i o n a t e d  b a s i c  magma i s  p r o b a b l y  

o n l y  s l i g h t l y  l o w e r  than  u n i t y ,  and t h e r e f o r e  a l a r g e  in c r e a s e  i n  

th e  Zr  c o n t e n t  o f  t h i s  magma, by c r y s t a l  f r a c t i o n a t i o n  means, would ,  

be im p o s s i b l e .  Thus, i t  seems t h a t ,  bo th  h o rn b le n d e  and p l a g i o c l a s e ,  

wh ich  h a s . v e r y  lo w  K ^ ' s  f o r  Z r ,  would have had t o  f r a c t i o n a t e  f rom  

th e  magma, w i t h  enough ho rn b le n d e  s e p a r a t i n g  t o  cause the  magma to  

become e n r i c h e d  i n  SiD^ and y e t  enough p l a g i o c l a s e  s e p a r a t i o n  so 

t h a t  the  Zr  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  was depressed  s u f f i c i e n t l y  

, t o  a l l o w  s t r o n g  Z r  e n r i c h m e n t .  As i s  e v i d e n t  i n  f i g s . A . l d  and 3 .3a  

, the  a s s i m i l a t i o n  o f  p a r a g n e i s s i c  r o c k s  wou ld  a l s o  h e lp  t o  e n r i c h  

t h e .m e ta b a s i te  magma i n  Zr  and S iO^ .

A . 2 . 1c The c o m p a t i b le  e l e m e n t s : -  C r , f \ l i , Co, S c , and S r .

The s t r o n g l y  c o m p a t ib le  e le m e n ts ,  Cr and N i ,  have v e r y  lo w  

c o n c e n t r a t i o n s  i n  the  o r t h o g n e i s s e s  and so t h e y  are  r e a l l y  o n l y  

u s e f u l  i n  the  e l u c i d a t i o n  o f  th e  m e ta b a s i te  p e t r o g e n e s i s . P l o t t e d  

a g a i n s t  SiD^ wt% ( f i g . A . 1 h , i ) , these  two e le m e n ts  have s i m i l a r  

d i s t r i b u t i o n s ,  and i n  bo th  p l o t s  the  p o s s i b l e  cum u la te  r o c k s ,  BKA08 

and Bk96, a re  w e l l  s e p a ra te d  f rom  the  r e s t  o f  th e  m e ta b a s i te  samples .  

The m e ta b a s i t e s  seem t o  f a l l  i n t o  two main g r o u p s : -  one group w i t h  

SiO^ o f  around 50 wt% and a l a r g e  range i n  C r ( c .3 0 0 -1 D 0  ppm) and l\li 

( 100 -15  ppm) c o n t e n t s ,  and a n o th e r  g roup w i t h  SiO^ between A2-55 wt% 

and Cr and Ni c o n t e n t s  l e s s  than  100 ppm and 15 ppm, r e s p e c t i v e l y .

The f o u r  r o c k s  wh ich  have l e s s  than  A7 .5  wt% S iO^ ,  p l o t  i n  s i m i l a r  

p o s i t i o n s  i n  the  Cr and Ni p l o t s ,  ha v in g  lo w  c o n c e n t r a t i o n s  o f  these  

e le m e n ts ,  and a c l o s e r  e x a m in a t io n  r e v e a l s  t h a t  t h r e e  o f  them are 

the  most F e - r i c h  o f  the  m e ta b a s i te  sam p les .  Fe c o n t e n t ,  and more 

i m p o r t a n t l y  th e  Fe/Mg wt% r a t i o ,  i n c r e a s e s  w i t h  d e c re a s in g  

c o m p a t ib le  e l e m e n t . c o n c e n t r a t i o n s  a c ro s s  th e  m e ta b a s i t e  g roup ,  i e .

Or v . tFeo /M gD ( f i g . A . A ) .  T h is  means t h a t  th e  Fe c o n t e n t  and the  

Fe/Mg r a t i o  bo th  in c re a s e d  w i t h  c o n t i n u i n g  f r a c t i o n a t i o n  o f  the  

m e ta b a s i te  magmas. The m a jo r  e lemen t  v a r i a t i o n  i n  th e  m e ta b a s i te  

r o c k s  has been a s c r i b e d  t o  tw o -p y ro x e n e  f r a c t i o n a t i o n ,  i e  a u g i t e  and



h y p e rs th e n e ,  f rom  the  m e ta b a s i te  magmas (see Chap te r  3,Dmas s y s te m ) .  

Hypers thene  c o n t a i n s  a l a r g e  ut% o f  tFeO ( ie . H y p e r s t h e n e  BK102-8 

has. 21 .35  ut% tFeD)  whereas a u g i t e  c o n t a i n s  much l e s s  tFeD ( i e .

A u g i t e  BK1D2-3 has 7 .15  ut% tFeD) and, c l e a r l y ,  f o r  the  tFeD ut% o f  

th e  m e ta b a s i te  magma to  i n c r e a s e  as a r e s u l t  o f  the  f r a c t i o n a t i o n  

o f  these  two phases ,  a u g i t e  must p redo m ina te  ov e r  h y p e r s t h e n e .  Both 

py rox en es ,  i f  f r a c t i o n a t e d  f rom  a magma w i t h  l e s s  than  5D ut% S iD^ ,  

u o u ld  d e p le t e  t h a t  magma i n  SiD^ and, so,  py roxene  f r a c t i o n a t i o n  

c o u ld  c l e a r l y  p roduce  the  m e ta b a s i te  tFeD v .  S . I .  ( f i g . 3 . Ac) ,and 

MgO, C r ,  and Ni v .  SiD^ ( f i g s . 3 . 3 e ,  A .1h ,  A . 1 i )  d i s t r i b u t i o n s .

The o t h e r  c o m p a t ib le  e le m e n ts ,  Co and Sc, a re  shown p l o t t e d  

a g a in s t  SiD^ wt% i n  f i g . A . 1 k , 1 ,  and, as e x p e c te d ,  the  c o n c e n t r a t i o n s  

o f  bo th  e lem en ts  decrease  s t e a d i l y  t h ro u g h  t h e  m e t a b a s i t e - o r t h o g n e i s s  

s e r i e s .  In  m o s t . g e o l o g i c a l  c i r c u m s ta n c e s  Sc and Co e x i s t  as the  io n s  

, Sc^+ and Co^+ , and bo th  e l e m e n t s . have l a r g e  1 s ( > 1 . D )  f o r  the  

common m a f i c  phases ,  i e .  py rox en e ,  h o r n b le n d e  ( G i l l , 1978) and 

p r o b a b l y  b i o t i t e .  They have v e r y  low K ^ ' s  f o r  f e l s i c  m i n e r a l s  ( i e .

Sc Kp f o r  p l a g i o c l a s e  i n  a l k a l i  b a s a l t  = D.D17 ( L i n d s t r o m , (1976 ;  i n  

I r v i n g ,  1 9 7 8 ) ) .

The Sr d i s t r i b u t i o n  i n  the  m e ta b a s i t e  r o c k s  has a l r e a d y  been 

d e s c r i b e d  i n  the  d i s c u s s i o n  on the  p o s s i b l e  cum u la te  o r i g i n  o f  some 

o f  these  r o c k s .  As i n  the  m e ta b a s i te  Sr d a t a ,  th e  o r t h o g n e i s s  Sr 

d a ta  shows a l a r g e  s c a t t e r  ( f i g . A . l j ) ,  and t h i s  i s  u n d o u b ta b l y  due 

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

i n  these  r o c k s .  The Sr c o n c e n t r a t i o n  reaches  a peak i n  th e  melano­

t o n a l i t i c  r o c k s  and s t e a d i l y  dec reases  t o  a l e v e l  o f  abou t  3DD ppm 

i n  the  l e u c o t o n a l i t i c  o r t h o g n e i s s e s ,  p resum ab ly  because o f  

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 rom  th e  o r t h o g n e i s s  magmas. The 

g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s  show no s i g n i f i c a n t  Sr 

d e p l e t i o n  t r e n d ,  f rom  th e  l e v e l  found  i n  th e  l e u c o t o n a l i t i c  

o r t h o g n e i s s e s ,  and t h i s  c o n f i r m s  the  p r e v i o u s  c o n c lu s o n ,  made on the  

b a s i s  o f  the  t e x t u r e s  o f  the  a c i d i c  o r t h o g n e i s s e s ,  t h a t  f r a c t i o n a t i o n  

o f  p l a g i o c l a s e  had s topped i n  th e  most f r a c t i o n a t e d  l e u c o t o n a l i t i c  

o r t h o g n e i s s  magmas.

A . 2 .2  Trace  e lem en t  v a r i a t i o n s  i n  th e  p a r a g n e i s s  r o c k s .

The s m a l l  s e t  o f  da ta  f o r  the  p a r a g n e is s e s  a r e  a l s o  p l o t t e d  

i n  th e  t r a c e , e lem en t  ve rs u s  SiD^ wt% p l o t s  o f  f i g . A . 1 a , 1 ,  and i t  can 

be seen t h a t ,  i n  each p l o t ,  t he  t r a c e  e lem en t  c o n c e n t r a t i o n  i s  

g r e a t e r  i n  the  s i n g l e  melanosome sample ,  BKAD9 (S iD ^  ut% = A 7 .3 9 ) ,  

than  i n  any o f  the  3 m o b i l i s a t e  s a m p le s , (S iD ^  u t % > 7 5 . D ) .  T h i s  may



, a t  f i r s t ,  seem a t  odds u i t h  the  o f t e n  supposed b e h a v io u r  o f  the  

t r a c e  e le m e n ts ,  Ba, Rb, and Th ( f i g . A . 1 a , b , c ) , whereby t h e y  

p r e f e r e n t i a l l y  e n t e r  i n t o  the  p a r t i a l  m e l t ,  r a t h e r  than  rem a in  i n  

th e  s o l i d  r e s i d u e .  However, the  melanosome c o n t a i n s  a p p r e c i a b l e  

modal p r o p o r t i o n s . o f  b i o t i t e ,  wh ich  has h ig h  1s f o r  these  

e le m e n ts .  Sr ( f i g  A. 1 j ) i s  p r e s e n t . i n  l o w e r  c o n c e n t r a t i o n s  i n  the  

m o b i l i s a t e ,  than  i n  the  melanosome, s im p l y  because i t  i s  s t r o n g l y  

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

th e  melanosome c o n t i n u e d ,  the  melanosome p l a g i o c l a s e  became more 

CaD- and, hence,  S r - r i c h .

I t  i s  d i f f i c u l t  t o  make a q u a n t i t a t i v e  assessment ,  on the  

b a s i s  o f  the  t r a c e  e le m e n ts ,  o f  the  amount o f  p a r a g n e i s s i c  m a t e r i a l  

a s s i m i l a t e d  by the  m e t a b a s i t e - o r t h o g n e i s s  magmas, d u r i n g  t h e i r  

i n t r u s i o n ,  though f i e l d  e v idence  sugg es ts  t h a t  i t  must have been 

s i g n i f i c a n t .  The s t e p - l i k e  f e a t u r e  o f  th e  i n c o m p a t i b l e  e lem e n t  

d i s t r i b u t i o n s ,  a g a i n s t  SiO^ ut%, may be p a r t l y  due to  th e  

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

because i n  the  p l o t s  the  t o n a l i t i c  o r t h o g n e i s s e s  d e f i n e  a t r e n d  

tow a rds  the  m o b i l i s a t e  samples ,  wh ich  do have lo w  c o n t e n t s  o f  

i n c o m p a t i b l e  e le m e n ts .  As has a l r e a d y  been s t a t e d ,  th e  a s s i m i l a t i o n  

o f  p a r a g n e is s  r o c k s  may have been s i g n i f i c a n t  i n  the  most 

f r a c t i o n a t e d  m e ta b a s i t e  magmas, i n  h e l p i n g  t o  r e v e r s e  th e  t r e n d  o f  

SiDg d e p l e t i o n  i n  the  magma, and e n r i c h i n g  i t  i n  Z r .

A .3  The Rare E a r th  e lemen t  (REE) d i s t r i b u t i o n s  i n  the  r o c k s  o f  the

i n t r u s i v e  com plex .

A . 3 .1  The geochem ica l  p r o p e r t i e s  o f  the  REE.

The REE's ,  o f t e n  c a l l e d  the  L a n th a n id e  e le m e n ts ,  a re  a .g ro u p  

o f  15 e lem en ts  , Lanthanum ( a t . n o .  57) t o  L u t e t i u m  ( a t . n o .  7 1 ) ,  

wh ich  o c c u r  n a t u r a l l y ,  i n  r o c k s ,  e x c e p t  f o r  Prometh ium ( a t . n o .  61) 

wh ich  has no s t a b l e . i s o t o p e s .  The REE’ s w i t h  t h e  l o w e r  a to m ic  

num bers , . t h a t  i s  L a ,C e ,P r ,N d ,  and Pm, are  known as the  l i g h t  REE's 

( L R E E 's ) ,  those  w i t h  th e  h i g h e s t  a to m ic  numbers,  i e .  H o ,E r ,Tm ,Y b ,  

and Lu, as t h e . h e a v y  REE's (HREE 's ) ,  and th o s e  w i t h  i n t e r m e d i a t e  

a to m ic  numbers,  i e .  Sm,Eu,Gd,Tb, and Dy, as th e  m id d le  REE's 

(MREE's ) .

The c h e m is t r y  o f  the  REE's i s  dom ina ted  by th e  phenomenon 

known as the  L a n th a n id e  C o n t r a c t i o n ,  i n  wh ich  the  i o n i c  r a d i i  o f  the  

i n d i v i d u a l  REE's d ec rea s e ,  w i t h  i n c r e a s i n g  a to m ic  number ,. a c ro s s  the  

g ro u p .  T h is  e f f e c t  i s  due t o  th e  way i n  wh ich  t h e i r  o u t e r  e l e c t r o n



ene rg y  l e v e l s  are  f i l l e d  and t o  the  in c re a s e d  p o s i t i v e  cha rge  on the

n u c le u s  f o r  h i g h e r  a to m ic  numbers .  In  the  ground s t a t e ,  th e  REE's

a l l  have 2 . e l e c t r o n s  i n  the  6s ene rgy  l e v e l ,  1 i n  the  5d ene rgy

l e v e l ,  and, depend ing  on the  a to m ic  number o f  th e  REE, an empty,

p a r t l y  f i l l e d ,  o r  f u l l  A f  ene rgy  l e v e l .  La has no e l e c t r o n s  i n  the

A f  ene rgy  l e v e l  and Lu has a f u l l  com p l im en t  o f  1A Af  e l e c t r o n s .

The v a le n c e  e l e c t r o n s  are  those  o f  th e  6s and 5d l e v e l s ,  u h i c h  are .

e a s i l y  removed, and so the  REE's are d o m in a n t l y  t r i v a l e n t .  However,

under  s t r o n g l y  o x i d i s i n g  c o n d i t i o n s ,  f o r  example i n  h y d r o t h e r m a l
A+f l u i d s ,  £e can o x i d i s e  t o  the  Ce i o n  by l o s i n g  i t s  s i n g l e  Af  

e l e c t r o n ,  i n  a d d i t i o n  t o  the  o t h e r  3 v a le n c e  e l e c t r o n s .  Under 

c e r t a i n  magma c o n d i t i o n s ,  Eu e x h i b i t s  a d i v a l e n t . s t a t e , i n  a d d i t i o n  

t o  the  t r i v a l e n t  s t a t e .  T h is  anomalous b e h a v io u r ,  wh ich i s  r e l a t e d  

t o  the  i n c o r p o r a t i o n  o f  the  5d v a le n c e  e l e c t r o n  i n t o  th e  A f  energy  

l e v e l ,  g i v i n g  a h a l f - f i l l e d  Af  ene rgy  l e v e l  and i n c r e a s e d  s t a b i l i t y ,  

s e t s  Eu a p a r t  f rom  th e  r e s t  o f  the  REE's .

A l th o u g h  th e  REE's are  a l l  c h e m i c a l l y  s i m i l a r ,  e x c e p t  Eu, 

t h e r e  i s  a c o n t i n u o u s  ch e m ic a l  v a r i a t i o n  a c ro s s  the  g ro u p ,  due to  

th e  e f f e c t s  o f  the  L a n th a n id e  C o n t r a c t i o n .  T h i s  means t h a t  REE's o f  

a d j a c e n t  a to m ic  number have v e r y  s i m i l a r  c h e m i s t r i e s ,  whereas REE's 

o f  s i g n i f i c a n t l y  d i f f e r e n t  a to m ic  number have c h e m i s t r i e s  wh ich  are 

much l e s s  s i m i l a r .

The REE's be long  t o  th e  t r a n s i t i o n a l  D g roup ,  i e .  those  

e lem en ts  whose 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  may commonly r i s e  

above u n i t y  i n  i n t e r m e d i a t e  t o  a c i d  magmas. T h i s  means t h a t  i n  a 

magma wh ich  d i f f e r e n t i a t e s  f rom  b a s i c ,  t h ro u g h  i n t e r m e d i a t e ,  t o  a c id  

c o m p o s i t i o n s ,  th e  REE c o n c e n t r a t i o n s  r i s e  and th e n ,  depend ing  on the  

f r a c t i o n a t i n g  phases ,  f a l l  as the  REE become more s t r o n g l y  

p a r t i t i o n e d  i n t o  th e  phases ,  r e l a t i v e  t o  the  magma. Because o f  the  

decrease  i n  i o n i c  r a d i u s  a c ro s s  the  REE group w i t h  i n c r e a s i n g  a tom ic  

number,  the  h e a v ie r  th e  REE then  the  more e a s i l y  i t  i s  a b l e  t o  f i t  

i n t o  th e  common m a f i c  phases .  For t h i s  re a s o n ,  w i t h  f r a c t i o n a t i o n ,  

HREE's would  be ex pec ted  t o  reach  the  p o i n t  a t  wh ich t h e i r  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  exceed u n i t y ,  sooner  than  th e  LREE's .  Pu t  

i n  a n o th e r  way, th e  f r a c t i o n a t i o n  o f  a m a f i c  phase ,  say h o r n b le n d e ,  

f rom  a magma o f  a c o m p o s i t i o n  i n t e r m e d i a t e  t o  a n d e s i t e  and d a c i t e ,  

would  d e p le t e  the  magma i n  HREE's and e n r i c h  i t  i n  LREE's .  The 

v a lu e s  o f  the  REE i n  d i f f e r e n t  m in e r a l s  f rom  a range o f  magma t y p e s ,  

a re  l i s t e d  i n  Tab le  A .1 .

The m e t a b a s i t e - o r t h o g n e i s s  r o c k s  d i s p l a y  c l e a r l y  t h i s



p a t t e r n  o f  e n r i c h m e n t  and then  d e p l e t i o n  o f  th e  REE's,  u i t h  

i n c r e a s i n g l y  a c i d i c  r o c k  c o m p o s i t i o n s .  The h i g h e s t  c o n c e n t r a t i o n s  

g f  the  MREE's and HREE's oc c u r  i n  the  m e l a n o t o n a l i t i c  o r t h o g n e i s s e s  

, w h i l e  the  h i g h e s t  LREE c o n c e n t r a t i o n s ,  i e .  La,  and Ce, o c c u r  i n  

th e  l e u c o t o n a l i t i c  o r t h o g n e i s s e s  and the  most  m a f i c  g r a n o d i o r i t i c  

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

A . 3 .2  REE m o b i l i t y  d u r i n g  a l t e r a t i o n .

B e fo re  d e s c r i b i n g  the  c h o n d r i t e - n o r m a l i s e d  REE p a t t e r n s  o f  

t h e  r o c k s  o f  the  i n t r u s i v e  complex ,  i t  i s  n e c e s s a ry  t o  add a no te  o f  

c a u t i o n ,  i n  t h a t  many o f  the  r o c k s  a na ly s ed  i n  t h i s  s t u d y  show the  

e f f e c t s  o f  h ig h  te m p e ra tu r e  r e t r o g r e s s i v e  metamorph ism.  In  a l l  r o c k s  

, p l a g i o c l a s e  f e l d s p a r  has undergone ,  o f t e n  c o n s i d e r a b l e ,  

s e r i c i t i s a t i o n  and e p i d o t i s a t i o n , and i n  many r o c k s  th e  m a f i c  phase 

has been a l t e r e d . t o  more hyd rous  fo rm s ,  such as c h l o r i t e .

R e c e n t l y ,  t h e r e  has been much c r i t i c a l  d i s c u s s i o n  on the  

e x t e n t  t o  wh ich  th e  REE c o n c e n t r a t i o n s  o f  metamorphosed igneous  

ro c k s  may have d i v e r g e d  f rom  th e  p r im a r y  ig n e o u s  REE c o n c e n t r a t i o n s ,  

because o f  REE m o b i l i t y .  U n f o r t u n a t e l y ,  because o f  th e  l a c k  o f  

d e f i n i t e  e v idence  on the  p r im a r y  REE c o m p o s i t i o n  o f  h i g h - g r a d e  

m e ta - ig n e o u s  r o c k s ,  the  s t u d i e s  o f  REE m o b i l i t y  i n  r e t r o g r e s s i v e  

metamorphism have been conduc ted  e i t h e r  on v e r y  l o w - g r a d e  r o c k s  

(He i lm an  £ t . a l . , 1 9 7 9 ) ,  o r  on h y d r o t h e r m a l l y  a l t e r e d  ro c k s  ( A l d e r t o n  

e t  al_. ,1980 ,  M a r t i n  a t  a l . , 1 9 7 8 ) .  He i lman E_t a l .  s t u d i e d  REE 

abundances, bo th  i n  r e l i c t - d o m a i n s  and i n  m e ta -doma ins  o f  b a s i c -  

u l t r a b a s i c  m e ta v o l c a n i c  t e r r a i n s  and pu t  f o r w a r d  f o u r  main ways i n  

wh ich th e  p r im a r y  REE c o n c e n t r a t i o n s  o f  a r o c k  may be m o d i f i e d  by 

REE m o b i l i t y  d u r i n g  low  t e m p e ra tu r e  metamorph ism.  They a r e : -

1.  Gross REE and s e l e c t e d  LREE e n r i c h m e n t .

2 .  REE r e d i s t r i b u t i o n  abou t  a p r im a r y  mean.

3 .  Gross REE d e p l e t i o n .

A. S e l e c t i v e  m o d i f i c a t i o n  o f  La ,Ce ,Eu  and Yb c o n c e n t r a t i o n s .

A l d e r t o n  _et a l .  measured REE abundances i n  f r e s h  g r a n i t e  and 

i n  a s s o c ia t e d  a l t e r e d  g r a n i t e ,  f rom  a number o f  h y d r o t h e r m a l l y  

a f f e c t e d  g r a n i t e  l o c a l i t i e s ,  i n  S.Id. Eng land ,  and found  t h a t ,  d u r i n g  

s e r i c i t i s a t i o n ,  where p l a g i o c l a s e  i s  reduced  t o  a mass o f  f i n e  

m u s c o v i t e ,  Eu i s  le a c h e d  f rom  the  r o c k .  They a l s o  found  t h a t  i n  the  

C h l o r i t i s a t i o n  o f  b i o t i t e ,  the  LREE's become p r e f e r e n t i a l l y  d e p le t e d  

, r e l a t i v e  t o  th e  HREE's,  i n  th e  r o c k .

The a l t e r a t i o n  i n  these  g r a n i t i c  r o c k s ,  d i f f e r s  f rom t h a t  

o f  the  r o c k s  o f  the  i n t r u s i v e  complex i n  t h a t  l a r g e  amounts o f



e p i d o t e  fo rm ed ,  i n  the  l a t t e r ,  as w e l l  as s e r i c i t e  and c h l o r i t e .  

E p id o te  has a s t r o n g  a f f i n i t y  f o r  REE's,  e s p e c i a l l y  LREE's,  and may 

have ac ted  as a ' s i n k '  i n t o  wh ich  the  REE, r e le a s e d  i n  the  

a l t e r a t i o n  o f  th e  p r im a r y  m i n e r a l s ,  a c c u m u la te d ,  t h e r e b y  p r e s e r v i n g  

t h e . p r i m a r y  REE abundances i n  th e  m e t a b a s i t e - o r t h o g n e i s s  r o c k s .

A . 3 .3  C h o n d r i t e - n o r m a l i s e d  REE p a t t e r n s  o f  th e  r o c k s  o f  the

i n t r u s i v e  complex .

In  o r d e r  t o  f u l l y  v i s u a l i s e  th e  e f f e c t s  o f  th e  s y s t e m a t i c  

c h e m ic a l  v a r i a t i o n  a c ro s s  the  Rare E a r th  group o f  e le m e n ts ,  i t  i s  

ne c e s s a ry  t o  i n c o r p o r a t e  a l l  o f  th e  REE da ta  f o r  a r o c k ,  o r  a 

m i n e r a l ,  i n t o  a s i n g l e  graph ( f o r  example ,  see f i g . A . 5 ) .  The type  o f  

g raph used i s  e s s e n t i a l l y  a c o n c e n t r a t i o n  v e rs u s  a to m ic  number p l o t ,  

wh ich  can e a s i l y  accommodate s e v e r a l  s e t s  o f  REE da ta  i f  t he  Gddo- 

H a rk in s  e f f e c t ,  wh ich  i s  the  o c c u r re n c e  o f  g r e a t e r  n a t u r a l  

abundances o f  e lem en ts  w i t h  even a to m ic  number,  r e l a t i v e  t o  those  D f  

odd a to m ic  number,  i s  f i r s t  e l i m i n a t e d  f rom  the  d a t a .  T h i s  i s  done 

s im p l y  by d i v i d i n g  th e  REE c o n c e n t r a t i o n s  i n  th e  ro c k  by t h e i r  

r e s p e c t i v e  c o n c e n t r a t i o n s  i n  c h o n d r i t i c  m e t e o r i t e s .  U n t i l  r e c e n t l y ,  

a l l  o r d i n a r y . c h o n d r i t e s ,  wh ich  may be th e  p r im a e v a l  m a t e r i a l  o f  the  

s o l a r  sys tem,  wEre t h o u g h t  t o  be i d e n t i c a l  i n  c o m p o s i t i o n  and so 

REE da ta  i s  o f t e n  n o r m a l i s e d  u s in g  an average  o f  s e v e r a l  c h o n d r i t e  

c o m p o s i t i o n s .  Dne.such average i s  o f  10 o r d i n a r y  c h o n d r i t e s  a na lysed  

by Nakamura, 197A, and these  are  the  n o r m a l i s i n g  v a lu e s  used i n  t h i s  

t h e s i s  (T a b le  A . 2 ) .

The.REE's  wh ich  have been a na lysed  f o r  i n  t h i s  s t u d y  are  La, 

Ce, Sm,Eu,Tb, Yb, and Lu .  A few a n a ly s e s  o f  Nd were a l s o  o b t a i n e d ,  

b u t  these  are  n o t  o f  s u f f i c i e n t  q u a l i t y  t o  be o f  use i n  the  d raw ing  

o f  the  c h o n d r i t e - n o r m a l i s e d  REE p a t t e r n s . o f  f i g s . A . 5 - A . 9 .  These 

c h o n d r i t e - n o r m a l i s e d  p l o t s . d o  n o t  i n c l u d e  a p o s i t i o n  a long  the  

X - a x i s  f o r  Prometh ium ( i e .  a to m ic  no .  61 i s  o m m i t t e d ) ,  and the  gaps 

i n  the  d a t a ,  i e .  f o r  th e  e lem en ts  P r , Nd, Dy , Ho, E r , and Tm, have been 

b r i d g e d  by s t r a i g h t  l i n e s  j o i n i n g  known d a t a .  The e lemen t  Gd, though 

n o t  a na lysed  f o r ,  has been ju dged  to  be the  a x i a l  e lement  o f  the  

REE group and i t s  c h o n d r i t e - n o r m a l i s e d  c o n c e n t r a t i o n  e s t im a t e d  by 

e x t e n d in g  the  l i n e  f rom  Yb, th ro u g h  Tb, t o  th e  Gd p o s i t i o n .  Eu has 

d i f f e r e n t  o x i d a t i v e  p r o p e r t i e s  t o  those  o f  th e  o t h e r  REE, and so i s  

o f t e n  p r e s e n t  i n  c o n c e n t r a t i o n s  wh ich b reak  th e  smoothness o f  the  

c h o n d r i t e - n o r m a l i s e d  REE p a t t e r n ,  p r o d u c in g . a  *Eu anomaly ,

( *  - s i g n i f i e s  a c h o n d r i t e - n o r m a l i s e d  v a l u e ) ,  wh ich  may be e i t h e r  

p o s i t i v e  o r  n e g a t i v e ,  i e .  above o r  be low th e  l i n e  o f  th e  REE*



TABLE, A . 2 REE c h o n d r i t e  n o r m a l i s i n g  v a l u e s , *

ELEMENT ABUNDANCE (ppm)

La 0 .329

Ce 0.865

Sm 0.203

Eu 0 .077

( 0 . 0 5 2 ) * *

0 .220

Tb

Yb

Lu □ .□AO

* Average o f  10 o r d i n a r y  c h o n d r i t e s  (Nakamura, 197A) . 

* *  I n t e r p o l a t e d  v a l u e .

p a t t e r n ,  r e s p e c t i v e l y .  In  each p a t t e r n  the  *Eu datum i s  j o i n e d  by 

s t r a i g h t  l i n e s  t D  t he  *Sm datum and t o  the  e s t im a t e d  *Gd datum.

Four pa ra m e te rs  can be used t o  c a t e g o r i s e  a p a r t i c u l a r  REE*

1. ILREE*  -  the  sum o f  the  c h o n d r i t e - n o r m a l i s e d  LREE v a lu e s ,

i n  t h i s  t h e s i s  ILREE* = *La + *Ce

2.  THREE* -  the  sum o f  the  c h o n d r i t e - n o r m a l i s e d  HREE v a l u e s ,

i n  t h i s  t h e s i s  THREE* = *Yb + *Lu

3 .  * T b ' / * T b  -  the  r a t i o  o f  a h y p o t h e t i c a l  c h o n d r i t e -

n o r m a l i s e d  Terb ium v a lu e  ( * T b ' )  , d e r i v e d  f rom  a 

h y p o t h e t i c a l  l i n e a r  REE* p a t t e r n  c o n n e c t i n g  the  *La and 

*Lu v a lu e s  o f  the  r e a l  REE* d a ta ,  and the  r e a l  c h o n d r i t e  

- n o r m a l i s e d . Terb ium v a lu e  ( *T b )  , ( f o r  g r a p h i c a l  

e x p l a n a t i o n ,  see Tab le  A . 3 ) .

A. *Eu^+/ * E u ^ + -  the  r a t i o  o f  the  a c t u a l  c h o n d r i t e -

n o r m a l i s e d  Eu v a lu e  (*Eu ) , and th e  h y p o t h e t i c a l  v a lu e  

( * E u ^ + ) , u h ic h  c o r re s p o n d s  to  th e  c h o n d r i t e - n o r m a l i s e d  

v a lu e  o f . t h e  Eu c o n c e n t r a t i o n  u h i c h  u ou ld  be p r e s e n t  i n  

th e  r o c k ,  o r  m i n e r a l ,  i f  Eu behaved e x a c t l y  l i k e  i t s  

n e a r e s t  n e ig h b o u r  REE's,  i e .  i f  i t  fo rmed o n l y  Eu^+ i o n s . 

( f o r  g r a p h i c a l  e x p l a n a t i o n ,  see Tab le  A . 3 ) .

The . .p a ra m te rs , ILREE* and THREE*, can be used t o g e t h e r  t o  

th e  p r o p o r t i o n  o f  the  LREE's t o  th e  HREE's,  and hence th e  s lo p e  o f  

the  o v e r a l l  REE* p a t t e r n .  The p a ram e te r  * T b ' / * T b  i s  a measure o f  

the  MREE* d e p l e t i o n ,  o r  e n r i c h m e n t ,  i n  r e l a t i o n  t o  a h y p o t h e t i c a l  

l i n e a r  REE* p a t t e r n  u i t h  the  same v a lu e s  o f  *La and *Lu as the  r e a l

p a t t e r n  and these  a r e : -
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R E E * . c u rv e . * T b ! can be e a s i l y  measured by g r a p h i c a l  methods (Tab le  

4 . 3 ) .  Rocks u i t h  * T b ' / * T b < 1 . B  have, a conve x -u p u a rd s  REE* p a t t e r n ,  

and t h e r e f o r e  have MREE* e n r i c h m e n t ,  uhe reas  r o c k s  u i t h  * T b ' / * T b >  

1 .0  have conca ve -upua rds  REE* p a t t e r n s  and a re  t h e r e f o r e  d e p le t e d  

i n  the  MREE*'s.  *Eu^+/ * E u ^ + i s  s im p l y  a measure o f  the  s i z e  o f  the  

*Eu anomaly ,  r e l a t i v e  t o  the  o t h e r  MREE*'s .

4 . 3 . 3 a  M e ta b a s i te  REE* p a t t e r n s .

The REE* p a t t e r n s  D f  th e  m e ta b a s i t e  r o c k  are  shoun i n  f i g .  

4 . 5 a , b , c  and i t  can be seen t h a t  a l l  a re  LREE* e n r i c h e d ,  r e l a t i v e  

t o  the  HREE*'s .  In  te rm s  o f  l R E E * ' s  ( i e .  the  sum o f  a l l  t h e  REE*'s  

i n  a r o c k )  , t h e  m e ta b a s i t e s  f a l l  i n t o  tu o  g ro u p s ;  a g roup  o f  6 

r o c k s . u i t h  a h i g h 'a v e r a g e  IREE* and a group o f  2 r o c k s ,  BK1D2 and 

BK4BB, u i t h  a l o u  average IR E E * .

The sample BK4BB has a m in e r a l o g y  c o n t a i n i n g  a lm o s t  no 

f e l s i c  m i n e r a l s ,  and on the  b a s i s  o f  i t s  h i g h  S . I .  v a lu e  ( B . 6 8 5 ) ,  

and i t s  h ig h  c o n c e n t r a t i o n s  o f  Cr (254B ppm) and Ni (334 ppm) i t  

has been sugges ted  t h a t  t h i s  r o c k  i s  a c um u la te  r o c k .  BK96 has a l s o  

been sugges ted  t o  be a cum u la te  r o c k ,  h a v in g  f a i r l y  h ig h  

c o n c e n t r a t i o n s  o f  Cr (723 ppm) and Ni  (164 ppm) , and bo th  i t  and 

BH4DB have REE* p a t t e r n s  u h ic h  d i f f e r  f rom  th e  o t h e r  m e ta b a s i t e  REE* 

p a t t e r n s ,  i n  t h a t  t h e y  have l o u  ILREE*/IHREE* r a t i o s  ( 5 .5 4  and 3 .43  

r e s p e c t i v e l y )  , compared u i t h  an average ILREE*/IHREE* v a l u e  f o r  

t h e  o t h e r  m e ta b a s i t e  r o c k s  o f  7 .B 6 .  T h is  l a r g e  d i f f e r e n c e  i n  s lo pe  

betueen  the  REE*. p a t t e r n s  o f  BK4DB and BK96, and those  o f  the  o t h e r  

m e ta b a s i t e  r o c k s ,  s t r o n g l y  i m p l i e s  t h a t  th e  f o r m e r  have a d i f f e r e n t  

p e t r o g e n e t i c  o r i g i n ,  i e .  c u m u la te ,  t o  the  main group o f  m e ta b a s i t e  

r o c k s .  The samples BK4DB and BK96 a l s o  have th e  most l i n e a r  REE* 

p a t t e r n s  ( * T b ’ / * T b  v a lu e s  o f  1 .23  and 1.41 r e s p e c t i v e l y )  o f  the  

m e t a b a s i t e s .  From th e  s tu d y  o f . th e  m e ta b a s i t e  r o c k s  i n  th e  CMAS. 

sys tem i n  th e  p r e v i o u s . c h a p t e r , i t  uas p roposed  t h a t  the  magmas, 

f rom  u h i c h  t h e y  fo rm ed ,  e v o l v e d . b y  the  f r a c t i o n a t i o n  o f  bo th  

o r th o p y r o x e n e  and c l i n o p y r o x e n e , u i t h  th e  l a t t e r  the  most dom inan t  

o f  the  t u o .  Do th e  REE* p a t t e r n s  o f  the  r o c k s  BK4BB and BK96 

s u b s t a n t i a t e  t h i s  h y p o th e s i s ?  The l i n e a r i t y  o f  t h e i r  REE* p a t t e r n s  

c e r t a i n l y  does,  because the  REE K ^ ' s  o f  p y r o x e n e s . (T a b le  4 . 1 )  fo rm  

a c u r v e ,  on a c o n c e n t r a t i o n  v .  a to m ic  number p l o t ,  u h i c h  i s  

a n t i p a t h e t i c  t o . t h e  REE*-p a t t e r n s  o f  the  main m e ta b a s i t e  g roup 

(compare f i g s . 4 . 5a and 4 . 9 a ) ,  and th u s  th e  REE* p a t t e r n s  o f  cumula te  

p y r o x e n i t e s ,  c r y s t a l l i s e d  f rom  a b a s i c  magma u i t h  a REE* p a t t e r n
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s i m i l a r  t o  those  o f  the  main m e ta b a s i t e  g ro u p ,  would be s t r o n g l y  

l i n e a r .  Can cum u la te  p y r o x e n i t e  r o c k s  have a REE* p a t t e r n  wh ich i s  

LREE* e n r i c h e d ,  r e l a t i v e  to  th e  HREE*'s,  even though HREE o f

py roxenes  are  g r e a t e r  than  those  o f  the  LREE's? Cumulate p y r o x e n i t e  

can have a LREE e n r i c h e d  REE* p a t t e r n  because the  a b s o lu t e  

c o n c e n t r a t i o n s  o f  th e  REE's i n  cum u la te  py roxene  are dependent  on 

th e  c o n c e n t r a t i o n s  o f  the  REE's i n  the  magma, as w e l l  as on th e  Kp 

v a l u e s .  T h is  r e l a t i o n s h i p  can c l e a r l y  be seen i n  f i g . A . 8,  where a 

h o r n b le n d e ' s  REE Kp cu rve  and i t s  REE* p a t t e r n  are  compared.  I f  bo th  

BKLD8 and BK9G r e p r e s e n t  cum u la te  p y r o x e n i t e s  then  how can the  

p resence  o f  a marked n e g a t i v e  anomaly i n  th e  REE* p a t t e r n  o f  BK96, 

be r e c o n c i l e d  w i t h  th e  l a c k  o f  one i n  the  REE* p a t t e r n . o f  BKAD8? 

BKLD8 i s  d i s t i n c t l y  r i c h e r  i n  MgD/CMgD+tFeD) than  BK96, ( 0 . 7  and 

0 .5 9  r e s p e c t i v e l y ) ,  and t h e r e f o r e  BKAD8 wou ld  have c r y s t a l l i s e d  f rom 

a more b a s i c  magma than  BK96. M o r r i s  and Hask in  (197*0 p re s e n te d  

e x p e r im e n t a l  e v id e n c e ,  d e r i v e d  f rom  s y n t h e t i c  m e l t  c o m p o s i t i o n s ,  

t h a t  the  Eu^+ io n  has much g r e a t e r  s t a b i l i t y ,  a g a in s t  the  d i v a l e n t  

i o n ,  i n  M gO-r ich  s i l i c a t e  m e l t s ,  compared w i t h  those  wh ich  a re  low  

i n  MgD and r i c h  i n  CaO. T h is  i s  a p p a r e n t l y  i n  c o n f l i c t  w i t h  the  

f a c t  t h a t  b a s i c  magmas are more r e d u c in g  than  a c i d i c  ones,  wh ich 

n o r m a l l y  would  mean t h a t  the  2+ io n  i s  more s t a b l e ,  i n  b a s i c  magmas, 

than  th e  3+ i o n .  However, Uood and F ra s e r  (1977)  c o n f i r m  the  

e x p e r i m e n t a l  c o n c l u s i o n s  by r e l a t i n g  them to  th e  i n t e r a c t i o n ,  i n  the  

m e l t ,  o f  two Eu o x i d e s ;  Eu^O^, wh ich  behaves a m p h o t e r i c a l l y , i e .  i t  

has bo th  b a s i c  and a c i d i c  p r o p e r t i e s  depend ing  on the  e n v i ro n m e n t ,  

and EuO, wh ich  i s  a norma l  b a s i c  o x i d e .  T h i s  Eu^+ s t a b i l i s a t i o n  i n  

M g D - r i c h .m e l t s  would  in c r e a s e  the  a f f i n i t y  o f  Eu f o r  phases such as 

p y ro x e n e ,  and t h i s  c o u ld  a ccou n t  f o r  the  l a c k  o f  a s i g n i f i c a n t ,  

n e g a t i v e  *Eu anomaly ,  i n  te rms o f  th e  e r r o r s  on the  REE* c u r v e ,  i n  

th e  REE* p a t t e r n  o f  BKL08. The n e g a t i v e  *Eu anomaly i n  th e  REE* o f  

BK96, would p r o b a b l y  be c o m p a t ib le  w i t h  t h e  Eu Kp f o r  pyroxene  i n  a 

more f r a c t i o n a t e d ,  l e s s  M gD - r ich  magma, and i s  c e r t a i n l y  c o m p a t ib le  

w i t h  the  E u -K p 's  o f  pyroxene  i n  b a s a l t i c  magma (T a b le  *+.1).

.Three hypo theses  f o r  th e  igneous  n a t u r e  o f  the  m e ta b a s i te  

sam p les ,  a p a r t  f rom  BKLD8 and BK96, a re  p o s s i b l e ;  t h e y  e i t h e r  

r e p r e s e n t  magma c o m p o s i t i o n s ,  cum u la te  r o c k s ,  o r  a c o l l e c t i o n  o f  

bo th  cum u la te  r o c k s  and r o c k s  o f  magma c o m p o s i t i o n s .  A p a r t  f rom .  

BK4D8 and BK96, th e  m e ta b a s i t e s  have v e r y  s i m i l a r  REE* p a t t e r n s ,  

wh ich  are  c h a r a c t e r i s e d  by e i t h e r  a v e r y  s m a l l  *Eu a n o m a ly .o r  none 

a t  a l l .  M e t a b a s i t e . BK13B has a s l i g h t  p o s i t i v e  *Eu anomaly ,  w h i l e



BH9^f has a s l i g h t  n e g a t i v e  cine, a l t h o u g h  th e  l a t t e r  anomaly/ may be 

more o f  a r e s u l t  o f  the  way the  REE* p a t t e r n  i s  d ra w n , i n  v iew  o f  

the  u n u s u a l l y  h ig h  HREE* c o n t e n t  o f  BK9*+, than  a r e a l  f e a t u r e  o f  the 

r o c k .  T h e r e f o r e ,  i t  would appear  t h a t  because th e  m e ta b a s i te  samples 

( a p a r t  f rom  BK4BB and BK96) a re  so s i m i l a r ,  i n  REE* p a t t e r n ,  th e y  

must e i t h e r  be a l l  o f  cumula te  o r i g i n  o r  t h e y  a l l  r e p r e s e n t  magma 

c o m p o s i t i o n s .  Pyroxenes c r y s t a l l i s i n g  f rom  more f r a c t i o n a t e d  b a s i c  

magmas than  t h a t  f rom  which sample BK4BQ c r y s t a l l i s e d ,  w i l l  have 

REE* p a t t e r n s  wh ich  c o n t a i n  a s i g n i f i c a n t  *Eu anomaly .  The 

m e ta b a s i t e  r o c k s  a re  a l l  t h o u g h t  t o  have c o n t a i n e d  p r im a r y  py roxenes  

(C h a p te r  2 ) .  P l a g i o c l a s e  c r y s t a l l i s i n g  f rom  th e  same magmas w i l l  

have a REE*. p a t t e r n  w i t h  a l a r g e  p o s i t i v e  *Eu anoma ly .  The 

m e t a b a s i t e s ,  a p a r t  f rom  BK̂ +BQ and BK96, a l l  c o n t a i n  l a r g e  modal 

p r o p o r t i o n s  o f  e i t h e r  l a b r a d o r i t e  o r  b y t o w n i t e ,  wh ich i s  a lm o s t  

c e r t a i n l y  p r im a r y  ig neou s  p l a g i o c l a s e .  I f  t h e  m e t a b a s i t e s ,  wh ich  do 

n o t  have s i g n i f i c a n t  *Eu a n o m a l ie s ,  are  c um u la te  r o c k s ,  i t  would be 

n e c e s s a ry  f o r  each o f  them to  c o n t a i n  bo th  py roxene  and p l a g i o c l a s e  

i n  e x a c t l y  th e  c o r r e c t  p r o p o r t i o n s ,  so t h a t  th e  *Eu anomaly o f  one 

phase i s  e x a c t l y  c a n c e l l e d  o u t  by t h a t  o f  th e  o t h e r  phase.  T h is  

c o i n c id e n c e  does n o t  seem l i k e l y  and, t h e r e f o r e ,  i t  can be conc luded  

t h a t ,  on REE e v id e n c e ,  the  m e ta b a s i t e  samples ,  a p a r t  f rom  BK̂ +BS and 

BK96, r e p r e s e n t  magma c o m p o s i t i o n s .

The range o f  the  m e ta b a s i te  REE* p a t t e r n s  i s  shown

g r a p h i c a l l y  i n  f i g . * + . 5 d ,  w i t h  the  shaded band r e p r e s e n t i n g  th e  range

o f  the  h ig h  IREE* g ro u p .  The average c h a r a c t e r i s t i c s  o f  the

m e ta b a s i t e  REE* p a t t e r n s  are  g i v e n , i n  te rms o f  the  ILR E E * ,  IHREE*,

* T b ' / * T b ,  and *Eu^+/ * E u ^ + p a ra m e te rs ,  i n  T ab le  The s l i g h t

concave-upwards  shape o f  most o f  the  m e ta b a s i t e  REE* p a t t e r n s  i s

r e f l e c t e d  i n  a mean * T b ’ / * T b  r a t i o  o f  1 .7 7 ,  and the  g e n e r a l  l a c k  o f
2+ 3+a l a r g e  *Eu anomaly i n  the  p a t t e r n s  i s  shown by the  *Eu / *E u  

r a t i o ,  wh ich  i s  c lo s e  t o  u n i t y .

There i s  l i t t l e  e v idence  f o r  a s y s t e m a t i c  change i n  the  

m e ta b a s i t e  REE* p a t t e r n s ,  wh ich  m ig h t  be equa ted  w i t h  changes 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  the  m e ta b a s i t e  magmas. However, o f  

t h e  m e ta b a s i t e s  wh ich  r e p r e s e n t  magma c o m p o s i t i o n s ,  BK1B2 i s  

p r o b a b l y  th e  l e a s t  f r a c t i o n a t e d  because o f  i t s  low  REE c o n t e n t s ,  i t s  

f a i r l y  h ig h  MgB/(MgB+tFeB) r a t i o  ( D . 5 5 ) ,  and i t s  h ig h  Cr (190 ppm) 

and Ni (B5 ppm) c o n t e n t s .  B f  th e  h ig h  EREE* g roup ,  BK138 has the  

REE* p a t t e r n  most s i m i l a r  t o  t h a t  o f  BK1B2, and would  be a l i k e l y  

r e p r e s e n t a t i v e  o f  a s t r o n g l y  f r a c t i o n a t e d  m e ta b a s i t e  magma, wh ich



may have e v o lv e d  f rom  the  BK102 magma c o m p o s i t i o n  because o f  i t s  

low  Mg0/(Mg0+tFe0)  r a t i o  o f  0 . 2 6 ,  and i t s  low  Cr (39 ppm) and Ni 

(10 ppm) c o n t e n t s .

I f  a magma o f  the  c o m p o s i t i o n  o f  BK138 d i d  e v o lv e  f rom  the  

BK1D2 magma c o m p o s i t i o n ,  then  t h i s  i n v o l v e d  e n r i c h m e n t ,  i n  the  magma 

, o f  th e  LREE*'s and MREE*'s r e l a t i v e  t o  th e  HREE*'s (see f i g . A . 5 b )  

and a l s o  the  g e n e r a t i o n  o f  a s l i g h t  p o s i t i v e  *Eu anomaly ,  a l t h o u g h  

t h i s  anomaly i s  n o t  p r e s e n t  i n  the  o t h e r  m e ta b a s i t e  REE* p a t t e r n s .

At  f i r s t  s i g h t ,  t h i s  appears  t o  be c o n s i s t e n t  w i t h  pyroxene  

f r a c t i o n a t i o n  f rom  the  m e ta b a s i t e  magmas.

A . 3 . 3b T o n a l i t i c  o r t h o q n e i s s  REE* p a t t e r n s .

The t o n a l i t i c  o r t h o g n e i s s  REE* p a t t e r n s  are  shown i n  f i g .  

A . 6 a , b , c  and t h e i r  range ( n o t  i n c l u d i n g  BK1) i s  shown i n  f i g . A . G d .

Of the  ro c k s  r e p r e s e n t e d  i n  these  p l o t s ,  BKA06, BKA05, BK97, BK136, 

BK105, BH106, BK107, and BK113 a re  a l l  m e l a n o c r a t i c  t o n a l i t i c  

o r t h o g n e i s s e s  ( c . > 2 5 %  m a f i c  c o n t e n t ) ,  and BKAOA, BKA03, BKA02, and 

BK1 are  l e u c o c r a t i c  t o n a l i t i c  o r t h o g n e i s s e s  ( c . < 2 5 %  m a f i c  c o n t e n t ) .

The m e l a n o c r a t i c  t o n a l i t i c  o r t h o g n e i s s e s  a l l  have v e r y

s i m i l a r  REE* p a t t e r n s ,  e x c e p t  f o r  BK113 wh ich  has a low  Tb v a l u e .

These p a t t e r n s  are  c h a r a c t e r i s e d  by a Tl_REE*/THREE* e n r ic h m e n t  o f

around 10, and a s l i g h t  t o  modera te  n e g a t i v e  *Eu anomaly (mean 
2+ 3+

*Eu /-*Eu = 0 . 7 8 ) .  Compared w i t h  th e  h ig h  TREE* m e ta b a s i te  g roup ,

th e  m e l a n o t o n a l i t i c  o r t h o g n e i s s e s  have h ig h  REE c o n c e n t r a t i o n s  w i t h  

an. average TLREE* a p p ro x im a te ly ^  3 t im e s  g r e a t e r  than  the  average 

m e ta b a s i te  v a l u e ,  and an average THREE* v a lu e  more than  t w i c e  t h a t  

o f  the  m e t a b a s i t e s .  The m e l a n o c r a t i c  t o n a l i t i c  o r t h o g n e i s s  REE* 

p a t t e r n s  are  g e n e r a l l y  s l i g h t l y  more l i n e a r  than  those  o f  the  

m e t a b a s i t e s , . a s . i l l u s t r a t e d  by t h e i r  s m a l l e r  average * T b ' / * T b  v a lu e  

(see Tab le  A . 3 ) ,  and t h i s  i n d i c a t e s  t h a t  a l t h o u g h  p r im a r y  h o rnb lend e  

i s  f o u n d . i n  the  m e l a n o c r a t i c  t o n a l i t i c  o r t h o g n e i s s e s ,  i t  was 

p y ro x e n e ,  t o g e t h e r  w i t h  p l a g i o c l a s e ,  wh ich c o n t r o l l e d  the  b u l k  o f  

the  R E E . - f r a c t i o n a t i o n  f rom  the  s t r o n g l y  f r a c t i o n a t e d ,  h ig h  TREE*, 

m e ta b a s i t e  .magmas t o  the  m e l a n o c r a t i c  t o n a l i t i c  o r t h o g n e i s s  magmas, 

t h i s  i s  c o n s i s t e n t  w i t h  the  s m a l l e r  tendency  o f  py rpxene  t o  d e p le t e  

a magma i n  th e  MREE!, r e l a t i v e  t o  the  HREE d e p l e t i o n ,  compared w i t h  

h o rn b le n d e  (Hanson,  1980 ) .  P l a g i o c l a s e  i s  needed as a f r a c t i o n a t i o n  

p h a s e - f ro m  th e  h ig h  TREE* m e ta b a s i t e  magma s im p l y  t o  gen e ra te  the  

n e g a t i v e .  *Eu anomaly e x h i b i t e d  by the  m e l a n o c r a t i c  t o n a l i t i c  

o r t h o g n e i s s e s .



5- *o

QD

O
C_)

CO

o
o
q : OD

UJ

LUQ
UJ

CO

UJ<_>

31iyQN0H3 / ' 3 3 d

CO

CO

CJ
o
cr

CO

UJ

Q
UJ 2:

COcr
UJ

UJc_>

3 i i a a N 0 H 3  / - 3 3 a

F
ig

. 
^

,6
a

,b 
T

o
n

a
li

ti
c

 
o

rt
h

o
g

n
G

is
s 

RE
E*

 
p

a
tt

e
rn

s
.



HD

OD

CO

o
ocn qa
UJ

i— t
UJQ

LU

UJo
c

31iyaN0H3 / * 3 3 d

CD

O
o

CO
o
o
ct:

03

LU

a
LU

UJ

UJ
C_)

J -L -l—I— I  ) L X

3iiyQN0H3 / '3 3 y F
ig

, 
T.

Ec
 

T
o

n
a

li
ti

c
 

o
rt

h
o

g
n

e
is

s
 

RE
E*

 
p

a
tt

e
rn

s
, 

d 
ra

n
g

e
.



As was th e  case f a r  the  m e t a b a s i t e s ,  t h e r e  seems to  be 

l i t t l e  ev idence  c f  a d i s t i n c t  t r e n d  c f  REE f r a c t i o n a t i o n  i n  the  

m e l a n o c r a t i c  t o n a l i t i c  o r t t m g n e i s s  g ro u p .  T h e r e f o r e  i n  the  m o d e l l i n g  

o f  the  m e t a b a s i t e - o r t h o g n e i s s  f r a c t i o n a t i o n  h i s t o r y  (C ha p te r  5 ) ,  

these  ro c k s  u i l l  be t r e a t e d  as Dne magma t y p e ,  o f  u h i c h  sample BKAD6

i s  a f a i r l y  t y p i c a l  r e p r e s e n t a t i v e .

. The K f - r i c h  t o n a l i t i c  o r t h o g n e i s s  REE* p a t t e r n s  are  shoun

i n  f i g . A . 10 and t h e i r  n u m e r i c a l  c h a r a c t e r i s t i c s  are  l i s t e d  i n

Tab le  L . 3 .  I t  can be seen t h a t  these  p a t t e r n s  equate  u i t h  the  

o r d i n a r y  m e l a n o t o n a l i t i c  o r t h o g n e i s s  p a t t e r n s  and so the  a s s e r t i o n  

t h a t  these  K f - r i c h  r o c k s  are  e s s e n t i a l l y  members o f  the  

m e l a n o t o n a l i t i c  o r t h o g n e i s s  g roup ,  i s  p roved  tD be c o r r e c t .

The l e u c o t o n a l i t i c  o r t h o g n e i s s e s  d i f f e r  f rom  the  o t h e r  

t o n a l i t i c  o r t h o g n e i s s e s ,  i n  t h a t  t h e y  have a broad spec t rum  o f  REE* 

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

th e  average m e l a n o t o n a l i t i c  o r t h o g n e i s s  REE* p a t t e r n ,  t o  ones u i t h  

a p o s i t i v e  *Eu anomaly and v a r i a b l e  ZLREE* and IHREE* v a l u e s .  T h is  

l a t t e r  group i s  r e p r e s e n t e d  by th e  samples BKAB3,BKLQ2, and BK1. 

Compared u i t h  th e  m e l a n o t o n a l i t i c  o r t h o g n e i s s i c , the  l e u c o t o n a l i t i c  

v a r i e t i e s  have l o u  MREE* and HREE* v a l u e s ,  and a range o f  LREE* 

v a lu e s  u h ic h  o v e r l a p s  t h a t  o f  th e  m e l a n o t o n a l i t i c  r o c k s .  T h e r f o r e ,  

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

n e c e s s a r i l y  s t r a i g h t e r ,  REE* p a t t e r n  than  the  m e l a n o t o n a l i t i c  

r o c k s ,  and t h i s  i s  s i g n i f i e d  by t h e i r  l a r g e r  average ZLREE*/IHREE* 

r a t i o  ( 2 1 . 6 3 ,  compared u i t h  9 . 8 ) .  The f a c t  t h a t  t h e y  shou a t r e n d  

t o u a r d s  s i g n i f i c a n t  MREE* d e p l e t i o n ,  i s  shoun by t h e i r  average 

* T b ' / * T b  r a t i o  u h i c h  i s  2 .3 6 ,  compared u i t h  1 .L6  f o r  the  

m e l a n o t o n a l i t i c  r o c k s .

I t  i s  d i f f i c u l t  t o  e x p l a i n  th e  v a r i a t i o n s  o f  the  REE* i n  

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

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

u n d e rg o in g  c r y s t a l  f r a c t i o n a t i o n .  T h is  i s  because th e  REE* v a r i a t i o n  

canno t  be f i t t e d  i n t o  a s im p le  f r a c t i o n a t i o n  scheme, u i t h o u t  

c a u s in g  some c o n t r a d i c t i o n  o f  the  d a t a .  For  example ,  i f  BKLDA i s  

t ak en  as the  l e a s t  f r a c t i o n a t e d  magma REE* p a t t e r n ,  then  the  

i n i t i a t i o n  o f  a p o s i t i v e  *Eu anomaly ,  and HREE* d e p l e t i o n ,  i n  the  

m agm a, .cou ld  be c o i n c i d e n t  e i t h e r  u i t h  a marked e n r ic h m e n t  o f  

LREE's ,  as i n  BKLB3. S ince  th e  v e r y  l o u  v a lu e s  o f  the  HREE*'s,  

r e l a t i v e  t o  th e  LREE*’ s,  i n  BK1 are  a t y p i c a l  o f  th e  t o n a l i t i c  

o r t h o g n e i s s  s u i t e ,  th e  REE* p a t t e r n  o f  t h i s  r o c k  u i l l  n o t  be



c o n s id e r e d  i n  any a t t e m p t  t o  e x p l a i n  th e  o v e r a l l  f r a c t i o n a t i o n  o f  

th e  REE's i n  the  t o n a l i t i c  r o c k s .  Houever ,  the .REE*  p a t t e r n  o f  BK1 

i s  s i m i l a r  t o  some o f  th e  g r a n i t i c  o r t h o g n e i s s ,  i e  BK1BL ( f i g . A . 7 ) ,  

a l t h o u g h - t h e  a b s o lu t e  REE c o n c e n t r a t i o n s  i n  BK1 are much l o u e r  than 

i n  BK1BA. T h i s  s e r v e s . t o  c o n f i r m  the  p r e v i o u s  s u g g e s t i o n , ( t h i s  

c h a p t e r , i n t r o d u c t i o n ) , t h a t  th e  o r t h o g n e i s s  r o c k s  are the  p r o d u c t s  

o f  s e v e r a l  magmatic sequences,  each u i t h  a p a t t e r n  o f  m a jo r  e lemen t  

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

t r a c e  e lement  p a t t e r n .  Some o f  th e  v a r i a t i o n  i n  th e  LREE c o n t e n t s  

o f  the  l e u c o t o n a l i t i c  o r t h o g n e i s s  samples p o s s i b l y  may a l s o  be due 

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

c r y s t a l l i s i n g  o r t h i t e .  The LREE's can make up t o  c .2 3  ut% o f  o r t h i t e  

(Deer  £ t  a l . , 1 9 6 6 ) ,  and th u s  t h i s  a n i s o t r o p i c  d i s t r i b u t i o n  o f  

o r t h i t e  c o u ld  have c r e a t e d  LREE i n h o m o g e n e i i t y , on a s c a le  o f  

s e v e r a l  c e n t i m e t r e s ,  i n  the  l e u c o t o n a l i t i c  o r t h o g n e i s s  p l u t o n s .

BKLDA can be c o n s id e r e d  t o  be th e  l e a s t  f r a c t i o n a t e d  o f  the  

group o f  l e u c o t o n a l i t i c  o r t h o g n e i s s  samples ,  because i t s  REE* 

p a t t e r n  i s  s i m i l a r  t D  th e  m e l a n o t o n a l i t i c  o r t h o g n e i s s  REE* p a t t e r n s .  

A c h o ic e  has t o  be made as t o  u h i c h  o f  the  t u o  r o c k s , i e .  BKLD3 and 

BKA02, bo th  o f  u h i c h  have REE* p a t t e r n s  u i t h  a p o s i t i v e  *Eu anomaly ,  

b e s t  c o n t i n u e s  the  main t r e n d  o f  f r a c t i o n a t i o n  o f  th e  o r t h o g n e i s s  

r o c k s ,  f rom  a REE* d i s t r i b u t i o n  s i m i l a r  t D  t h a t  o f  BKLBA. F i r s t l y ,  

BKLD3 has a s m a l l e r  *Eu anomaly ,  u h i c h  s u g g e s ts  t h a t  i t  i s  c l o s e r ,  

i n  t e r m s . o f  th e  degree o f  f r a c t i o n a t i o n ,  t o  BKLDL, than  i s  BKAD2. 

S e c o n d ly ,  as d i s c u s s e d  p r e v i o u s l y ,  th e  p o i n t  a t  u h i c h  the  REE D 

v a lu e s  become g r e a t e r  than  u n i t y ,  and hence th e  REE's become 

d e p le t e d  i n  a magma u i t h  f u r t h e r  f r a c t i o n a t i o n ,  sh o u ld  o c c u r  i n  the  

MREE's and HREE's,  b e f o r e  th e  LREE'S. BKLD3 shous t h i s  f e a t u r e ,  

r e l a t i v e  t o  BKABA, uhereas  BKLD2 i s  l o u e r  i n  a l l  the  REE's,  r e l a t i v e  

t o  BKLBL. T h i r d l y ,  th e  REE* p a t t e r n  o f  BKL03 i s  v e r y  s i m i l a r  t o  the  

l e a s t  f r a c t i o n a t e d  REE* p a t t e r n s  o f  the  g r a n o d i o r i t i c  and g r a n i t i c  

o r t h o g n e i s s e s .  For  these  t h r e e  re a s o n s ,  BKAB3 i s  c o n s id e re d  t o  have 

t h e  REE* p a t t e r n  u h i c h  most r e a d i l y  con fo rms t o  a f r a c t i o n a t i o n  

scheme f rom  a p a r e n t a l  m e l a n o t o n a l i t i c  o r t h o g n e i s s  magma ( u i t h  a 

REE* d i s t r i b u t i o n  s i m i l a r  t o  t h a t  o f  BKLB6),  t o  the  g r a n o d i o r i t i c  

and g r a n i t i c  o r t h o g n e i s s  magmas.

I f  BKLB2 has a more f r a c t i o n a t e d  REE* p a t t e r n ,  compared u i t h  

BKLD3, as i s  sugges ted  by the  l a r g e r  p o s i t i v e  *Eu anomaly o f  the  

f o r m e r ,  then  i t  m ig h t  be expec ted  t h a t  REE* p a t t e r n s  s i m i l a r  t o  t h a t  

o f  BKLD2 u o u ld  a l s o  o c c u r  i n  th e  g r a n o d i o r i t i c  and g r a n i t i c



o r t h o g n e i s s e s .  T h i s  i s  so ( f i g . A . 7 b ) ,  and t h i s  o v e r l a p  o f  REE* 

p a t t e r n s  be tueen the  d i f f e r e n t  r o c k  groups a ga in  emphasises t h a t  

th e  o r t h o g n e i s s e s  mere formed f rom  s e v e r a l  magmas.

The s teepness  o f  the  REE* p a t t e r n  o f  BK4B3 (ZLREE*/IHREE*= 

4 6 .9 )  compared t o  t h a t  o f  the  m e l a n o t o n a l i t i c  r o c k  BK4B6, i t s  

s t r o n g  MREE* d e p l e t i o n , ( * T b ' / * T b  = 3 . 1 5 ) ,  and i t s  p o s i t i v e  *Eu 

anomaly ,  i n d i c a t e  t h a t  the  magmas f rom  u h i c h  these  ro c k s  c r y s a l l i s e d  

, uere r e l a t e d  by the  f r a c t i o n a t i o n  o f  a m in e r a l  assemblage u h i c h  

i n c l u d e d  h o rn b le n d e  as the  dom inan t  phase.  T h i s  i s  o b v io u s  f rom  

th e  h o rnb lend e  REE K ^ ' s  f o r  i n t e r m e d i a t e  magmas (T a b le  4 . 1 ) ,  u h i c h  

shou t h a t  h o rn b le n d e  f r a c t i o n a t i o n  can p roduce  a l l  o f  the  f e a t u r e s  

o f  the  BK4B3 REE* p a t t e r n .  The p resence  o f  p l a g i o c l a s e  i n  the  

f r a c t i o n a t i o n  assemblage can be q u a l i t a t i v e l y  deduced, i n  th e  REE 

d a t a ,  f rom  th e  n a t u r e . a n d  s i z e  o f  th e  *Eu anomaly (see Tab le  4 . 1 ,  

p l a g i o c l a s e  REE K ^ ' s ) ,  uhen p l a g i o c l a s e  fo rm s  a l a r g e  p r o p o r t i o n ,  

say 7B% o f  the  f r a c t i o n a t i n g  s o l i d .  Houever ,  i n  i n t e r m e d i a t e  t o  

a c i d i c  magmas, th e  Eu K^ o f  h o rn b le n d e  becomes s i m i l a r  t o  t h a t  o f  

p l a g i o c l a s e ,  and i f  ho rn b le n d e  dom ina tes  th e  f r a c t i o n a t i o n  

assemblage then  p l a g i o c l a s e  f r a c t i o n a t i o n  cann o t  be deduced 

q u a l i t a t i v e l y .

4 . 3 . 3 c  Gr a n o d i o r i t i c  and g r a n i t i c  o r t h o q n e i s s  REE* p a t t e r n s .

The samples o f  th e  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s ,  

i n c l u d i n g  the  a p l i t e ,  BK413, have an e x t r e m e l y  broad range o f  REE* 

p a t t e r n s ,  t h a t  d e f i n e  a com p le te  spec t rum f rom  those  o f  the  l e a s t  

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

o f  the  t h a t  o f  th e  l e u c o t o n a l i t i c  rock ,BK4B3,  r i g h t  t h ro u g h  t o  t h a t  

o f  the  a p l i t e .  The t r e n d  o f  REE v a r i a t i o n  i n  thes e  ro c k s  can be 

e x p l a i n e d  more e a s i l y  once .a  th o ro u g h  knou ledge  o f  th e  REE 

g e o c h e m is t r y  o f  th e  a p l i t e ,  B k 4 l3 ,  has been o b t a i n e d .

Sample BK413 uas taken  f rom  an a p l i t e  v e i n ,  a t  l e a s t  2 

m e t res  i n  l e n g t h  and up t o .1 B  cm. i n  u i d t h ,  c o n t a i n e d  i n  a K f - r i c h  

t o n a l i t i c  o r t h o g n e i s s  mass, i n  th e  n o r t h  o f  th e  Shannavara 

d i s t r i c t .  T h is  o r t h o g n e i s s  mass c o n t a i n s  many such a p l i t e s ,  and a l l  

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

can be no doub t  t h a t  the  a p l i t e s  r e p r e s e n t  l a t e - s t a g e  r e s i d u a l  f l u i d  

u h i c h  s e g re g a te d  j u s t  p r i o r  t o  th e  com p le te  s o l i d i f i c a t i o n  o f  the  

i n t r u s i o n .  The sampled a p l i t e  v e i n  has an i n t e r e s t i n g  m in e r a l o g y .

I t  c o n s i s t s ,  f o r  th e  main p a r t ,  o f  p l a g o i c l a s e ,  K f - f e l d s p a r ,  q u a r t z ,  

and m in o r  a c c e s s o r i e s ,  t h i s  b e ing  th e  m in e r a l o g y  o f  BK413, b u t  i t  

a l s o  c o n t a i n s  p a tc h e s  o f  h o r n b le n d e - b e a r i n g  a p l i t e .  The h o rnb lend e



o c c u rs  as f r e s h  p o i k i l i t i c  p h e n c c r y s t s ,  up t o  1 cm. i n  mean d ia m . ,  

and may make up t o  5D% o f  the  h o r n b l e n d e - a p l i t e  p a t c h .  The 

i n c l u s i o n s  i n  th e  ho rnb lend e  p h e n o c r y s ts  a re  i n v a r i a b l y  l a r g e  

rounded q u a r t z  g r a i n s ,  o f  c .  D .3 -D .5  mm. d i a m e t e r Q A sample uas 

taken  o f  the  h o r n b l e n d e - a p l i t e  immediately a d j a c e n t  t o  t h e  BKA13 

sample l o c a t i o n .  T h i s  sample uas c rushed  i n t o  c .  1 mm. s i z e d  

p ie c e s  and the  ho rn b le n d e  uas s e p a ra te d  f rom  i t  by m a g n e t i c  

s e p a r a t i o n  and p i c k i n g  t e c h n i q u e s .  The f i n a l  ho rn b le n d e  e x t r a c t  i s  

e s t im a t e d  t o  be g r e a t e r  than  98% p u r e .  The h o rn b le n d e  ( a n a l y s i s  no .  

BKA1A), a m ic ro p ro b e  a n a l y s i s  o f  u h i c h  i s  l i s t e d  i n  Append ix  2,
f o r

uas ana lysed^R EE ' s and some o f  the  o t h e r  t r a c e  e le m e n ts ,  and the  

r e s u l t s  are  l i s t e d  i n  Tab le  A .A .  I f  the  a p l i t e  c o m p o s i t i o n  (BKA13) 

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

, and th e  h o rn b le n d e  (BKA1A) and a p l i t e  r e p r e s e n t  an e q u i l i b r i u m  

assemblage,  then  th e  t r a c e  e lem en t  c o n c e n t r a t i o n s  o f  th e  ho rn b le n d e  

, d ev ided  by those  o f  the  a p l i t e ,  d e f i n e  K p 's  f o r  h o rn b le n d e  i n  

a p l i t i q  f l u i d .  These K p 's  and th e  t r a c e  e lem en t  c o m p o s i t i o n  o f  the  

a p l i t e ,  BKA13, a re  a l s o  l i s t e d  i n  Tab le  A .A .  The REE* p a t t e r n s  o f  

th e  ho rn b le n d e  (BKA1A),  and th e  a p l i t e  (BKA13) ,  and th e  ho rn b le n d e  

REE Kp cu rve  are  shoun i n  f i g . A . f l  . The h o rn b le n d e  REE Kp cu rve  has 

e x a c t l y  the  same shape as o t h e r  ho rn b le n d e  REE Kp c u r v e s ,  as 

d e t a i l e d  i n  th e  l i t e r a t u r e  ( B c h n e t z l e r  and P h i l p o t t s ,  1970, A r t h  

and B a r k e r ,  1976) ,  a l t h o u g h  the  REE K p 's  d e te rm in e d  i n  t h i s  s tu d y  

are  much l a r g e r  than  p r e v i o u s l y  p u b l i s h e d  v a l u e s .  To a c e r t a i n  

e x t e n t ,  th e  a b s o lu t e  v a lu e s  o f  th e  a re  r e l a t i v e l y  u n i m p o r t a n t

, because t h e y  are  s u b j e c t  t o  many a s s u m p t io n s ,  and unknouns .  For 

example ,  i t  i s  q u i t e  p o s s i b l e  t h a t  th e  h o r n b le n d e  p h e n o c r y s ts  have 

a s t r o n g  t r a c e  e lemen t  z o n a t i o n ,  even though m ic ro p ro b e  a n a l y s i s  

has c o n f i r m e d  t h a t  t h i s  i s  n o t  th e  case f o r  the  m a jo r  e le m e n ts ,  

and t h i s  u o u ld  mean t h a t  o n l y  th e  o u t e r  r im s  o f  the  p h e n o c r y s ts .  

uere  i n  e q u i l i b r i u m  u i t h  the  f i n a l  a p l i t i c  f l u i d .  I f  t h i s  i s  so,  

then  th e  K p 's  d e te rm in e d  f rom  th e  b u l k  h o r n b le n d e  u o u ld  n o t  be 

t r u e  e q u i l i b r i u m  v a l u e s .  These a p p a re n t  K p 's  may be s i g n i f i c a n t l y  

d i f f e r e n t  t o  th e  r e a l  K p ' s ,  depend ing  on th e  v a r i a t i o n  o f  the  

l a t t e r  d u r i n g  the  g r o u t h  o f  t h e  ho rn b le n d e  p h e n o c r y s t s ,  and on the  

t ra c e ,  e lemen t  c o n c e n t r a t i o n s  i n  th e  a p l i t i c  f l u i d .  Houever ,  uha t  

i s  i m p o r t a n t  i s  t h a t . the  ho rn b le n d e  REE Kp c u rv e  has th e  

c h a r a c t e r i s t i c  shape,  as t h i s  i s . c o m p a t ib le  u i t h  th e  REE 

c o m p o s i t i o n  o f  th e  a p l i t e ,  BKA13, b e ing  d o m in a n t l y  c o n t r o l l e d  by 

the  f r a c t i o n a t i o n  o f  the  h o r n b le n d e ,  BKA1A.



TABLE. A.A H o rn b le n d e /  A p l i t e  K ' s .   1 D -----

C o n c e n t r a t i o n s  i n  ppm.

Hornb lende  A p l i t e  ( l i q u i d )

A1A A13

SC 162.3D D.71

LA 2B.80 A . 62

CE 91 .88  6.A7

SM 22.□□ 0.3A

EU 3 . DO 0 .6 8

TB 3 . 1 A 0 .03

YB 7 .8A □ .15

LU 1 . 1 A D.D3

ZR 251.□□ 56.□□

NB 28.□□ 8 .00

Y 39.□□ 1.00

BA A11.00 1918.□□

RB 1A2.00 16A.D0

PB 52 .□□ 31 .00

TH 20.□□ 5 .00

K 1.65% 8.A8%

Kp -  A1A 
A13

2 2 5 . OD 

6 .23  

1A.20 

6A.70 

A . 38 

125.60 

52 .26  

38 .00

A.AS 

3 .50

0.21  

0 .8 7  

1 .68  

A. 00 

0 .1 9



For  d e s c r i p t i v e  p u rpo s es ,  the  g r a n o d i o r i t i c  and g r a n i t i c  

o r t h o g n e i s s e s  can be s p l i t  a r b i t r a r i l y ,  on th e  b a s i s  o f  the  s i z e  

o f  the  *Eu anomaly ,  i n t o  tuo  g ro u p s ,  one u i t h  *Sm >*E u  and the  

o t h e r  u i t h  * S m < * E u .  The d i v i s i o n  r o u g h l y  s e p a ra te s  the  

g r a n o d i o r i t i c . o r t h o g n e i s s e s  ( * S m > * E u ,  f o r  th e  most p a r t )  f rom  th e  

g r a n i t i c  ones,  as d e f i n e d  i n  th e  modal S t r e k e i s e n  d iagram 

( f i g . 2 . 2 ) .

The g r a n o d i o r i t i c  group ( f i g . L . 7 a ) ,  a re  c h a r a c t e r i s e d  by 

v e r y  s teep  REE* p a t t e r n s ,  h a v in g  an average ZLREE*/ZHREE* r a t i o  

o f  5 0 .8 ,  u h i c h  may o r  may n o t  possess a *Eu anomaly .The range o f  

*Eu^+/ * E u ^ + , o f  t h i s  g roup ,  i s  f rom  C.B3 t o  2.k and i n d i c a t e s  

t h a t  th e  s i g n i f i c a n t  anom a l ies  a re  p o s i t i v e  o n e s ,u h i c h  i s  o b v io u s  

i n  f i g . i t . 7 a .  Df th e  f i v e  samples i n  the  g r a n o d i o r i t i c  g roup ,  BKLCO 

has the  l a r g e s t  p o s i t i v e  *Eu anomaly and a l s o  the  g r e a t e s t  MREE* 

d e p l e t i o n ,  as measured by the  * T b ’ / * T b  r a t i o .  The . range  o f  t h i s  

p a ra m e te r ,  i n . t h e  g r a n o d i o r i t i c  o r t h o g n e i s s  g ro u p ,  i s  2 .05  to  

i f . 51 (T ab le  i t . 3 ) ,  shou ing  t h a t  a l l  the  samples have s i g n i f i c a n t  

M R E E *d e p le t io n •

Samples BK98 and BK99 have REE* p a t t e r n s  u h i c h  are  v e r y  

s i m i l a r  t o  t h a t  o f  th e  l e u c o t o n a l i t i c  o r t h o g n e i s s ,  BKLC3, and can 

be c o n s id e re d  t o  be the  l e a s t  f r a c t i o n a t e d ,  i n  te rms  o f  th e  REE 

c o m p o s i t i o n ,  o f  t h i s  g ro u p .  These samples a ga in  i l l u s t r a t e  the  

o v e r l a p  o f  REE* p a t t e r n s  o f  r o c k s  f rom  d i f f e r e n t  g ro u p s .  The 

g r a n o d i o r i t i c  o r t h o g n e i s s  group has a r e l a t i v e l y  l a r g e r  range o f  

HREE and MREE abundances,  than  LREE abundances ( f i g . L . 7 a ) ,  and the  

*Eu v a lu e s  rema in  f a i r l y  c o n s t a n t  t h r o u g h o u t .  T h is  means t h a t  the  

g r e a t e r  the  MREE* d e p l e t i o n ,  measured by th e  * T b ' / * T b  r a t i o ,  o f  

th e  REE* p a t t e r n ,  then  the  l a r g e r  the  p o s i t i v e  *Eu anomaly becomes. 

T h is  REE* v a r i a t i o n  i s  e n t i r e l y  c o n s i s t e n t  u i t h  a h o rnb lend e  

dominated f r a c t i o n a t i o n  h y p o t h e s i s .  P l a g i o c l a s e  may have been a 

m ino r  f r a c t i o n a t i o n  phase f rom  th e  g r a n o d i o r i t i c  and g r a n i t i c ,  

o r t h o g n e i s s  magmas, a l t h o u g h  t h i s  i s  n o t  s u p p o r te d  by t e x t u r a l ,  

m i n e r a l o g i c a l , and phase r e l a t i o n s ,  e v idenc e  (C h a p te r  2 , 3 ) .  The 

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

magmas u i l l  be assessed by q u a n t i t a t i v e  methods i n  Chap te r  5 .

The g r a n i t i c  ( * S m < * E u )  group o f  o r t h o g n e i s s e s  have REE* 

p a t t e r n s  ( f  i g . ^ t .7b , c)  u h ic h  d e f i n e  a c l e a r  t r e n d  o f  ex treme 

d e p l e t i o n  o f  a l l  th e  REE!s,  e x c e p t  Eu, and u h i c h  i s  e s p e c i a l l y  

pronounced i n  the  MREE's. T h is  t r e n d  c u l m i n a t e s  i n  the  REE* p a t t e r n
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L.Q REE g e o c h e m i s t r y  o f  s h o r n b l e n d e - a p l i t e .

ORTHOMAGMATIC HOCKS 

□  METABASITE
♦  TONAUTIC ORTHOGNEISS ( O  W-ricfc type*) 

GRANODIORITIC I  
GRANITIC ORTHOGNEISS 

PARAGNEISSES 

7  MO Bill SATE 
7  MELANOSOME

EU/SM

F i g .  L . 9  E v o l u t i o n  o f  t h e  *Eu a n o m a ly .



□ f  the  a p l i t e ,  BK413, u h ic h  has a * T b ' / * T b  r a t i o  c f  7 .22  and a 

*Eu^+/ * E u ^ + r a t i o  o f  1 0 ,2 7 .  The ranges  o f  t h e s e  tuo  pa ram e te rs  

and o f  th e  ILREE* and IHREE* pa ra m e te rs  are  g i v e n  i n  Tab le  4 . 3 .

The t o t a l  range o f  REE* p a t t e r n s  o f  the  g r a n o d i o r i t i c  and g r a n i t i c  

o r t h o g n e i s s e s  i s  shoun i n  f i g . 4 . 7 d .

The REE K p 's  o f  the  h o r n b le n d e ,  BK414, i n  the  a p l i t e ,  BK413, 

are  a l l  much g r e a t e r  than  u n i t y ,  and t h e r e f o r e  f r a c t i o n a t i o n  o f  a 

s i m i l a r  h o rn b le n d e  f rom  the  g r a n i t i c  o r t h o g n e i s s  magma u ou ld  

d e p le t e  a l l  o f  the  REE's i n  the  magma. Houever., the  LREE K p1 s o f  

th e  h o rnb lend e  (T a b le  4 . 4 )  a re  some 6 t o  12 t im e s  s m a l l e r  than  

those  o f  the  MREE's, e x c l u d i n g  Eu, and some 4 t o  5 t im e s  s m a l l e r  

than  th e  HREE K p ' s ,  y e t  th e  g r a n i t i c  o r t h o g n e i s s  REE* p a t t e r n s  

shou a t r e n d  o f  g r e a t e r  r e l a t i v e  d e p l e t i o n  i n  th e  LREE's than  i n  

t h e  HREE's (see f i g . 4 . 7 b , c , d ) . T h i s  means t h a t  a l t h o u g h  the  

d e p l e t i o n  t r e n d  o f  the  MREE's and HREE's i n  thes e  ro c k s  i s  

e n t i r e l y  c o n s i s t e n t  u i t h  the  h o rn b le n d e  f r a c t i o n a t i o n  h y p o t h e s i s ,  

as i s  th e  i n c r e a s i n g  *Eu anomaly ,  t h e r e  must be some neu phase 

u h ic h  i s  a l s o  f r a c t i o n a t i n g  f rom  the  g r a n i t i c  o r t h o g n e i s s  magma 

and s t r o n g l y  d e p l e t i n g  i t  i n  th e  LREE's .  On ly  one o f  m in e r a l s  

p r e s e n t  i n  th e  more a c i d i c  o r t h o g n e i s s  r o c k s  i s  a b le  t o  do t h i s ,  

and t h i s  i s  o r t h i t e .  B r t h i t e  has K p 's  f o r  t h e  LREE's,  i n  g r a n i t i c  

magmas, u h i c h  are  p r o b a b l y  i n  excess o f  1BBB, so o n l y  a s m a l l  

amount o f  o r t h i t e  f r a c t i o n a t i o n  u o u ld  be r e q u i r e d  t o  p roduce the  

LREE* d e p l e t i o n  i n  th e  g r a n i t i c  o r t h o g n e i s s  magmas.

The e v o l u t i o n  o f  the  *Eu anomaly ,  r e l a t i v e  t o  *Sm, 

t h r o u g h o u t  the  m e t a b a s i t e - o r t h o g n e i s s  s e r i e s ,  can be seen i n  the  

Be v .  Eu/Sm p l o t  ( f i g . 4 . 9  ) .  The m e ta b a s i te  and m e l a n o t o n a l i t i c  

o r t h o g n e i s s  r o c k s  have REE* p a t t e r n s  u i t h  e i t h e r  a s m a l l . * E u  

anomaly o r  none a t  a l l .  The l e u c o t o n a l i t i c ,  g r a n o d i o r i t i c ,  and 

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

p o s i t i v e  *Eu anomaly ,  u h i c h  i s  due tD th e  much s m a l l e r  i n c r e a s e  

i n  the  Eu Kp o f  h o r n b le n d e ,  compared u i t h  t h a t  o f  th e  o t h e r  MREE 

K p ' s ,  u i t h  c o n t i n u i n g  f r a c t i o n a t i o n  o f  the  magma.(N.B. the  

a b s c i s s a  i n d e x ,  i e .  Eu/Sm, i s  n o t  a c h o n d r i t e - n o r m a l i s e d  v a l u e )  

4 . 3 . 3 d  P a ra g n e is s  REE*. p a t t e r n s .

The m o b i l i s a t e ,  BK4B7, and th e  melanosome, BK4D9, 'uere  

a n a l y s e d - f o r  the  REE's,  and t h e i r  REE* p a t t e r n s  a r e . shoun i n  

f i g . 4 . 1 1 .  The tu o  r o c k s  canno t  s t r i c t l y  be compared,  i n  te rms  o f  

t h e i r  t r a c e  e lem en t  abundances because t h e y  uere  n o t  sampled f rom
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a d j a c e n t  l o c a t i o n s .  Houever ,  on the  assum pt ion  t h a t  th e  m o b i l i s a t e  

magma uas f a i r l y  homogeneous i n  t r a c e  e lem e n t  c o m p o s i t i o n  a c ross  

a u id e  a re a ,  i t  can be seen t h a t  the  REE's a re  more abundant  i n  

t h e  melanosome, than  i n  the  m o b i l i s a t e .  The o t h e r  t r a c e  e lemen ts  

a l s o  shou the  same f e a t u r e  ( s e c t i o n  4 . 2 . 2 ) .  The LREE and MREE 

abundances . i n  the  melanosome are  more than  5 t im e s  those  i n  the  

m o b i l i s a t e ,  u h i l e  th e  abundances o f  the  HREE's, i e .  Yb and Lu, are  

v e r y  s i m i l a r  i n  bo th  r o c k s .

The t r a c e  e lem en t  c o m p o s i t i o n  o f  a s o l i d  r e s id u e  

(melanosome),  i n  a p a r t i a l l y  m o l ten  r o c k ,  i s  dependent  on the  

m in e r a l o g y  o f  the  r e s i d u e .  The m in e r a l o g y  o f  the  melanosome, BK4D9, 

has been d e s c r i b e d  i n  C hap te r  2,  and i t  c o n t a i n s  4 m a jo r  phases;  

b i o t i t e ,  s i l l i m a n i t e ,  p l a g i o c l a s e  ( A n ^ ) ,  ar|d i l m e n i t e .  Of t h e s e ,  

p l a g i o c l a s e  and b i o t i t e  are  th o u g h t  t o  be i n  a s t a t e  o f  decay 

t h ro u g h  m e l t i n g .  The p l a g i o c l a s e  o f  the  melanosome i s  c o n s i d e r a b l y  

more c a l c i c  than  i n  th e  m o b i l i s a t e ,  and t h i s  i s  r e f l e c t e d  i n  the  

s t r o n g  e n r ic h m e n t  o f  Sr i n  the  melanosome, r e l a t i v e  t o  the  

m o b i l i s a t e .  T h e r e f o r e ,  i t  uas expec ted  t h a t  th e  melanosome u ou ld  

a l s o  be s u i t a b l y  e n r i c h e d  i n  Eu, r e l a t i v e  t o  the  o t h e r  REE's,  

because Eu, l i k e  S r ,  tends  t o  s u b s t i t u t e  f o r  Ca i n  p l a g i o c l a s e , (Ca 

and Eu have a lm o s t  i d e n t i c a l  i o n i c  r a d i i ) .  Houever ,  no p o s i t i v e  *Eu 

anomaly i s  obse rved  i n  the  REE* p a t t e r n  o f  BK4D9, on the  c o n t r a r y ,  

i t  has a s i g n i f i c a n t  n e g a t i v e  *Eu anomaly ( * E u ^ +/ * E u ^ + = D . 7 5 ) .

T h i s  s t r o n g l y  i m p l i e s  t h a t  some o t h e r  phase i n  th e  melanosome, 

u i t h  a l a r g e  Eu K^, bu t  even l a r g e r  LREE and MREE K p ' s ,  i s  suamping 

th e  e f f e c t  o f  the  Eu o f  p l a g i o c l a s e .  B i o t i t e  has l o u  f tp ' s  f o r  

th e  REE's (Hanson, 1980) ,  and can be d i s r e g a r d e d .  The REE's are  

u n l i k e l y  t o  s u b s t i t u t e  f o r  A1 , i n  s i l l i m a n i t e ,  because o f  the  l a r g e  

d i f f e r e n c e  i n  i o n i c  r a d i u s  be tueen  them (REE i o n i c  r a d i i  = 1 .14  t o

0.B5A) and A1 ( i o n i c  r a d i u s  = D .5 1 A ) .  T h is  l e a v e s  i l m e n i t e  as the  

o n l y  o t h e r  a l t e r n a t i v e .  Schock(1977)  d e te rm in e d  the  REE c o n t e n t s  

o f  9 t i t a n o m a g n e t i t e s  and t h e i r  a s s o c ia t e d  r h y o d a c i t e - d a c i t e  pumice 

m a t r i c e s ,  and c a l c u l a t e d  the  REE ' s o f  t h i s  phase.  Schock found  

t h a t  the  LREE and MREE K ^ ' s ,  o f  t i t a n o m a g n e t i t e ,  uere  s i g n i f i c a n t l y  

g r e a t e r  than  th e  HREE f t p ' s ,  and i n  most cases ,  t h e  MREE f tp ' s  uere  

g r e a t e r  than  u n i t y .  The REE f t p ' s  o f  a t i t a n o m a g n e t i t e  c o n ta m in a te d  

by i l m e n i t e  uere  v e r y  l a r g e  (La = G .D ) ,  u i t h  a decrease  i n  

o c c u r r i n g  f rom  the  LREE's,  t h ro u g h  the  MREE's, t o  the  HREE's.  The 

Eu f tp ' s  o f  the  t i t a n o m a g n e t i t e s  uere  s i g n i f i c a n t l y  l o u e r  . than those  

o f  the  D the r  MREE's. The s i g n a t u r e  o f  t i t a n o m a g n e t i t e  »
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c o n ta m in a te d  u i t h  i l m e n i t e ,  has a l l  Df the  q u a l i t i e s  needed t o  

e x p l a i n  the  r e l a t i v e  REE d i s t r i b u t i o n  be tueen th e  melanosome and 

the  m o b i l i s a t e  p o r t i o n s  o f  the  p a r a g n e i s s .

The REE* p a t t e r n s  o f  BKAD7 and BKAD9 have a s i m i l a r  shape 

t o  those  o f  th e  m e ta b a s i te  and m e l a n o t o n a l i t i c  o r t h o g n e i s s  r o c k s .  

T h e r e f o r e , the  a s s i m i l a t i o n  o f  these  p a r a g n e i s s e s , by the 

m e ta b a s i te  and m e l a n o t o n a l i t i c  magmas, u o u ld  n o t  g r e a t l y  a l t e r  

t he  o v e r a l l  shape o f  the  REE* p a t t e r n s  o f  th e  magmas. In  the  

f i e l d ,  the  r a t i o  o f  m o b i l i s a t e  t o  melanosome i s  r o u g h l y  k :1, u h i c h  

means t h a t  REE* p a t t e r n  o f  th e  b u l k  p a r a g n e is s  u o u ld  be r a t h e r  

more s i m i l a r  t o  t h a t  o f  BKA07, than  t h a t  o f  BKAC39. The 

a s s i m i l a t i o n  o f  b u l k  p a r a g n e i s s ,  by the  m e ta b a s i t e  magma, u ou ld  

e n r i c h  i t  i n  a l l  REE's,  and c o u ld  t h e r e f o r e  be a s i g n i f i c a n t  

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

magma s .

A.k T e c t o n i c  s e t t i n g  o f  the  m e ta b a s i t e s  f rom  t h e i r  Z r t T i  and Y

c o n t e n t s ,  *
The use o f  the  e le m e n ts ,  Z r ,  T i ,  and Y, as d i s c r i m i n a t o r s  

i n  d i s t i n g u i s h i n g  the  p a l a e o t e c t o n i c  a f f i n i t i e s  o f  b a s a l t s ,  stems 

f rom  t h e i r  im m ob i le  n a t u r e  d u r i n g  metamorph ism (Cann, 1970 ) .  The 

m e t a b a s i t e . r o c k s  are  p l o t t e d  i n  the  Z r - T i - Y  d i s c r i m i n a t i o n  d iag ram  

( f i g . A . 13 ) ,  a l t h o u g h  t h e y  are  n o t  s t r i c t l y  a p p l i c a b l e  to  t h i s  p l o t  

s in c e  i t  uas des igne d  f o r  b a s a l t i c  e x t r u s i v e  ro c k s  (Pearce  and 

Cann, 1973 ) .  Houever ,  i t  can be seen t h a t  th e  m e ta b a s i te  r o c k s  

p l o t  p r e d o m i n a n t l y  i n  the  ' u i t h i n - p l a t e ' f i e l d ,  u h i c h  encompasses 

bo th  c o n t i n e n t a l  and o c e a n ic  i s l a n d  b a s a l t s .  T h i s  ' u i t h i n - p l a t e '  

f i e l d  i s  th e  b e s t  d e f i n e d  o f  a l l  the  f i e l d s  i n  the  d i s c r i m i n a t i o n  

d iag ram  (Pearce  and Cann, 1 97 3 ) .  A ' u i t h i n - p l a t e '  h y p o th e s i s  f o r  

th e  t e c t o n i c  s e t t i n g  o f . t h e  m e ta b a s i t e  magmas, r a t h e r  than  a 

v o l c a n i c  a r c  h y p o t h e s i s ,  i s  backed up by th e  c o n c l u s i o n ,  based 

on the  m a jo r  e lem en t  c h e m is t r y  ( s e c t i o n  3 .3  ) ,  t h a t  the

m e t a b a s i t e ,  and o r t h o g n e i s s ,  r o c k s  do n o t  be lo n g  e i t h e r  t o  th e  

c a l c - a l k a l i  s e r i e s ,  o r  t o  the  t h o l e i i t i c  s e r i e s ,  o f  v o l c a n i c  a rc  

magmatic r o c k s .  The m e ta b a s i te  r o c k s  have been shoun to  be 

s u b a l k a l i n e  ( f i g . 3 . 5 )  and t h e y  uere  i n t r u d e d  i n t o  th e  v e r y  t h i c k  

D a l r a d i a n  s e d i m e n t a r y .p i l e , u h i c h  uas d e p o s i t e d  i n  an e n s i a l i c  

b a s in  ( P h i l l i p s  e t  a l . , 1 9 7 6 ) ,  and so the  m e ta b a s i t e  r o c k s  u o u ld  

appear  t o  f i t  u e l l  u i t h  the  h y p o t h e s i s  t h a t  t h e y  uere  i n t r u d e d  

i n t o  a ' u i t h i n - c o n t i n e n t a l  p l a t e '  t e c t o n i c  e n v i r o n m e n t .
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£+.5 C o n c lu s io n s .

The f o l l o w i n g  c o n c l u s i o n s  were reache d ,  i n  t h i s  c h a p t e r ,  

f rom  a q u a l i t a t i v e  s tu d y  o f  the  t r a c e  e lem en t  d i s t r i b u t i o n s  o f  the  

ro c k s  o f  the  i n t r u s i v e  c o m p le x : -

1.  The m e ta b a s i t e  and o r t h o g n e i s s  r o c k s  fo rm  a c o n t i n u o u s  

t r e n d  i n  a lm o s t  a l l  the  t r a c e  e lem e n t  v .  SiD^ p l o t s ,  wh ich  i n d i c a t e s  

t h a t  t h e y . a r e  p r o b a b l y  comagmatic r o c k s .

2 .  The s c a t t e r  o f  the  i n c o m p a t i b l e  e lem e n t  d a t a ,  f o r  these  

r o c k s ,  may r e f l e c t  s i g n i f i c a n t  d i f f e r e n c e s  i n  t r a c e  e lem e n t  c o n t e n t s  

between th e  p a r e n t a l  m e ta b a s i te  magmas.

3 .  From a c o n s i d e r a t i o n  o f  th e  Sr v .  Cr p l o t  and f ro m  the  

the  REE e v id e n c e ,  i t  i s  shown t h a t  a l l  bu t  two o f  the  m e ta b a s i t e  

samples r e p r e s e n t  magma c o m p o s i t i o n s .  The o t h e r  two samples have 

REE* p a t t e r n s  c o m p a t i b le  w i t h  the  h y p o th e s i s  t h a t  t h e y  were 

composed o f  cum u la te  py roxene  b e f o r e  the  a m p h i b o l i t i s a t i o n  o f  the  

m e ta b a s i te  r o c k s  o c c u r r e d .

km The r e v e r s a l  o f  the  m e ta b a s i t e  magma SiD^ d e p l e t i o n  t r e n d  

c o u ld  have been acc o m p l is h e d  by the  i n i t i a t i o n  o f  a h o rn b le n d e  + 

p l a g i o c l a s e  f r a c t i o n a t i o n  assemblage,  p o s s i b l y  augmented by the  

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

5 .  The REE* p a t t e r n s  o f  the  o r t h o g n e i s s  samples show t h a t  

h o rnb lend e  was a f r a c t i o n a t i o n  phase o v e r  the  who le  c o m p o s i t i o n  

range o f  the  o r t h o g n e i s s  magmas.

6 . . The Sr d i s t r i b u t i o n ,  though s c a t t e r e d ,  s u p p o r t s  the  

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

f r a c t i o n a t e  f rom  th e  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s  magmas.

7 .  O r t h i t e  f r a c t i o n a t i o n  o c c u r r e d  i n  th e  g r a n i t i c  

o r t h o g n e i s s  magmas and d e p le t e d  them i n  the  LREE's .  .

B. The r e l a t i v e  t r a c e  e lem en t  d i s t r i b u t i o n  i n  th e  melanosome 

and m o b i l i s a t e  components o f  the  p a r a g n e i s s ,  i s  c o n s i s t e n t  w i t h  the  

expec ted  p a t t e r n  o f  t r a c e  e lem en t  p a r t i t i o n i n g  between a s i l i c e o u s  

g r a n i t i c  magma and a m in e r a l  assemblage c o n t a i n i n g  b i o t i t e ,  

p l a g i o c l a s e ,  and i l m e n i t e .

. Most o f  th e  c o n c l u s i o n s  o f  t h i s  and th e  p r e v i o u s  c h a p t e r ,  

r e l a t e , i n  a q u a l i t a t i v e  manner,  th e  m e ta b a s i te  and D r t h o g n e i s s  r o c k s  

by a p roc es s  o f  c r y s t a l  f r a c t i o n a t i o n .  These c o n c l u s i o n s  a re  

summarised i n  f i g . ^ t . 1 ^ .



C h ap te r  5 .

Trace e lem en t  m o d e l l i n g  o f  the  d i f f e r e n t i a t i o n  o f  th e  m e t a b a s i t e -

□ r t h o q n e i s s  magmas.

In  t h i s  c h a p te r  the  f r a c t i o n a t i o n  scheme f o r  the  

d i f f e r e n t i a t i o n  o f  th e  m e ta b a s i te  magmas, go ing  th ro u g h  to  

c o m p o s i t i o n s  r e p r e s e n t e d  by the  o r t h o g n e i s s  r o c k s ,  w i l l  be 

q u a n t i t a t i v e l y  t e s t e d  u s in g  t r a c e  e lem en t  mass b a lanc e  t h e o r y .  I t  i s  

nece s s a ry  f i r s t ,  t o  s e l e c t  the  most a p p r o p r i a t e  m a th e m a t i c a l  model 

f o r  the  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 ro c e s s  a c t i n g  Dn a b a s i c  magma 

ascend ing  th ro u g h  p l u t o n i c  l e v e l s  i n  the  c r u s t .  T h is  s tu d y  w i l l  dea l  

o n l y  w i t h  c lo s e d  system f r a c t i o n a t i o n  mode ls ,  i e .  those  i n  wh ich  the  

magma i s  n o t  r e c h a rg e d  w i t h  new, b a tc h e s  o f  l e s s  f r a c t i o n a t e d  magma 

f rom  the  same s o u rc e .

5 .1  M a th e m a t i c a l  mode ls  o f  t r a c e  e lem en t  mass ba la n c e  i n  a magma

u n d e rg o in 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 .  

Mass ba lance  e q u a t i o n s  were f i r s t  used t o  p r e d i c t  the  

b e h a v io u r  o f  t r a c e  e lem e n ts  i n  s im p le  magmatic p roc e s s e s  i n  1954, 

when Neumann e_t a l .  a p p l i e d  the  R a y le ig h  d i s t i l l a t i o n  e q u a t i o n s  

( R a y l e i g h ,1896)  t o  the  p rob lem  o f  magmatic d i f f e r e n t i a t i o n .  L a t e r  

th e  e q u a t i o n s  were r e f i n e d ,  f i r s t  by G reen land (197D) and then  by 

A lba rede  and B o t t i n g a  ( 1 9 7 2 ) .  The c lo s e d  system 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 ro c e s s  can be c o n s id e r e d  ( f a r  th e  s i m p l i f i e d  case 

o f  c r y s t a l l i s a t i o n  o f  phases i n  c o n s t a n t  p r o p o r t i o n s ,  and f o r  

c o n s t a n 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 )  i n  te rms  o f  a b i n a r y  system 

d e f i n e d  by the  m i x i n g  o f  the  two end-member e q u a t i o n s : -

1.  S u r fa c e  e q u i l i b r i u m  c r y s t a l  f r a c t i o n a t i o n  e q u a t i o n .

where

6 = t r a c e  e lement

= c o n c e n t r a t i o n  o f  6 i n  th e  d i f f e r e n t i a t e d  l i q u i d  

CgQ = c o n c e n t r a t i o n  o f  5 i n  th e  p a r e n t a l  l i q u i d  

F = the  f r a c t i o n  o f  l i q u i d  r e m a i n i n g , r e l a t i v e  t o  

. the  i n i t i a l  mass o f  l i q u i d .

Dg = t h e . 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  o f  6 ,  d e f i n e d



u^ = mass f r a c t i o n  o f  phase A r e l a t i v e  t o  the  t o t a l  s o l i d  .

A/LHL = m i n e r a l ( A ) - m e l t ( L )  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  § .
6

2.  T o t a l  e q u i l i b r i u m  c r y s t a l  f r a c t i o n a t i o n  e q u a t i o n .

C6L 1   -------------------------  e q u a t i o n  2 .

c 60 F + V 1 -  F)

(sym bo ls  as those  i n  e q u a t i o n  1 . )

E q u a t io n  1 d e s c r i b e s  a s t y l e  o f  t r a c e  e lem en t  b e h a v io u r ,  i n  a magma, 

wh ich  i s  dependent  o n l y  on the  e q u i l i b r i u m  r e a c t i o n  between th e  m e l t  

and the  s u r f a c e s  o f  f r a c t i o n a t i n g  c r y s t a l s .  The i n t e r i o r s  o f  

c r y s t a l s  g row ing  i n  the  m e l t  do n o t  r e - e q u i l i b r a t e  w i t h  th e  e v o l v i n g  

m e l t  c o m p o s i t i o n  by d i f f u s i v e  p r o c e s s e s ,  and f u r t h e r m o r e ,  any 

cum u la te  p i l e  s t i l l  i n  p h y s i c a l  c o n t a c t  w i t h  th e  m e l t  i s  e s s e n t i a l l y  

c h e m i c a l l y  a l i e n a t e d  f rom  i t .  On th e  o t h e r  hand, e q u a t i o n  2 

d e s c r i b e s  a s t y l e  o f  t r a c e  e lem en t  b e h a v io u r  i n  a magma wh ich  i s  

s t i l l  i n . p h y s i c a l  c o n t a c t  w i t h  the  sum t o t a l  o f  i t s  c r y s t a l l i n e  

p r o d u c t s ,  and where s u b s o l i d u s  d i f f u s i o n  ta k e s  p l a c e  a t  a s u f f i c i e n t  

r a t e  t o  ena b le  the  m e l t  and i t s  cum u la te s  to  s t a y  i n  comple te  

ch e m ic a l  e q u i l i b r i u m .

In  t r y i n g  t o  r e c o n c i l e  these  two e q u a t i o n s  w i t h  t h e  a c t u a l  

c o n d i t i o n s  o f  c r y s t a l  f r a c t i o n a t i o n  i n  magmas, A r t h  (1976)  s t a t e s  

" the  s u r f a c e  e q u i l i b r i u m  model may be’ more a p p l i c a b l e  to  r a p i d l y  

c o o l i n g s h a l l o w l y  emplaced magmas, whereas the  t o t a l  e q u i l i b r i u m  

model may - b e t t e r  d e s c r i b e  p l u t o n i c  c o n d i t i o n s  where the  c o o l i n g  o f  

an i n t r u d e d  .magma i s  e x t r e m e l y  s low  " . .H o w e v e r ,  magma i n t r u s i o n  and 

magma d i f f e r e n t i a t i o n  are  c l o s e l y  t i e d ,  and so these  e q u a t i o n s  

sh o u ld  b e - r e c o n c i l e d  w i t h  dynamic magma i n t r u s i o n ,  r a t h e r  than  

s t a t i c  magma b o d ie s .

The r a t e  o f  a s c e n t  o f  a magma, t o  h i g h e r  l e v e l s  i n  the  c r u s t ,  

i s - c o n t r o l l e d . by the  d e n s i t y  c o n t r a s t  between i t  and the  s u r r o u n d in g  

c o u n t r y  r o c k s .  T h i s  d e n s i t y  c o n t r a s t  depends on t w o . v a r i a b l e s ; the  

t e m p e r a t u r e . o f  the  magma, i e .  the.  h o t t e r  a magma i s ,  the  l o w e r  i s  

i t s  d e n s i t y . ,  and th e  r e l a t i v e  c o m p o s i t i o n s  o f  th e  magma and i t s  

s u r r o u n d in g  c o u n t r y  r o c k s ,  f o r  example ,  as b a s i c  r o c k s  are  much



denser  than  g r a n i t i c  r e c k s ,  then  a b a s i c  magma w i l l  f i n d  i t  

d i f f i c u l t  t c  ascend th ro u g h  g r a n i t i c  r o c k s ,  even though i t  w i l l  be 

much h o t t e r  than  them.  In  the  s im p le  example o f  a magma w i t h  a 

comparab le  c o m p o s i t i o n  t o  t h a t  o f  th e  c o u n t r y  r o c k s ,  then  the  

d e n s i t y  c o n t r a s t  between the  magma and the  s u r r o u n d in g  r o c k s  i s  

c o n t r o l l e d  m a in l y  by t e m p e ra tu r e  v a r i a t i o n s  i n  the  magma. The magma 

would c o o l  as i t  r o s e  t h ro u g h  th e  c o u n t r y  r o c k s ,  m a in l y  by 

c o n d u c t i v e  he a t  l o s s  ac ro s s  the  magma-wal l  r o c k  bounda ry ,  u n t i l  the  

te m p e ra tu re  f e l l  s u f f i c i e n t l y  so t h a t  the  d e n s i t y  c o n t r a s t  between 

i t  and the  s u r r o u n d in g  r o c k s  became m in i m a l ,  a t  wh ich  p o i n t  the  

magma would come t o  r e s t .  The d e c r e a s in g  magma te m p e ra tu re  would 

a l s o  promote c r y s t a l l i s a t i o n ,  i n  the  magma, i n  i n c r e a s i n g l y  l a r g e r  

amounts .  C r y s t a l l i s a t i o n  would  reach  a peak a t  th e  p o i n t  a t  wh ich 

the  magma comes t o  r e s t .  L a t e n t  hea t  o f  c r y s t a l l i s a t i o n , r e le a s e d  i n  

l a r g e  amounts a t  t h i s  p o i n t ,  would b eg in  t o  r e h e a t  the  magma. I f  t he  

r a t e  o f  r e h e a t i n g  o f  the  magma i s  g r e a t e r  than  the  rem ova l  o f  hea t  

by c o n d u c t i o n  ac ro s s  the  magma-wal l  r o c k  b ou nda ry ,  then  the  magma 

c o u ld  t h e o r e t i c a l l y  be hea ted  up a lm o s t  t o  i t s  l i q u i d u s ,  b u t  no 

f u r t h e r .  A t  t h i s  p o i n t  c r y s t a l l i s a t i o n  would  e f f e c t i v e l y  cease and 

the  magma wou ld  have a l r e a d y  begun t o  r i s e  upwards a ga in  due to  i t s  

l o w e r  d e n s i t y .  Us ing t h i s  s i m p l i s t i c  c y c l i c  model o f  magma i n t r u s i o n  

i t  can be seen t h a t  the  most c r y s t a l l i s a t i o n  o c c u rs  when the  magma 

i s  s t a t i c  o r  o n l y  s l o w l y  r i s i n g ,  and t h e r e f o r e  cum u la te  d e p o s i t s  

p roduced d u r i n g  t h i s  p e r i o d  w i l l  p r o b a b l y  rem a in  i n  c o n t a c t  and 

r e - e q u i l i b r a t e  w i t h  the  magma. D u r in g  these  p e r i o d s  o f  i n c re a s e d  

c r y s t a l l i s a t i o n ,  the  t o t a l  e q u i l i b r i u m  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 q u a t i o n  would  be a good e s t im a t e  o f  th e  t r a c e  e lem en t  b e h a v io u r  i n  

the  magma. D u r in g  p e r i o d s  o f  magma a s c e n t ,  t h e r e  may be l i t t l e  

c r y s t a l l i s a t i o n  o f  the  magma, b u t  th e  v e r y  f a c t  t h a t  the  magma 

l e a v e s  beh ind  i t s  cum u la te  d e p o s i t s ,  would mean t h a t  the  t r a c e  

e lem en t  b e h a v io u r  i n  t h e  magma i s  b e t t e r  d e s c r i b e d . b y  th e  s u r f a c e  

e q u i l i b r i u m  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 q u a t i o n .  I f  an ascend ing  

b a s i c  magma i n t e r c e p t e d  a m a jo r  d e n s i t y  d i s c o n t i n u i t y  i n  the  c r u s t ,  

say the  boundary  between dense basement r o c k s  and a much l e s s  dense 

s i l i c e o u s  m e ta s e d im e n ta r y  sequence,  then  th e  e f f e c t  o f  t e m p e ra tu re  

may be i n s u f f i c i e n t  t o  overcome the  d e n s i t y  c o n t r a s t  a r i s i n g  f rom  

the  d i f f e r e n c e  i n  c o m p o s i t i o n  between the  magma and the  s i l i c e o u s  

m e ta s e d im e n ts .  The magma would be f o r c e d  t o  rema in  a t  the  d e n s i t y  

d i s c o n t i n u i t y  u n t i l  the  c o m p o s i t i o n  o f  th e  magma became comparab le



w i t h  t h a t  o f  the  o v e r l y i n g  r o c k s ,  i e .  by th e  p ro c e s 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 .  In  t h i s  s i t u a t i o n ,  the  t r a c e  e lem en t  b e h a v io u r  i n  

the  magma would  p r o b a b l y  be b e t t e r  d e s c r i b e d  by the  t o t a l  e q u i l i b r i u m  

e q u i l i b r i u m  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 q u a t i o n .

I t  i s  c l e a r  t h a t  the  c o n d i t i o n s  o f  e q u i l i b r i u m ,  between a 

magma and i t s  c u m u la te s ,  w i l l  v a r y  c o n t i n u o u s l y  d u r i n g  the  i n t r u s i o n  

o f  t h a t  magma i n t o  the  c r u s t .  T h e r e f o r e ,  any s i n g l e  t r a c e  e lemen 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  e q u a t i o n ,  i f  a p p l i e d  t o  a magmatic r o c k  

s e r i e s  as a w h o le ,  c o u ld  o n l y  hope t o  d e s c r i b e ,  a t  b e s t ,  an 

a p p r o x im a t i o n  t o  the  f r a c t i o n a t i o n  h i s t o r y  o f  t h a t  s e r i e s .

As i s  s t a t e d  above,  e q u a t i o n s  1 and 2 are  o n l y  v a l i d  f o r  the  

case o f  c r y s t a l l i s a t i o n  o f  phases i n  c o n s t a n t  p r o p o r t i o n s  and o f  

c o n s t a n 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 .  The f o r m e r  c o n s t r a i n t  would be 

e x t r e m e l y  im p ro b a b le  i n  the  d i f f e r e n t i a t i o n  o f  a magma ac ro s s  a 

broad range o f  c o m p o s i t i o n ,  and c o n c e rn in g  the  l a t t e r ,  much o f  the  

d i s c u s s i o n  o f  the  p r e v io u s  c h a p te r  has advoca ted  t h a 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  change s i g n i f i c a n t l y  w i t h ' f r a c t i o n a t i o n .  T h e r e f o r e ,  i n  

o r d e r  t o  a p p ly  these  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 q u a t i o n s  t o  a magma 

s e r i e s ,  t h a t  s e r i e s  has t o  be b roken  down i n t o  s e v e r a l  u n i t s ,  ac ro s s  

wh ich the  a p p r o x im a t i o n  o f  c o n s t a n t  phase p r o p o r t i o n s  and c o n s t a n 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  i s  n o t  too  e r r o n e o u s .

I t  i s  f e l t  t h a t  the  t o t a l  e q u i l i b r i u m  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 q u a t i o n  i s  p r o b a b l y  th e  most a p p r o p r i a t e  o f  the  

two e q u a t i o n s ,  t o  d e s c r i b e  the  t r a c e  e lem e n t  b e h a v io u r  i n  a p l u t o n i c  

i n t r u d i n g  magma body u n d e rg o in 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 .  Of the  

two t y p 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 ,  t h e  s u r f a c e  e q u i l i b r i u m  

type  i s  the  more e f f e c t i v e  i n  d e p l e t i n g  th e  magma o f  e lem en ts  w i t h  

h ig h  D v a l u e s ,  and e n r i c h i n g  i t  i n  e lem e n ts  w i t h  low  D v a l u e s .

5 .2  S imp le  f r a c t i o n a t i o n  v e c t o r s  and t h e i r  compar ison  w i t h  the

m e t a b a s i t e - o r t h o q n e i s s  t r e n d .

S imp le  two component f r a c t i o n a t i o n  v e c t o r s  have been 

c a l c u l a t e d  f o r  the  f r a c t i o n a t i o n  o f  v a r i o u s  phases f rom  the  t h r e e  

magma t y p e s ;  gabb ro ,  d i o r i t e ,  and g r a n o d i o r i t e . These are  shown i n  

p l o t s  b,  d ,  f  i n  f i g . 5 . 1 .  F r a c t i o n a t i o n  v e c t o r s  p r e d i c t  the  

c o m p o s i t i o n  p a t h ,  away f rom  an i n i t i a l  magma c o m p o s i t i o n ,  taken  by 

a d i f f e r e n t i a t e  magma u n d e rg o in g  the  f r a c t i o n a t i o n  o f  a c e r t a i n  

phase o r  phase assemblage,  i n  accordance  w i t h  the  t r a c e  e lement  

f r a c t i o n a t i o n  e q u a t i o n  s e l e c t e d .  The v e c t o r s  i n  f i g . 5 .1  were d e r i v e d  

f rom  the  s u r f a c 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 i o n  ( e q u a t i o n  1 i n
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F i g .  5 .1  F r a c t i o n a t i o n  v e c t o r s  a p p l i e d  t o  the  m e t a b a s i t e -  

o r t h o g n e i s s  s e r i e s .



s e c t i o n  5 . 1 ) ,  u s in g  the  phase K ^ ’ s o f  the  e le m e n ts ,  T i ,  Z r ,  Ce, 5m, 

and Lu, f o r  th e  t h r e e  magma t y p e s  (T a b le  ^+.1). I f  the  t o t a l  

e q u i l i b r i u m  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 q u a t i o n  had been used 

i n s t e a d ,  t o  c a l c u l a t e  the  f r a c t i o n a t i o n  v e c t o r s ,  then  the  v e c t o r s  

shomn i n  f i g . 5 .1  mould be s h o r t e r ,  a l t h o u g h  t h e i r  o r i e n t a t i o n s  

mould n o t  d i f f e r .  The t r a n s i t i o n a l  D e lem e n ts  mere s e l e c t e d  f o r  t h i s  

s t u d y  s in c e  t h e y  have v a lu e s  mhich are  f a i r l y  d i s t i n c t i v e  f o r  

each o f  the  phases o f  i n t e r e s t ,  i e .  h o r n b le n d e ,  bo th  p y ro x e n e s ,  and 

p l a g i o c l a s e .

The d i s t r i b u t i o n  o f  the  m e ta b a s i te  and o r t h o g n e i s s  r o c k s  i n  

the  TiD^ (mt .%) v .  Z r  (ppm) p l o t  ( f i g . 5 . 1 a ) ,  can be compared m i th  

the  f r a c t i o n a t i o n  v e c t o r s  o f  th e  a d ja c e n t  p l o t  ( f i g . 5 . 1 b ) .  The 

m e ta b a s i te  r o c k s  and most o f  t h e  t o n a l i t i c  o r t h o g n e i s s  r o c k s  f o l l o m  

a t r e n d  mhich mould be d e f i n e d  by a magma u n d e rg o in g  the  

f r a c t i o n a t i o n  o f  one, o r  a c o m b in a t i o n ,  o f  th e  f o l l o m i n g  phases;  

c l i n o p y r o x e n e , o r t h o p y r o x e n e ,  and p l a g i o c l a s e .  A marked change i n  

th e  d i r e c t i o n  o f  the  m e ta b a s i te  t r e n d  o c c u rs  i n  r o c k s  c o n t a i n i n g  

c.35D ppm Z r ,  and f rom  the  f r a c t i o n a t i o n  v e c t o r s  i t  i s  c l e a r l y  due 

t o  the  i n i t i a t i o n  o f  f r a c t i o n a t i o n  o f  a phase assemblage dominated 

by h o r n b le n d e .  A l th o u g h  the  f r a c t i o n a t i o n  v e c t o r s  mere c a l c u l a t e d  

u s in g  the  s u r f a c e  e q u i l i b r i u m  e q u a t i o n ,  mhich i s  reckoned t o  be the  

l e a s t  a p p r o p r i a t e  o f  the  tmo e q u a t i o n s  i n  s e c t i o n  5 . 1 ,  the  

c o r r e l a t i o n  betmeen the  v e c t o r  o r i e n t a t i o n s  and the  m e t a b a s i t e -  

o r t h o g n e i s s  t r e n d  i s  s t r i k i n g .  T h is  s u b s t a n t i a t e s  the  c l a im  t h a t  

these  r o c k s  mere formed f rom  magmas mhich e v o l v e d  by 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 ro c e s s e s .

K p 's  i n c r e a s e  as the  m e l t  becomes l e s s  b a s i c ,  and the  

e f f e c t  t h a t  t h i s  has on the  Z r  and T i  c o n t e n t s  o f  the  d i f f e r e n t i a t e  

magma i s  shomn by the  r e l a t i v e  l e n g t h s  o f  th e  f r a c t i o n a t i o n  v e c t o r s  

emana t ing  f rom  the  c o m p o s i t i o n  p o i n t s  o f  t h e  t h r e e  magma t y p e s ,  

gab b ro ,  d i o r i t e ,  and g r a n o d i o r i t e . The v a lu e  a t  the  t e r m i n a t i o n  o f  

each v e c t o r  ( f i g . 5 . 1b) i s  the  f r a c t i o n  o f  magma r e m a in i n g ,  r e l a t i v e  

t o  the  i n i t i a l  mass o f  the  magma t y p e .

The d i s t r i b u t i o n  o f  th e  m e t a b a s i t e - o r t h o g n e i s s  r o c k s  i n  the  

Z r  (ppm) v .  Ce/Sm p l o t  ( f i g . 5 . 1c) can be compared m i t h  the  

f r a c t i o n a t i o n  v e c t o r s  o f  the  a d ja c e n t  p l o t  ( f i g . 5 . 1 d ) .  The Ce/Sm 

r a t i o ,  mhich i s  a measure o f  th e  LREE* e n r i c h m e n t ,  o v e r  the  MREE*'s,  

i n  the  REE* p a t t e r n  o f  a r o c k ,  i s  used because i t  s e p a ra te s  the  

c l i n o p y r o x e n e ,  and t o  a l e s s e r  e x t e n t  the  o r t h o p y r o x e n e ,



f r a c t i o n a t i o n  v e c t o r s  f rom  t h a t  o f  p l a g i o c l a s e .  The i n c l i n e d  t r e n d  

o f  the  m e ta b a s i te  ro c k s  i n d i c a t e s  t h a t  c l i n o p y r o x e n e  formed a m a jo r  

p a r t  o f  the  f r a c t i o n a t i o n  assemblage t h a t  c r y s t a l l i s e d  f rom  the 

m e ta b a s i te  magma. The d i r e c t i o n a l  change i n  the  m e t a b a s i t e -  

o r t h o g n e i s s  t r e n d  can aga in  be equated m i t h  h o rnb lend e  

f r a c t i o n a t i o n .

The d i s t r i b u t i o n  o f  the  m e t a b a s i t e - o r t h o g n e i s s  r o c k s  i n  the  

Z r  (ppm) v .  Lu (ppm) p l o t  ( f i g . 5 . 1 e ) ,  compared m i th  the  

f r a c t i o n a t i o n  v e c t o r s  o f  f i g . 5 . 1 f ,  i n d i c a t e s  t h a t  the  t r a n s i t i o n  

betmeen the  m e ta b a s i t e  and t o n a l i t i c  o r t h o g n e i s s  magmas i n v o l v e d  

the  f r a c t i o n a t i o n  o f  a p l a g i o c l a s e  dom ina ted  f r a c t i o n a t i o n  

assemblage,  mhich mas l a t e r  superseded by t h e  f r a c t i o n a t i o n  o f  an 

assemblage dom ina ted  by h o r n b le n d e .

5 .3  Q u a n t i t a t i v e  m o d e l l i n g  o f  th e  t o t a l  e q u i l i b r i u m  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 ro c e s s  t o  the  t r a c e  e lem e n t  v a r i a t i o n s  i n  the  

m e t a b a s i t e - o r t h q n e i s s  s e r i e s .

In  o r d e r  t o  d e te r m in e ,  f rom  t r a c e  e lem e n t  d a t a ,  the  n a t u r e  

and r e l a t i v e  p r o p o r t i o n s  o f  the  phases t h a t  p r e c i p i t a t e d  f rom  the  

v a r i o u s  magma t y p e s  ( r e p r e s e n t e d  by r o c k  c o m p o s i t i o n s )  o f  a magmatic 

s e r i e s ,  mhich formed by 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 ,  and a l s o  the  

degree o f  f r a c t i o n a t i o n  o f  each magma t y p e ,  r e l a t i v e  t o  an i n i t i a l  

magma, i t  i s  n e c e s s a ry  t o  d e f i n e  the  may i n  mhich the  t r a c e  e lem en t  

c o n c e n t r a t i o n s  i n  a f r a c t i o n a t i n g  magma can v a r y .  T h is  mas c a r r i e d  

o u t  i n  the  p r e v i o u s  s e c t i o n  i n  a s im p le  s e m i q u a n t i t a t i v e  manner,  by 

c a l c u l a t i n g  tmo e lem en t  f r a c t i o n a t i o n  v e c t o r s  f o r  the  f r a c t i o n a t i o n  

o f  s i n g l e  phases f rom  a magma and compar ing  t h e i r  t r e n d s  to  t h a t  o f  

the  m e t a b a s i t e - o r t h o g n e i s s  s e r i e s .  A much more complex and 

q u a n t i t a t i v e  method i s  t o  s im u l t a n e o u s l y  a p p l y  the  a p p r o p r i a t e  

f r a c t i o n a t i o n  e q u a t i o n  t o  a l l  o f  the  t r a c e  e lem en ts  i n  a r o c k ,  mhich 

r e p r e s e n t s  one magma t y p e ,  and c a l c u l a t e  m hether  any amount o f  

f r a c t i o n a t i o n  o f  a g i v e n  phase assemblage m i l l  a c c u r a t e l y  re p roduc e  

the  t r a c e  e lem en t  d i s t r i b u t i o n  i n  a n o th e r  r o c k ,  r e p r e s e n t a t i v e  o f  a 

more d i f f e r e n t i a t e d  magma t y p e .  The i d e n t i f i c a t i o n  o f  the  phase 

assemblage i s  an i n t e r a c t i v e  p ro b le m ,  i n  t h a t  th e  assemblage i s  

f i r s t  deduced f rom  o t h e r  c o n s i d e r a t i o n s ,  such as p e t r o g r a p h i c  

d e t a i l s ,  and then  t e s t e d  i n  th e  model c a l c u l a t i o n .  The c a l c u l a t i o n  

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

phases ,  and a l s o  the  degree o f  f r a c t i o n a t i o n ,  o f  t h i s  assemblage,  

needed t o  t r a n s f o r m  the  t r a c e  e lem en t  c o m p o s i t i o n  o f  th e  p a r e n t



magma to  t h a t  o f  the  magma d i f f e r e n t i a t e .  A s t u d y  o f  th e  r e s u l t s  

s h o u ld  shorn w h e th e r  the  p o s t u l a t e d  f r a c t i o n a t i o n  assemblage i s  a 

v a l i d  one f o r  those  magma t y p e s  o r  w h e the r  o r  n o t  i t  needs some 

m o d i f i c a t i o n  t o  be more c o m p a t ib le  w i t h  c e r t a i n  p a r t s  o f  the  t r a c e  

e lem en t  d a t a .

5 . 3 . 1  The c o m p u ta t io n  o f  the  e q u i l i b r i u m  f r a c t i o n a t i o n  model .

S ince  the  model i n v o l v e s  the  s im u l ta n e o u s  s o l u t i o n  o f  many 

e q u a t i o n s ,  one f o r  each t r a c e  e lem en t  used,  th e  c a l c u l a t i o n s  have 

t o  be c a r r i e d  o u t  by com pu te r .

As s t a t e d  p r e v i o u s l y ,  th e  t o t a l  e q u i l i b r i u m  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 q u a t i o n  i s : -

C, . \  1
L l  \  4 . ■ / I--------------------  e q u a t i o n  1.

CD i '  F + D?(1 -  F)

w h e r e : -  F = th e  f r a c t i o n  o f  l i q u i d  r e m a in i n g ,  r e l a t i v e  t o  the

i n i t i a l  mass o f  l i q u i d .

CL,. = t h e  c o n c e n t r a t i o n  o f  the  i 1t h  t r a c e  e lem en t  i n  the  □ i
i n i t i a l  magma.

C, . = t h e  c o n c e n t r a t i o n  o f  the  i ' t h  t r a c e  e lem en t  i n  the  L i
d i f f e r e n t i a t e d  magma, 

and c o n s i d e r i n g  the  m e l t  as the  m ' t h  phase

m-1
D. = T k -̂ . . u .  e q u a t i o n  2.l  *- D i j  j  H

j=1
w h e re : -

g
= the  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  o f  the  i ' t h  t r a c e

e lem en t  f o r  the  t o t a l  s o l i d .

Kp.. . = m i n 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  o f  the  i ' t h  t r a c e  D i j
e lem en t  f o r  the  j ' t h  phase.

th

by d e f i n i t i o n ,

u .  = th e  mass f r a c t i o n  o f  the  j ' t h  phase i n  the  t o t a l  s o l i d .  
J

m-1
Yu . = 1 s in c e  u = □J m
j=1

m-1
and, £ u  (1 -  F) + F = 1 e q u a t i o n  3 .

ij
j=1

Given t h a t  the  f r a c t i o n a t i o n  assemblage i s  known, i t  i s  

a p p a r e n t ,  f rom  e q u a t i o n s  1 and 2 ( a b o v e ) ,  t h a t  o n l y  two o f  the  f i v e



s im p l e ,  ( i e .  non -com pound ) , p a ra m e te rs  c o m p r i s i n g  the  e q u i l i b r i u m  

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 q u a t i o n  are  unknoun.  These a r e ,  the  

f r a c t i o n  o f  m e l t  r e m a in i n g ,  F, r e l a t i v e  t o  th e  i n i t i a l  magma, and 

the  mass f r a c t i o n s ,  u^ ,  o f  the  phases i n  the  b u l k  s o l i d  f r a c t i o n a t e .  

The o t h e r  pa ra m e te rs  can be e i t h e r  measured d i r e c t l y ,  i e .  the  t r a c e  

e lem en t  c o n c e n t r a t i o n s  i n  the  i n i t i a l  and f i n a l  magmas ( r e p r e s e n t e d  

by r o c k  c o m p o s i t i o n s ) ,  o r  can be e s t im a t e d ,  i e .  the  m i n e r a l - m e l t  

v a l u e s .

The f o l l o u i n g  t e x t  shows the  m a n i p u l a t i o n  o f  e q u a t i o n  1 

i n t o  a fo rm  f rom  u h i c h  the  c a l c u l a t i o n s  can be made:-

f rom  mass ba la n c e  t h e o r y ,

sys tem .

0 = th e  mass f r a c t i o n  o f  th e  m e l t  i n  the  t o t a l  sys tem,m J

by d e f i n i t i o n ,

0 = F e q u a t i o n  5.m ^

f rom  e q u a t i o n s  3 and *+,

m-1
e q u a t i o n  k.

t h e  mass f r a c t i o n  o f  the  j ' t h  phase i n  the  t o t a l

e q u a t i o n  6 .

f rom  e q u a t i o n s  1, 2,  and 5,

e q u a t i o n  7 .

subs ,  e q u a t i o n  6 i n t o  e q u a t i o n  7,

e q u a t i o n  Q.

f rom  e q u a t i o n

e q u a t i o n  9.

j=1

subs ,  e q u a t i o n  9 i n t o  e q u a t i o n  B,



t h e r e f o r e  f r o m  e q u a t i o n  1 0 ,

/  Cn . \  m-1
^  L_ j  _   ̂ = Z 0 j ( H D i ^ -  1) e q u a t i o n  11.

CL i  ' j= 1

E q u a t io n  11, l i k e  e q u a t i o n  1, d e s c r i b e s  the  b e h a v io u r  o f  

th e  i ' t h  t r a c e  e lem en t  d u r i n g  th e  e q u i l i b r i u m  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 c e s s ,  For th e  n t r a c e  e lem e n ts  i n  the  magma, 

t h e r e  are  n e q u a t i o n s  o f  the  t y p e  o f  e q u a t i o n  11. These e q u a t i o n s  

may be w r i t t e n  i n  m a t r i c i a l  f o r m : -

u jhere : -

X • 0 = Y

m-1
x = K KD i j  - 1 ) ( i  = 1 .......... n >

j=1
X i s  a n • (m -  1) r e c t a n g u l a r  m a t r i x ,  w i t h  i n d i v i d u a l

e le m e n ts ,  X. ..
’ i j

Y = (  0 lN) -  1 ( i  = 1.......... n)

^ L i

Y i s  a n • 1 row m a t r i x ,  w i t h  i n d i v i d u a l  e le m e n ts ,  Y . .* ’ i

0 = 0^ ( j  = 1 .......... m-1)

0 i s  a 1 • (m -  1) column m a t r i x ,  w i t h  i n d i v i d u a l

e l e m e n t s , 0 ..
J

S ince  the  n • (m -  1) + n X ^  and Y^ p a ra m e te rs  are  l i a b l e

to  d i r e c t  measurement,  then  th e  (m -  1) 0 .  unknowns can be
J

de te rm in e d  by an i t e r a t i v e  l e a s t - s q u a r e  c a l c u l a t i o n ,  p r o v id e d  t h a t

the  system i s  n o t  u n d e r d e te rm in e d ,  i e .  n <m. Once the  (m -  1) 0 .
*3

v a lu e s  are  known then  0 can be e a s i l y  c a l c u l a t e d  ( e q u a t i o n  9 . ) .m
The a l g o r i t h m  o f  A lba rede  and P r o v o s t  (1977 )  f o r  l e a s t - s q u a r e  

f i t t i n g ,  wh ich  a l l o w s  a g e n e r a l  e r r o r  a n a l y s i s ,  was employed to  

s o l v e  the  X • 0 = Y m a t r i x  e q u a t i o n .  C a l c u l a t i o n s  were c a r r i e d  o u t  

by computer  u s in g  a s e l f - w r i t t e n ,  i n t e r a c t i v e  computer  p rogram,  

NEUJFRAC, wh ich  i n c o r p o r a t e s  th e  a l g o r i t h m  program p re s e n te d  i n  

A lb a re d e  and P r o v o s t  ( 1 9 7 7 ) .  Genera l  d e t a i l s  o f  t h i s  program and 

o t h e r s  used i n  t h i s  s t u d y  a re  g i v e n  i n  app e n d ix  3 .

The l e a s t - s q u a r e  a l g o r i t h m  employs a m i n i m i s a t i o n  t e c h n iq u e ,  

i n  wh ich  th e  l o w e s t  v a lu e  f o r  the  sum o f  th e  squared  r e s i d u a l s ,  S,



( r e s i d u a l  = observed  -  c a l c u l a t e d  X

v a r y i n g  the  v a lu e s  o f  the  i n d i v i d u a l  0^ e lem e n ts  o f  the  0 column 

m a t r i x .  The v a lu e  o f  5 as a f u n c t i o n  o f  0 i s  g i v e n  by the  e q u a t i o n ;

m— "1

w h ere : -C T .  . and C. a re  the  r e s p e c t i v e  e r r o r s  on the  X. . and Y. d a t a .  
i j  i  H i j  l

For  a f u l l  e x p l a n a t i o n  o f  the  l e a s t - s q u a r e  a l g o r i t h m  and the

d e r i v a t i o n  o f  e q u a t i o n  'Ik, r e f e r  t o  A lba rede  and P r o v o s t , ( 1 9 7 7 ) .  The

v a lu e s  o f  the  X. .. O ’. Y. , and O', m a t r i x  e lem e n ts  make up the  da tai j ’ i j »  i ’ l  H
i n p u t  t o  the  computer  p rog ram .  The e r r o r s  on the  t r a c e  e lem en t  

c o n c e n t r a t i o n s  of- th e  p a r e n t  and d i f f e r e n t i a t e  magma t y p e s  were s e t  

a t  an e s t im a t e d  average 10%, and are  compounded i n  the  c a l c u l a t i o n  

o f  the  Y^ v a lu e s  ( 0 ^ / 0 ^ ) .  The e r r o r s  on the  X ^  d a t a ,  ( m i n e r a l - m e l t  

K p ' s ,  Tab le  *+.1),  were e s t im a t e d  u s in g  the  f o l l o w i n g  r u l e  o f  thumb;

r e f e r e n c e s  were t h o u g h t  t o  be to o  s m a l l  f o r  t h e i r  use i n  t h i s  s t u d y ,

a c t u a l l y  d e te rm in e d  Kq ' s .

The e lem e n ts  used i n  th e  c a l c u l a t i o n s  are  S r ,Y ,Z r , l \ l b ,B a ,C e ,  

S m ,Eu ,Tb ,Yb ,Lu ,  and Sc. Of th e  t r a c e  e lem e n ts  d e te rm in e d  b u t  n o t  

used ,  La and Pb have v e r y  few p u b l i s h e d  Kp v a l u e s ,  th e  Rb and Th 

d a ta  o f  the  m e t a b a s i t e - o r t h o g n e i s s  r o c k s  i s  t o o  s c a t t e r e d  t o  be 

u s e f u l ,  and Or,  N i ,  and Co have p u b l i s h e d  K p 's  o n l y  f o r  m in e r a l s  i n  

b a s i c  magmas.

5 . 3 . 2  P r e s e n t a t i o n  and d i s c u s s i o n  o f  th e  r e s u l t s  o f  the  m o d e l l i n g .

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

phase assemblages f rom  a p a r e n t a l  magma t y p e  ( i e .  BK102, i n  Tab le  

5 . 1 ) ,  t o  p roduce  a more d i f f e r e n t i a t e d  magma type  ( i e .  BK138, i n  

Tab le  5 . 1 ) .  The t a b l e s  c o n s i s t  o f  a number o f  co lumns,  each

( e q u a t i o n  1 L ,A lb a re d e  

and P r o v o s t , 1 9 7 7 ) .

Kd )  0 .5  0 . 5 )  K p )  0 .0 5  0 .0 5  )  Kp

O'. .% = 20% O'. .% = L0% O'. .% = 60%
i j  i J  I J

T h is  i s  because the  e r r o r s  g i v e n  f o r  th e  Kn ' s  i n  t h e i r  sourceD

s in c e  the  K p 's  were n o t  d e te rm in e d  f rom  the  m e t a b a s i t e - o r t h o g n e i s s  

r o c k s .  The e r r o r s  a s s ig n e d  t o  e s t im a t e d  K p 's  were doub le  those  o f

Tab les  5 . 1 - 5 . 3  l i s t  th e  c o m p u te r -g e n e ra te d  b e s t - f i t

c o n t a i n i n g  t h e  r e s u l t s  f o r  a s i n g l e  m in e r a l  assemblage (shown a t  the



t o p  o f  the  c o lu m n ) .  The da ta  i n  each column c o n s i s t s  o f ,  i n  

descend ing  o r d e r ; -
c1. The r a t i o s  o f  the  v a r i o u s  t r a c e  e lem en ts  used i n

cth e  c a l c u l a t i o n s ,  where and are  the  observed  and 

c a l c u l a t e d  t r a c e  e lem en t  c o n c e n t r a t i o n s  o f  the  d i f f e r ­

e n t i a t e d  magma t y p e .  S ince  the  c o n c e n t r a t i o n  d a t a ,  i n p u t  

i n t o  th e  computer  p rogram ,  i s  i n  th e  fo rm  o f  the  r a t i o  

o f  th e  p a r e n t  and d i f f e r e n t i a t e d  magma t y p e s  ( C ^ /C ^ ) ,

th e  c a l c u l a t e d  b e s t - f i t  c o n c e n t r a t i o n  r e s u l t s  a l s o  have 
c c cth e  fo rm  C^ /C^ .  can be d e r i v e d  f rom  these  b e s t - f i t

c
r a t i o s  i f  i t  i s  assumed t h a t  the  and v a lu e s  are

ce x a c t l y  e q u a l .  C o n s e q u e n t l y ,  the  r e s u l t a n t  v a lu e s

ta k e  on the  whole o f  the  e r r o r s  a s s o c i a t e d  w i t h  the
c c cCQ/ C L r a t i o s .  The r a t i o  i s  a measure o f  the  good­

ness o f  f i t  o f  the  f r a c t i o n a t i o n  model f o r  a p a r t i c u l a r
£

t r a c e  e le m e n t .  The c l o s e r  the  C^/C^ r a t i o  i s  t o  u n i t y ,  

th e  b e t t e r  the  f i t  o f  the  f r a c t i o n a t i o n  model t o  the 

a c t u a l  d i s t r i b u t i o n  o f  th e  p a r t i c u l a r  t r a c e  e lem en t  i n  

th e  p a r e n t a l  and d i f f e r e n t i a t e d  magma t y p e s .

2.  The 0 .  p e rc e n ta g e s  -  These are  th e  phase mass p e r c e n t -  -
J

ages, r e l a t i v e  t o  th e  i n i t i a l  mass o f  the  p a r e n t  magma, 

wh ich  must f r a c t i o n a t e  f rom  the  p a r e n t  magma to  produce 

th e  b e s t - f i t  d i f f e r e n t i a t e  magma.

3 .  The 0^ p e rc e n ta g e  -  T h is  i s  th e  p e rc e n ta g e  mass o f  the

b e s t - f i t  d i f f e r e n t i a t e  magma r e l a t i v e  t o  the  i n i t i a l

mass o f  th e  p a r e n t a l  magma.
2

I ( R )  -  The minimum v a lu e  o f  the  sum o f  the  squared

r e s i d u a l s  f o r  the  p a r t i c u l a r  s o l u t i o n .  The s m a l l e r  the

r e s i d u a l s  ( i e .  obse rved  -  c a l c u l a t e d  X. . and Y. d a t a ) ,
2 i j  i

th e  s m a l l e r  the  2_CR) v a l u e ,  ahd th e  b e t t e r  the  f i t  o f

the  m ode l .  (N .B .  Z ( R ) ^  = S ( 0 ) )

5 .  Q -  The q u a l i t y  f a c t o r  o f  A lb a re d e  and P r o v o s t  ( 1 9 7 7 ) ,  

wh ich  i s  e qu a l  t o : -
S(0)

Q =   ( e q u a t i o n  38, A lba rede

n m and P r o v o s t , 1 9 7 7 ) .

where n -  m i s  the  number o f  degrees  o f  f reedom i n  the

c a l c u l a t i o n s .  Q s h o u ld  n o t  be much g r e a t e r  than  u n i t y  i f  

th e  model i s  t o  be ac cep ted  as v i a b l e .



Tab le  5,.1 F r a c t i o n a t i o n f rom  BK102 t o  BK138 ( u s i n g  b a s a l t i c  K p ' s )

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

CPX CPX □PX CPX □PX CPX+OPX HBE

(+ILM) (+ILM) (+ILM) +PLAG +PLAG +PLAG +PLAG

( +ILM) (+ILM) (+ILM) (+ILM)

c / c c 1 2 3 4 5 6 7
L L 1

..... (
l I ........I' I I

Ce □ .91 0 .7 7 0 .79 1.28 1.31 0 .75 1.35

Sm 1.10 1.07 0 .90 0 .9 7 0 .80 0 .8 8 0 .8 3

Eu 1.15 1.10 1.18 1.19 1 .19 1.23 1.17

Tb 1.27 1.22 1.00 0 .9 9 0 .86 0 .93 0 .8 2

Yb 1.03 1.01 0 .9 8 0 .7 2 0 .80 0.81 0 .5 8

Lu 1.B2 1.00 1.03 0 .7 2 0 .8 8 0 .89 0 .61

Sc 1.07 1.03 1.02 1 .10 1.07 1.00 0 .95

T i 1 1.00 1.00 1.00 1.00 1.00 1.00

Ba □ .31 - - 0 .3 6 0 .33 - 0.A1

Sr 0.A2 0 .36 0.3A 1.0A 0 .8 9 0 .8 8 1.10

Y 1.10 1.08 1.20 1.17 1.19 1.26 1.31

Zr 1.13 0 .9 9 1.03 0 .9 0 0 .9 2 0 .96 1.07

Nb □ .39 - - 0 .2 9 0 .35 - 0.3A

0 .%
J I I I I I I ' I

CPX 69.90 76 .52 20.51 A . 72

□PX 70 .00 36.11 3 1 . BA

HBE 3 .3 0

PLAG 53 .65 36 .26 3A.80 68 .25

CILM) - □ . 5 - □ .L A - 0 . 2 - 0 . 2 - 0 . 1 - 0 . 2 - 0 . 3

V 30 .63 23 .97 30 .67 26 .05 2 7 .78 2 8 . 8A 28 .77

I(R) 2 99.90 A3.19 32 .83 72 .79 65 .28 18.33 8 0 .78

Q 3.01 2 .19 1.91 2 .70 2 .55 1.62 2.8A



5 . 3 . 2 a  F r a c t i o n a t i o n  w i t h i n  the  m e ta b a s i te  g roup (BK1D2 tp  BK138).

In  th e  p r e v i o u s  c h a p t e r ,  samples BK1D2 and BK138 uere 

chosen as th e  p a r e n t  and most d i f f e r e n t i a t e d  m e ta b a s i te  magma t y p e s ,  

r e s p e c t i v e l y .  An i n i t i a l  s tu d y  o f  the  t r a c e  e lem en t  c o n c e n t r a t i o n s  

i n  these  samples (Append ix  1, Tab le  A) r e v e a l s  t h a t  f o r  a l l  o f  the  

t r a c e  e lem en ts  used i n  the  c a l c u l a t i o n s ,  e x c e p t  Nb, the  g r e a t e r  

c o n c e n t r a t i o n s  o c c u r  i n  sample BK138. Nb has an equ a l  abundance i n  

bo th  BK1D2 and BK138 and t h i s  d i s t r i b u t i o n  i s  p u z z l i n g  s in c e  bo th  

Z r  and Y, u h i c h  u s u a l l y  behave i n  a v e r y  s i m i l a r  f a s h i o n  t o  Nb i n  

magmatic p ro c e s s e s ,  are  p r e s e n t  i n  abundances t h a t  a re  c .3  t im e s  

those  i n  BK102. The Sr abundance i n  the  d i f f e r e n t i a t e d  magma type  

(BK138) i s  o n l y  6.9% g r e a t e r  than  t h a t  i n  t h e  p a r e n t  magma type  

(BK1B2).  T h is  u i l l  l i m i t  the  amount o f  f r a c t i o n a t i o n  i n  any 

f r a c t i o n a t i o n  scheme u h ic h  does n o t  i n v o l v e  p l a g i o c l a s e  i n  the  

f r a c t i o n a t i o n  assemblage,  because the  Sr abundance i n  the  

c a l c u l a t e d  d i f f e r e n t i a t e  magma u o u ld  tend  t o  r i s e  r a p i d l y  u i t h  

f r a c t i o n a t i o n .

Tab le  5 .1  shous the  r e s u l t s  o f  f i t t i n g  the  e q u i l i b r i u m  

f r a c t i o n a t i o n  p ro c e s s  t o  the  BK102 and BK138 magma t y p e s .  The s tu d y  

o f  th e  m e ta b a s i t e  r o c k s  i n  the  CMAS system ( c h a p t e r  3 . )  i n d i c a t e d  

t h a t  the  m e ta b a s i t e  magma e v o lv e d  by the  f r a c t i o n a t i o n  o f  py roxenes  

a l o n e .  T h is  h y p o t h e s i s  uas t e s t e d  i n  th e  models  1-3 i n  Tab le  5 . 1 .  

B e fo re  d i s c u s s i n g  the  r e s u l t s  o f  these  f r a c t i o n a t i o n  m ode ls ,  i t  i s  

n e c e ssa ry  t o  e x p l a i n  some o f  the  d i f f i c u l t i e s  o f  a c t u a l l y  g a i n i n g  

s e n s i b l e  r e s u l t s  f rom  th e  computer  p rog ram .  I n v a r i a b l y ,  uhere  tuo  

phases u i t h  a c l o s e l y  s i m i l a r  p a t t e r n  o f  v a lu e s  fo rm  a l l ,  o r  

p a r t ,  o f  th e  p o s t u l a t e d  f r a c t i o n a t i o n  assemblage,  then  the  program 

s earches  f o r  the  l o u e s t  Z ( R ) ^  v a lu e  s im p l y  by p r o c e e d in g  to  i n c r e a s e  

the  0̂ . o f  one o f  these  tu o  phases ,  u h i l e  p r o d u c in g  a complementa ry  

decrease  i n  th e  o t h e r  phase 0 ^ .  T h is  s i t u a t i o n  g e n e r a l l y  le a d s  t o

a l a r g e  n e g a t i v e  0 . f o r  the  l a t t e r  phase and a l a r g e  p o s i t i v e  0 .
J J

f o r  the  f o r m e r .  As f a r  as uas p o s s i b l e ,  th e  phases u h i c h  produce

t h i s  e f f e c t ,  uhen used t o g e t h e r  i n  the  same f r a c t i o n a t i o n

assemblage,  i e .  BPX ,CPX , and HBE., uere  k e p t  a p a r t .  T h e re fo r e  the

emphas is ,  i n  t h i s  s e c t i o n ,  u i l l  be on the  com par ison  o f

f r a c t i o n a t i o n  assemblages u h i c h  d i f f e r  o n l y  i n  the  n a t u r e  o f  the

m a f i c  phase.  A m in o r  phase uas u s u a l l y  added t o  the  p o s t u l a t e d

f r a c t i o n a t i o n  assemblage i n  o r d e r  t o  f a c i l i t a t e  the  e a s i e r

convergence o f  the  i t e r a t i v e  c a l c u l a t i o n s  o n to  the  f i n a l  s o l u t i o n .



T h is  was u s u a l l y  i l m e n i t e ,  and i t s  p resence  i n  the  f r a c t i c n a t i c n  

assemblage i s  p u r e l y  a p r a c t i c a l  f e a t u r e  o f  r u n n in g  the  p rogram .

T h is  a d d i t i o n  o f  a m in o r  phase does n o t  a l t e r  the  s o l u t i o n  

s i g n i f i c a n t l y  when the  main f r a c t i o n a t i o n  phases have a m a rke d ly  

d i f f e r e n t  p a t t e r n ,  i e  p l a g i o c l a s e  + c l i n o p y r o x e n e .  However,  i f  

t u o  phases o f  l i k e  t r a c e  e lem en t  a f f i n i t i e s  are  p r e s e n t  i n  the  

p o s t u l a t e d  f r a c t i o n a t i o n  assemblage,  then  th e  p resence  o f  a m in o r  

phase c o u ld  p roduce  a s t r o n g l y  m is l e a d i n g  s h i f t  i n  the  r e l a t i v e  

p r o p o r t i o n s  o f  these  tu o  phases ,  i n  the  f i n a l  s o l u t i o n .  S ince  the  

i n c l u s i o n  o f  l i k e  phases i n  th e  same f r a c t i o n a t i o n  assemblage has 

been m o s t l y  av o id e d  i n  t h i s  s t u d y ,  t h i s  l a t t e r  e f f e c t  can be l a r g e l y  

l a r g e l y  i g n o r e d .

Models 1, 2,  and 3 are  concerned  o n l y  u i t h  the  e q u i l i b r i u m

f r a c t i o n a t i o n  o f  py roxene  f rom  the  p a r e n t  BK1B2 magma t y p e .

C l in o p y r o x e n e  i s  the  s o le  f r a c t i o n a t i o n  phase i n  model 1, p r o d u c in g

a b e s t - f i t  d i f f e r e n t i a t e  magma u h i c h  c l o s e l y  r e s e m b le s ,  i n  te rms  o f

t r a c e  e lem en t  c o n t e n t s ,  the  BK138 magma t y p e ,  e x c e p t  f o r  th e  t h r e e

e le m e n ts ,  Ba, S r ,  and Nb. The Nb anomaly between BH1B2 and BH138

has a l r e a d y  been d i s c u s s e d ,  and can p r o b a b l y  be p u t  down to

a n a l y t i c a l  e r r o r ,  e s p e c i a l l y  s in c e  th e  Nb c o n t e n t  o f  th e  ro c k s  i s  so

lo w  ( *5 ppm ) .  As uas f o r c a s t  above,  the  Sr c o n c e n t r a t i o n  i s  n o t

s u f f i c i e n t l y  h ig h  i n  BK138, compared u i t h  BK1D2, t o  a l l o w  a l a r g e

amount o f  f r a c t i o n a t i o n  o f  a phase assemblage n o t  i n v o l v i n g

p l a g i o c l a s e  f e l d s p a r .  S ince  t h i s  model r e q u i r e s  around 70%

f r a c t i o n a t i o n  o f  c l i n o p y r o x e n e  f rom  the  p a r e n t  magma t o  produce  the

b e s t - f i t  d i f f e r e n t i a t e  magma, and because Sr  has a low  f o r

p y ro x e n e ,  th e  l a t t e r  magma u i l l  have a much l a r g e r  Sr c o n t e n t  than

BK138, g i v i n g  r i s e  t o  th e  low  v a lu e  o f  D.A2. I t  i s  d i f f i c u l t

t o  know what t o  a s c r i b e  t h i s  Sr d e f i c i e n c y  i n  BK138 t o ,  whe the r  i t

can be p u t  down t o  the  s c a t t e r  i n  the  Sr d a ta  ( f i g . A . 3 ) ,  whe the r

p l a g i o c l a s e  d i d  fo rm  p a r t  o f  the  f r a c t i o n a t i o n  assemblage a f t e r  a l l ,

o r  even t h a t  th e  e q u i l i b r i u m  model i s  i n a d e q u a te  t o  d e s c r i b e  the

f r a c t i o n a t i o n  o f  th e  m e ta b a s i te  magmas. The CMAS e v idenc e  would

p o i n t  t o  the  absence o f  p l a g i o c l a s e  as a f r a c t i o n a t i o n  phase f rom

th e  m e ta b a s i t e  magmas, however ,  the  p o s s i b l e  p resence  o f  t h i s  phase

u i l l  be c o n s id e r e d  f u r t h e r  i n  models A, 5,  6,  and 7 .  Ba a l s o  has a 
□

v e r y  low  r a t i o ,  i n  the  r e s u l t s  o f  model 1, and t h i s  c o u ld  be

due t o  the  p r e v i o u s l y  d e s c r i b e d  s t r o n g  s c a t t e r  i n  the  i n c o m p a t i b l e  

e lem en t  d a t a ,  o r  i t  may be due t o  the  in a d e q u a c y  o f  th e  e q u i l i b r i u m



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  model t o  e x p l a i n  the  i n c o m p a t i b l e

e lem en t  v a r i a t i o n s ,  i f  these  v a r i a t i o n s  are  e n t i r e l y  igneous  i n

o r i g i n .  The REE c o n c e n t r a t i o n s  i n  th e  b e s t - f i t  magma d i f f e r e n t i a t e

c l o s e l y  resem ble  those  o f  the  BK13B magma t y p e ,  as i s  shown by the  
cCL/C L r a t i o s  wh ich  are  a l l  f a i r l y  c lo s e  t o  u n i t y .

In  model 2,  th e  e lem en ts  Ba and Nb have been o m i t t e d  and

th e  f r a c t i o n a t i o n  assemblage i s  the  same as i n  model 1, i e .  CPX (+

IL M ) .  T h is  d r a s t i c a l l y  reduces  the  £ ( R ) ^  v a l u e  ( 9 9 . 9  i n  model 1,

^ 3 .2  i n  model 2 ) ,  and a l s o  reduces  the  q u a l i t y  f a c t o r ,  Q , ( f r o m  3 .01

t o  2 * 1 9 ) .  The amount o f  c l i n o p y r o x e n e  f r a c t i o n a t i o n  f rom  the  BK1D2

magma type  i s  s l i g h t l y  g r e a t e r  i n  model 2,  compared w i t h  the

p r e v i o u s  mode l ,  and t h i s  has th e  e f f e c t  o f  l o w e r i n g  a l l  o f  the
□

CL/ C L r a t i o s .  T h is  l a t t e r  f e a t u r e  c o u ld  w e l l  be r e l a t e d  t o  the

in c r e a s e  i n  v a l u e s  i n  th e  e v o l v i n g  m e ta b a s i t e  magma, compared

w i t h  the  K p ' s i n  the  c a l c u l a t i o n s ,  wh ich  a re  h e ld  c o n s t a n t  f o r  t h e

range o f  the  m e ta b a s i te  r o c k s .  UJith th e  i n c r e a s i n g  i n  the

m e ta b a s i te  magma, the  t r a n s i t i o n a l  D e lem e n ts  w i l l  i n c r e a s e  l e s s

r a p i d l y  i n  the  magma w i t h  f r a c t i o n a t i o n ,  whereas the  c o n c e n t r a t i o n s

o f  these  e lem e n ts  i n  the  c a l c u l a t e d  d i f f e r e n t i a t e  magma would be

governed by the  i n i t i a l l y  s e t  v a l u e s .  Thus w i t h  l a r g e  degrees  o f
£

f r a c t i o n a t i o n  the  r a t i o s  o f  the  t r a n s i t i o n a l  e lem en ts  m ig h t

be expec ted  t o  become l e s s  than  u n i t y .  D r th o p y ro x e n e  r e p la c e s  

c l i n o p y r o x e n e ' as the  f r a c t i o n a t i o n  phase i n  model 3,  y e t  p roduces  

an a lm o s t  i d e n t i c a l  r e s u l t  as th e  l a t t e r  phase d i d  i n  model 2 .  From 

models  1-3 i t  appears  t h a t  c.7D% o f  th e  mass o f  the  BK1D2 magma 

ty p e  must c r y s t a l l i s e  as a c l i n o p y r o x e n e - o r t h o p y r o x e n e  assemblage 

i n  o r d e r  t o  p roduce  most o f  th e  t r a c e  e lem e n t  c h a r a c t e r i s t i c s  o f  

BK13B.

Models k and 5 show th e  r e s u l t s  o f  py roxene  and 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 rom  th e  BK1D2 magma t y p e .  These two mode ls  b r i n g  the
c cSr r a t i o  t o  around u n i t y  y e t  t h e y  p roduce  low  HREE

r a t i o s .  The Ba r a t i o  i s  u n a f f e c t e d .  P l a g i o c l a s e  i s  r e q u i r e d

as the  m a jo r  f r a c t i o n a t i o n  phase i n  these  two m ode ls ,  a f e a t u r e

t h a t  the  CMAS ev id e n c e  c e r t a i n l y  would n o t  a l l o w .  The q u e s t i o n

a r i s e s  as t o  whe the r  t h e r e  i s  some way t h a t  p l a g i o c l a s e

f r a c t i o n a t i o n  c o u ld  have o c c u r r e d  w i t h o u t  l e a v i n g  a s i g n a t u r e  i n

th e  m a jo r  e lem en t  da ta?  B ow en*s (1928) p roposed  r e a c t i o n  f o r  the

a s s i m i l a t i o n  o f  a lum inou s  m etased im en ts  by a b a s i c  magma, and i t s

e f f e c t s  on the  c r y s t a l l i s a t i o n  o f  the  magma, i s : -



EAl^B^ + SiDg + ECaMgSi^B^ ---------- ► ECaAl^Sij-iBQ + 2MgSiB^

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

m etased imen t  ( i n  magma) ( f r a c t i o n a t i n g  phases)

O 'Hara  (1980)  c o n s i d e r s  t h i s  r e a c t i o n ,  s t a t i n g  t h a t  much o f  the

a s s i m i l a t e d  m a t e r i a l  would be im m e d ia te l y  p r e c i p i t a t e d  as

p l a g i o c l a s e  and a c a l c i u m - p o o r  p y ro x e n e .  The m e l t  w i l l  t h e r e f o r e

accommodate o n l y  p a r t  o f  the  a s s i m i l a t e d  m a t e r i a l ,  i e  the  a l k a l i s

and some S iB ^ .  S ince  much o f  th e  m a t e r i a l  needed t o  p roduce  the

p l a g i o c l a s e  i s  d e r i v e d  f rom  the  a s s i m i l a t e d  m a t e r i a l ,  the  e v o l v i n g

m a jo r  • e lem en t  c o m p o s i t i o n  o f  the  magma wou ld  h a r d l y  show the  e f f e c t s

o f  p l a g i o c l a s e  f r a c t i o n a t i o n ,  whereas ,  the  Sr c o n t e n t  o f  the  magma

would  be s t r o n g l y  a f f e c t e d .  I f  t h i s  i s  the  mechanism wh ich  caused

th e  d i s t r i b u t i o n  o f  Sr i n  the  BK1B2 and BK138 magma t y p e s ,  then  the

r e s u l t s  o f  models 4 and 5 c o u ld  g i v e  a r e a s o n a b le  e s t im a t e  o f  the

amount o f  m e ta s e d im e n ta ry  m a t e r i a l  a s s i m i l a t e d  by the  m e ta b a s i te

magma. Bn the  o t h e r  hand, the  f a c t  t h a t  none o f  the  h ig h  REE

m e ta b a s i t e  REE* p a t t e r n s  possess a s i g n i f i c a n t  Eu* anomaly ,  l i m i t s

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

g i v e n  t h a t  Eu^+ was the  p re d o m in a n t  s t a t e  o f  Eu i n  th e  m e ta b a s i te

magma. T h is  l a t t e r  q u a l i f i c a t i o n  has t o  be made s in c e  the  f o r m a t i o n

o f  Eu^+ i s  more f a v o u r a b l e  i n  b a s i c  magmas than  i n  a c i d i c  ones (see

e a r l i e r  d i s c u s s i o n ,  c h a p te r  A , s e c t i o n  4 . 3 . 3 a ) ,  and i t  may a l s o  be

fa v o u r e d  by the  p resence  o f  d i s s o l v e d  H^B i n  th e  magma (Wood and

F r a s e r ,  1 97 7 ) .  However,  S c h n e t z l e r  and P h i l p o t t s  (197B)  found  t h a t

th e  REE Kn p a t t e r n s  o f  p l a g i o c l a s e  possess  a marked p o s i t i v e  Eu*
2+anomaly even i n  b a s i c  magmas ( i e .  Eu was p r e s e n t  i n  the  magma). 

A l s o ,  most b a s i c  magmas c o n t a i n  o n l y  s m a l l  amounts (<4%) o f  

d i s s o l v e d  H^B (Ande rson ,  198B) .  P o s s ib l e  i n f e r e n c e s  on the  o x i d i s i n g  

p o t e n t i a l  ( i e .  H^B c o n t e n t )  o f  the  m e ta b a s i t e  magma c o u ld  be drawn 

f ro m  the  work o f  Evans (1964)  who s t u d ie d  some e x t r e m e l y  d e s i l i c a t e d  

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

m e ta b a s i t e  r o c k s  f rom  th e  Toombeola area  t o  th e  e a s t  o f  Cashel  H i l l ,  

and showed them t o  be s t r o n g l y  o x i d i s e d  w i t h  (F e^+/ ( F e ^ ++Fe^+ ) ) • 1BB 

6B%. T h is  o x i d i s a t i o n  m ig h t  have been caused by th e  i n f i l t r a t i o n  

o f  H^B f rom  th e  magma i n t o  th e  x e n o l i t h s ,  b u t  i t  e q u a l l y  m ig h t  have 

been caused by H^B r e l e a s e d ,  i n s i d e  th e  x e n o l i t h s ,  f rom  the  

breakdown o f  b i o t i t e  t o  corundum + s p i n e l  + m a g n e t i t e .  The l a t t e r  

e x p l a n a t i o n  was the  one c o n s id e r e d  by Evans t o  be the  more l i k e l y .



T h e r e f o r e ,  i t  appears  t h a t  Eu u ou ld  have been p r e s e n t  i n  the  

m e ta b a s i te  magma and hence , i f  p l a g i o c l a s e  f r a c t i o n a t i o n  d i d  occu r  

f rom  the  magma, as th e  Sr d a ta  may s ugg es t  , the  REE* p a t t e r n s  o f  

some o f  the  h ig h  REE m e ta b a s i te  r o c k s  s h o u ld  possess a s i g n i f i c a n t  

Eu* anomaly .  T h i s  i s  n o t  so and t h e r e f o r e ,  p l a g i o c l a s e  f r a c t i o n a t i o n  

i s  n o t  t h o u g h t  t o  have been a m a jo r  f e a t u r e  o f  the  e v o l u t i o n  o f  the  

m e ta b a s i te  magmas. The Sr d i s t r i b u t i o n  i n  BK1B2 and BK138 i s  

p r o b a b l y  p r i m a r i l y  a f u n c t i o n  o f  the  s c a t t e r  o f  the  Sr  da ta  i n  the  

m e ta b a s i te  r o c k s ,  p resum ab ly  caused by s econ da ry  a l t e r a t i o n  

p ro c e s s e s .

Model 6 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  the  tu o  p r e v i o u s  

m ode ls ,  and i t  t o o  r e q u i r e s  p l a g i o c l a s e  as th e  dom inan t  

f r a c t i o n a t i o n  phase .  The model s t r o n g l y  f a v o u r s  th e  f r a c t i o n a t i o n  o f  

o r th o p y r o x e n e  o v e r  t h a t  o f  c l i n o p y r o x e n e  (31.8A%, compared u i t h  

A . 72%), h o u e v e r ,  f rom  the  e a r l i e r  d i s c u s s i o n ,  t h e r e  i s  l i k e l y  t o  be 

a l a r g e  e r r o r  on t h i s  o r t h o p y r o x e n e - c l i n o p y r o x e n e  r a t i o ,  and anyuay 

th e  . tFeB d a ta  sugg es ts  . t h a t  the  f r a c t i o n a t i o n  o f  the  m e ta b a s i te  

magma uas c o n t r o l l e d  by a c l i n o p y r o x e n e  dom ina ted  f r a c t i o n a t i o n  

assem b lage•

Model 7 c o n s i s t s  o f  the  f r a c t i o n a t i o n  o f  a h o rn b le n d e  and 

p l a g i o c l a s e  assemblage f rom  the  BK102 magma t y p e .  The model i s  n o t  

s t r i c t l y  v a l i d  s i n c e  the  h o rn b le n d e  K ^ ' s  a re  those  o f  ho rn b le n d e  i n  

an a n d e s i t i c  m a t r i x  (T a b le  A . 1 ) ,  no REE K p 's  ^ Dr h o rn b le n d e  f rom  a 

b a s a l t i c  l i q u i d  b e in g  a v a i l a b l e .  T h is  may be the  reason  f o r  the  

model r e q u i r i n g  so l i t t l e  h o rn b le n d e  f r a c t i o n a t i o n  t o  a r r i v e  a t  the  

b e s t - f i t  s o l u t i o n .  Houever ,  the  r e s u l t s  do shou up th e  e f f e c t s  o f  

the  g r e a t e r  v a l u e s  o f  the  e le m e n ts ,  Z r  and Y, r e l a t i v e  t o  the  

REE's,  i n  h o rn b le n d e  compared u i t h  p y ro x e n e .  I n  model 7,  the  REE's 

are  e n r i c h e d  i n  the  c a l c u l a t e d  d i f f e r e n t i a t e  magma to  a g r e a t e r  

e x t e n t  than  e i t h e r  Z r  o r  Y, and the  r e s u l t i n g  b e s t - f i t  d i f f e r e n t i a t e  

magma has REE c o n t e n t s  u h i c h  a re  h i g h e r  than  those  o f  BK138 ( i e .
G CCl / C l < 1 . D ) ,  and Zr  and Y c o n t e n t s  u h i c h  a re  l o u e r  ( i e .

T h i s  e f f e c t  u o u ld  p r o b a b l y  have been seen i f  K ^ ' s  o f  ho rn b le n d e  f rom  

b a s a l t i c  l i q u i d  had been used i n s t e a d  o f  t h o s e  f o r  h o rn b le n d e  f rom  

a n d e s i t i c  l i q u i d .  T h i s  e f f e c t  r u l e s  o u t  h o rn b le n d e  f r a c t i o n a t i o n ,  

i n  t h e  m e ta b a s i t e  magma ov e r  the  c o m p o s i t i o n  range r e p r e s e n t e d  by 

th e  r o c k s  BK102 and BH138, i n  f a v o u r  o f  py roxene  f r a c t i o n a t i o n ,  

u h i c h  i s  i n  agreement  u i t h  th e  CMAS e v id e n c e  ( c h a p t e r  3 ) .

The r e s u l t s  o f  m o d e l l i n g  the  e q u i l i b r i u m  f r a c t i o n a l
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c r y s t a l l i s a t i o n  p ro c e s s  f rom  an i n i t i a l  magma ty p e  (BK102) t o  

r e p ro d u c e  th e  more d i f f e r e n t i a t e d  magma ty p e  r e p r e s e n t e d  by sample 

BH138 have been f a i r l y  s u c c e s s f u l  f o r  most o f  the  t r a c e  e lem en ts  

s e l e c t e d ,  Ba and Nb d i d  n o t  f i t  any mode l ,  though t h i s  can p r o b a b l y  

be a s c r i b e d  t o  a n a l y s i s  e r r o r  f o r  the  l a t t e r .  From a c o n s i d e r a t i o n  

o f  th e  models and p r e v i o u s  t r a c e  e lem en t  e v id e n c e ,  p l a g i o c l a s e  i s  

a g a in  r e j e c t e d  as a m a jo r  f r a c t i o n a t i o n  phase a l t h o u g h  a s m a l l  

amount ( e s t i m a t e d  a t  l e s s  than  15% i n  o r d e r  t o  a v p id  c r e a t i n g  a 

s i g n i f i c a n t  n e g a t i v e  Eu anomaly i n  the  magmas REE p a t t e r n )  may have 

f r a c t i o n a t e d  i n  response  t o  th e  a s s i m i l a t i o n  o f  m e ta s e d im e n ta ry  

m a t e r i a l  by the  m e ta b a s i t e  magma. The degree o f  f r a c t i o n a t i o n  

needed t o  p roduce  the  b e s t - f i t  s o l u t i o n  i s  s u r p r i s i n g l y  s i m i l a r  

i n  a l l  o f  th e  mode ls  i n  Tab le  5 . 1 ,  and c o n s i d e r i n g  models 1 and 3 

as the  most a p p r o p r i a t e  t o  the  f r a c t i o n a t i o n  D f  t he  m e ta b a s i te  

magma, then  the  d i f f e r e n t i a t e d  magma ty p e  (BK138) has 30% o f  the  

mass o f  the  i n i t i a l  magma t y p e  - (BK1D2) .

5 . 3 . 2 b  F r a c t i o n a t i o n  f rom  a h i g h l y  f r a c t i o n a t e d  m e ta b a s i te  magma 

type  (BK138) t o  a m e l a n o t o n a l i t i c  o r t h o q n e i s s  magma type  

(BKADG).

In  th e  p r e v i o u s  c h a p t e r ,  sample BKADG uas chosen as be ing  

r e p r e s e n t a t i v e  o f  the  m e l a n o t o n a l i t i c  o r t h o g n e i s s e s ,  and t h e r e f o r e  

r e p r e s e n t a t i v e  o f  th e  m e l a n o t o n a l i t i c  o r t h o g n e i s s  magma. Tab le  5 .2  

l i s t s  the  r e s u l t s  o f  m o d e l l i n g  th e  e q u i l i b r i u m  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 ro c e s s  i n  an i n i t i a l  magma o f  t ype  BK138, t o  o b t a i n  

a d i f f e r e n t i a t e  magma o f  t y p e  BKABG. Houever ,  b e fo r e  d i s c u s s i n g  the  

f o u r  models l i s t e d  i n  Tab le  5 . 2 ,  i t  i s  n e c e s s a ry  t o  make an i n i t i a l  

s t u d y  o f  th e  t r a c e  e lem en t  c o n c e n t r a t i o n s  i n  BH138 and BKA06 (see 

Append ix  1, Tab les  A and B ) , t o  p o i n t  o u t  p o s s i b l e  anom a l ie s  u h ic h  

may produce m is l e a d i n g  r e s u l t s  i n  th e  m ode ls .  For a l l  o f  th e  t r a c e  

s e l e c t e d ,  e x c e p t  T i  and S r ,  the  g r e a t e r  c o n c e n t r a t i o n  o c c u rs  i n  

BKABG, compared u i t h  BK138. The most marked d i f f e r e n c e s  betueen the  

tu o  ro c k s  a re  i n  t h e i r  Zr  and Sr c o n t e n t s ,  u i t h  BK138 c o n t a i n i n g  85 

ppm o f  Z r  and A79 ppm o f  S r ,  u h i l e  BKAD6 c o n t a i n s  287 ppm o f  Zr  and 

292 ppm o f  S r .  These d i f f e r e n c e s  f o r c a s t  t h a t  p l a g i o c l a s e  u i l l  be a 

p r o m in e n t  phase i n  the  f r a c t i o n a t i o n  assemblage .

Models 1-3 a l l  c o n t a i n  p l a g i o c l a s e  as p a r t  o f  the  p o s t u l a t e d  

f r a c t i o n a t i o n  assemblage and each one o f  the  t h r e e  m a f i c  phases; 

c l i n o p y r o x e n e , o r t h o p y r o x e n e , and h o r n b le n d e .  These t h r e e  models 

p roduce  r e s u l t s  i n  u h i c h  the  b e s t - f i t  d i f f e r e n t i a t e  magma



Tab le  5. 2 F r a c t i c n a t i c n f rom  BK138 t o  BKAD6 ( u s i n g  a n d e s i t i c  H ^ ’ s)

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

CPX

+PLAG

(+ILM)

□PX

+PLAG

HBE

+PLAG

(+ILM)

PLAG

(+ILM)

V l l -
1
1

2
” T  '

3
' I

4
I

Ce 1 .□□ 1 .□□ □ .99 1.DA

Sm □ •91 □ .85 □ .BA □ .89

Eu 1.D2 □ .98 1 .□□ 1.D2

Tb □ .98 □ .83 □ .BD □ .8A

Yb □ .9A 1.03 □ .89 □ . 9A

Lu 1.11 1.25 1.D5 1.13 F r a c t i o n a t i o n  assemblages,

Sc 1.D6 □ .89 □ .96 □ .5A HBE + ILM and PX 's  + HBE,

T i □ .99 □ .32 □ .99 1 .02 were n o t  s u c c e s s f u l  •

Ba □ .76 □ .77 □ .77 □ .82

Sr □ .95 □ .91 □ .95 □ .96

Y □ .7D □ .68 □ .7A □ .66

Zr 1.16 1.22 1.28 1.27

Nb 1.1D 1.15 1.19 1.19

0 .% — -------1-------
J I I

CPX A . 67

□PX 8 .7 8

HBE 3.A2

PLAG 62.  AD 57.  D3 63.35 6 2 . A8

( ILM) 1.75 1 .52 1.86

V 31 .16 3A.18 31.65 35 .66

I ( R ) 2 13.□□ A3.75 17.92 28 .18

Q 1 . 1 A 1.99 1.33 1.6D



c o r r e l a t e s  e x c e l l e n t l y  u i t h  the  BKAD6 magma t y p e .  The models r e q u i r e

o n l y  s m a l l  amounts o f  f r a c t i o n a t i o n  o f  the  m a f i c  phase,  and around

60% f r a c t i o n a t i o n  o f  p l a g i o c l a s e ,  f rom  the  i n i t i a l  BK138 magma type

to  produce  th e  b e s t - f i t  d i f f e r e n t i a t e  magma. I l m e n i t e ,  u h ic h  uas

o n l y  i n c l u d e d  as an a i d  t o  encourage convergence  o f  the  c a l c u l a t i o n s

on to  the  f i n a l  s o l u t i o n ,  may be a v i a b l e  m in o r  f r a c t i o n a t i o n  phase

s in c e  the  T i  c o n t e n t  o f  BK138 i s  s i g n i f i c a n t l y  g r e a t e r  than  t h a t  o f

BKAD6. T h is  m ig h t  be s u p p o r te d  by the  phase r e l a t i o n s  s tu d y  o f

E g g le r  (1972a ; i n  E g g le r  and Burnham, f i g  A, 1973) u h ic h  shous

t h a t  i l m e n i t e  i s  u i t h i n  c . 5 0 c C o f  the  l i q u i d u s  o f  a M t.  Hood

a n d e s i t e  c o n t a i n i n g  c . 5  ut% H^D a t  5Kb p r e s s u r e .  As a l r e a d y  s t a t e d

( c h a p t e r  3 ) ,  p l a g i o c l a s e  has i t s  h i g h e s t  s t a b i l i t y  i n  a n d e s i t i c

c o m p o s i t i o n s  and i s  o f t e n  the  f i r s t  phase t o  c r y s t a l l i s e  o u t  o f

t h i s  t ype  o f  magma. Thus the  phase r e l a t i o n s  agree u e l l  u i t h  the
□

model r e s u l t s .  A compar ison  o f  the  r a t i o s  o f  the  REE's f o r  the

t h r e e  d i f f e r e n t  models shou t h a t  the  f r a c t i o n a t i o n  o f  c l i n o p y r o x e n e  

p roduces  th e  b e s t  match u i t h  the  BKAD6 magma t y p e ,  bu t  the  

d i f f e r e n c e  be tueen  the  models i s  n e g l i g a b l e .  S ince  BKAD6 does n o t  

c o n t a i n  any r e l i c t  p y ro x e n e ,  uhereas  t h i s  phase does o c c u r  i n  BK138, 

i t  i s  re a s o n a b le  t o  ex pe c t  th e  t r a n s i t i o n  f rom  pyroxene  to  

ho rn b le n d e  f r a c t i o n a t i o n  t o  have o c c u r r e d  i n  the  p e r i o d  o f  

f r a c t i o n a t i o n  be tueen these  tu o  magma t y p e s .  Houever ,  

c r y s t a l l i s a t i o n  o f  th e  m a f i c  phase uas c l e a r l y  a m in o r  f e a t u r e  

d u r i n g  t h i s  f r a c t i o n a t i o n  s t e p .

Model A, i n  Tab le  5 . 2 ,  c o n s i s t s  o f  a f r a c t i o n a t i o n  

assemblage o f  o n l y  p l a g i o c l a s e  and i l m e n i t e .  S ince  p l a g i o c l a s e  i s  

by f a r  the  most dom inan t  phase o f  the  o t h e r  t h r e e  m ode ls ,  th e  f i t  

o f  model A t o  th e  magma t y p e s  BK138 and BKAD6 i s  a good one.

Houever ,  the  need f o r  one o f  m a f i c  phases ,  used i n  the  p r e v io u s  

mode ls ,  t o  be p r e s e n t  i n  the  f r a c t i o n a t i o n  assemblage i s  shoun by 

the  l o u  Sc C^/C^ r a t i o .

The p e r c e n ta g e  mass o f  th e  BKA06 d i f f e r e n t i a t e  magma 

r e m a in i n g ,  r e l a t i v e  t o  an i n i t i a l  mass o f  BK138 magma, i s  c.32%, and 

as a p e rc e n ta g e  mass o f  the  p a r e n t  BK1D2 magma, th e  BKA06 

d i f f e r e n t i a t e  magma r e p r e s e n t s  c .9 .6 % .

Models 1-A i n d i c a t e  t h a t  h o rn b le n d e  f r a c t i o n a t i o n  uas n o t  

im p o r t a n t  i n  d r i v i n g  the  m e ta b a s i t e  magma to u a r d s  t o n a l i t i c  

c o m p o s i t i o n s .  Houever ,  f rom  f i g  3 .12b  i t  i s  c l e a r  t h a t  p l a g i o c l a s e  

f r a c t i o n a t i o n  a lone  canno t  s u f f i c i e n t l y  e n r i c h  the  magma i n  S iD ^ .  In



s e c t i o n  A . 2 . 1b i t  uas n o ted  t h a t  a s s i m i l a t i o n  o f  s i l i c e o u s  

p a r a g n e is s  c o u ld  e q u a l l y  u e l l  have f u e l l e d  the  i n i t i a l  t r e n d  

t o u a r d s  S iD^ e n r i c h m e n t  i n  the  h ig h  Fe/Mg m e ta b a s i te  magma. The 

i n t r o d u c t i o n  o f  A l^D ^ ,  f rom  a s s i m i l a t e d  m e ta sed im en t ,  i n t o  the  

m e ta b a s i te  magma u o u ld  b u f f e r  the  a n o r t h i t e  c o n t e n t  o f  the  

f r a c t i o n a t i n g  p l a g i o c l a s e  a t  a h ig h  l e v e l ,  t h e r e b y  k eep ing  the  SiD^ 

c o n t e n t  o f  t h i s  phase r e l a t i v e l y  l o u  ( c .A 8  u t % ) . Thus once the  

magma became r i c h e r  i n  SiD^ than  the  p l a g i o c l a s e  f r a c t i o n a t i n g  f rom  

i t ,  the  SiDr, e n r i c h m e n t  t r e n d  u o u ld  e s c a l a t e  due t o  a c o m b in a t io n  

o f  a s s i m i l a t i o n  and f r a c t i o n a t i o n .  The amount o f  p a r a g n e is s  

a s s i m i l a t e d  by the  h ig h  Fe/Mg m e ta b a s i te  magma i s  unknoun, b u t  i f  

i t  uere  s i g n i f i c a n t l y  g r e a t e r  than  abou t  20% o f  the  magma mass the  

e q u i l i b r i u m  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 q u a t i o n  u o u ld  o b v i o u s l y  be 

in a d e q u a te  i n  m o d e l l i n g  th e  t r a c e  e lem en t  v a r i a t i o n s  i n  t h i s  magma. 

The v e r y  f a c t  t h a t  the  models 1-A f i t  so u e l l  u i t h  the  observed 

t r a c e  e lemen t  c o n c e n t r a t i o n s  i n  the  r e p r e s e n t a t i v e  r o c k  t y p e s ,  may 

be f o r t u i t o u s  o r  may r e f l e c t  t h a t  a s s i m i l a t i o n  d i d  n o t  overshadou 

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  d u r i n g  th e  e v o l u t i o n  o f  the  m e ta b a s i te  

and m e l a n o t o n a l i t i c  o r t h o g n e i s s  magmas.

5 . 3 . 2 c  F r a c t i o n a t i o n  f rom  the  m e l a n o t o n a l i t i c  o r t h o q n e i s s  magma 

type  (BKA06) t o  the  l e u c o t o n a l i t i c  o r t h o q n e i s s  magma type  

(BKAD3).

The r e s u l t s  o f  f i t t i n g  the  e q u i l i b r i u m  f r a c t i o n a t i o n  p roc es s  

t o  th e  magma t y p e s  r e p r e s e n t e d  by r o c k  samples BKAB6 and BKA03 ( 

p a r e n t  and d i f f e r e n t i a t e  magma t y p e s , r e s p e c t i v e l y )  a re  l i s t e d  i n  

Tab le  5 .3  (mode ls  1 - A ) .  An i n i t i a l  s t u d y  o f  th e  t r a c e  e lemen t  

c o m p o s i t i o n s  o f  samples BKAD6 and BHAD3 (A p p e n d ix  1, Tab le  B ) , 

r e v e a l s  t h a t  t h e y  have a lm o s t  i d e n t i c a l  Ba, S r ,  and Z r  c o n t e n t s .  Ba 

i s  an i n c o m p a t i b l e  e lem en t  and sh o u ld  be p r e s e n t  i n  a g r e a t e r  

abundance i n  th e  d i f f e r e n t i a t e  magma (BHAD3), though t h i s  observed  

d i s c r e p a n c y  may u e l l  be a r e s u l t  o f  th e  s c a t t e r  o f  the  Ba d a t a .  The 

s i m i l a r  Sr and Z r  c o n t e n t s  o f  the  tu o  r o c k s  f o r c a s t  t h a t  bo th  

p l a g i o c l a s e  and h o rn b le n d e  o c c u r r e d  i n  s i g n i f i c a n t  amounts i n  the  

f r a c t i o n a t i o n  assemblage,  s in c e  t h e i r  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  

must have been c lo s e  t o  u n i t y .  A com par ison  o f  the  r e l a t i v e  

c o n c e n t r a t i o n s  o f  the  e le m e n ts ,  Z r ,  Nb, and Y, i n  th e  tu o  r o c k s  

i n d i c a t e s  t h a t  bo th  Zr  and Y may cause e r ro n e o u s  r e s u l t s  i n  the  

m o d e l l i n g  c a l c u l a t i o n s .  The XRF a n a l y s i s  o f  Y i n  BKAD3 g i v e s  a 

c o n c e n t r a t i o n  o f  o n l y  1 ppm, u h i c h  i s  u e l l  b e lo u  th e  d e t e c t i o n



Tab le  5.  

i c  Kd ' s )

3 F r a c t i o n a t i o n  

and f rom  BK403

f rom  BK406 t o  BK403 ( i e .  1 - 4 ) ( u s i n g  d a c i t -  

t o  BK4D1 ( 5 ) ( u s i n g  r h y o d a c i t i c  H ^ ' s ) .

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

HBE

+PLAG

HBE

+PLAG

HBE

(+ILM)

HBE

(+ILM)

HBE

+QTZ

c, /c p 1 2 3 4 5
L L 1 I I ..... (...

I
Ce 0.91 0.91 0 .94 0 .9 4 0 .7 9

Sm 0.92 0 .9 0 0 .93 0 .9 2 1.14

Eu 1.14 1.13 1.13 1.12 1.15

Tb 0 .9 8 0 .9 6 0 .99 0 .9 8 0 .9 5

Yb 0 .69 0 .6 7 0.71 0 .6 9 1.06

Lu 0 .53 0.51 0 .5 4 0 .5 3 1.04

Sc 1.11 1.10 1.11 1.11 1.06

T i 1.07 1.06 0 .9 8 0 .9 8 0 .90

Ba 0.71 0 .7 2 0 .7 4 0 .75 1.15

Sr 0 .83 0 .83 0 .7 4 0 .7 5 0 .4 7

Y 0 .0 8 - 0 .0 8 - 1.01

Zr 1.18 1 .18 1.20 1.20 0 .8 4

Nb 1.04 1.03 1.06 1.05 1.00

0 %
J I I I I ..... i

HBE 32.58 31 .00 33 .37 31 .80 29 .56

PLAG A.AO 4 .4 0

QTZ 45 .50

( ILM) 1.00 - 0 . 8 0

V 63 .  04 64 .65 67 .64 69 .05 24 .94

I ( R ) 2 78 .33 3 5 .40 1 1 . 1 k 35 .02 44 .27

5 2 .67 1.88 2 .65 1.87 2 .00



l i m i t s  o f  Y f o r  t h i s  a n a l y s i s  t e c h n iq u e  (A p p e n d ix  1 ) ,  and sc t h i s  

v a lu e  i s  l i k e l y  t o  be e r ro n e o u s .  Both Y and Nb have c o n s i d e r a b l y  

s m a l l e r  abundances i n  BK4D3, r e l a t i v e  to  BK406, w h i l e  the  Zr  

c o n t e n t s  o f  the  samples are  v e r y  s i m i l a r .  These e lem en ts  g e n e r a l l y  

behave i n  a s i m i l a r  f a s h i o n  i n  magmatic  p ro c e s s e s  (Pearce  and N o r ry  

, 1979) ,  and so sh o u ld  have r o u g h l y  the  same p a t t e r n  o f  d i s t r i b u t i o n  

between the  two sam ples .  A l l  o t h e r  e lem e n ts  , ex c ep t  Ce, o c c u r  i n  

g r e a t e r  abundance i n  the  p a r e n t  magma t y p e  (BK4B6) compared w i t h  

th e  d i f f e r e n t i a t e  magma t y p e  (BK4D3).

Two f r a c t i o n a t i o n  assemblages are  m o d e l led  i n  the

c a l c u l a t i o n s ;  h o rn b le n d e  + p l a g i o c l a s e  (mode ls  1 and 2 ) ,  and

h o rn b le n d e  + ( i l m e n i t e )  (mode ls  3 and 4 ) .  As p r e d i c t e d ,  the  r e s u l t s

o f  models 1 and 3 show t h a t  th e  abundance o f  Y i n  magma type  BK4D3

cann o t  be e x p l a i n e d  by the  f r a c t i o n a t i o n  o f  e i t h e r  o f  these

assemblages f rom  a p a r e n t  magma o f  the  c o m p o s i t i o n  o f  BK4D6. Models

2 and 4 d i f f e r  f rom  models 1 and 3 i n  t h a t  t h e y  o m i t  th e  Y d a t a .

Model 2 i n v o l v e s  th e  f i t t i n g  o f  the  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 i o n  t o  t h e s e  two magma t y p e s ,  u s in g  h o rn b le n d e  and p l a g i o c l a s e

as f r a c t i o n a t i o n  phases and th e  c o r r e s p o n d in g  v a lu e s  d e te rm in e d

f rom  d a c i t i c  r o c k s  (see Tab le  4 . 1 ) .  The b e s t - f i t  d i f f e r e n t i a t e

magma c o m p o s i t i o n  d i f f e r s  f rom  t h a t  o f  the  BK4D3 magma type  m a in l y

i n  i t s  HREE c o n t e n t s ,  w i t h  the  abundances o f  Yb and Lu i n  the

f o r m e r ,  b e ing  1 .5  t o  2 t im e s  those  i n  sample BK4D3. However,  the  
£

CL / C L r a t i o s  o f  th e  REE g roup ,  as a w h o le ,  show a p a t t e r n  o f

d e v i a t i o n s  f rom  u n i t y  wh ich  s ugg es t  t h a t  t h e  h o rn b le n d e  REE

v a l u e s ,  used i n  th e  model ,  a re  i n n a p r o p r i a t e  t o  t h i s  f r a c t i o n a t i o n
cs tage  o f  th e  o r t h o g n e i s s  magmas. A l l  o f  th e  REE v a l u e s ,  e x c e p t

t h a t  o f  Eu, a re  l e s s  than  u n i t y ,  i e .  i n  each case the  c a l c u l a t e d  

b e s t - f i t  v a lu e  i s  g r e a t e r  than  the  BH4D3 v a l u e .  T h is  i m p l i e s  t h a t  

th e  h o rn b le n d e  REE v a lu e s  are  to o  s m a l l ,  p r o v id e d  t h a t  the  

e q u i l i b r i u m  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 q u a t i o n  i s  r e l e v a n t  t o  th e  

e v o l u t i o n  o f  the  t o n a l i t i c  o r t h o g n e i s s  magmas. Ba and Sr f i t  

r e a s o n a b ly  w e l l  w i t h  the  model a f t e r  c o n s i d e r i n g  the  degree o f  

s c a t t e r  i n  th e  da ta  o f  these  two e lem e n ts  (see p r e v i o u s  c h a p t e r ) .

The i n c o n s i s t e n c y  between th e  r e l a t i v e  d i s t r i b u t i o n s  o f  Z r  and Nb 

i n  the  p a r e n t a l  (BK4D6) and d i f f e r e n t i a t e  (BK403) magma t y p e s ,  i s  

borne o u t  by the  f a i r l y  h ig h  Zr  v a l u e  o f  1 .1 8 ,  showing t h a t

th e  model r e q u i r e s  g r e a t e r  d e p l e t i o n  o f  t h i s  e lem en t  i n  the  magma 

than  i s  o b s e rv e d .



The b e s t - f i t  f r a c t i o n a t i o n  assemblage,  o f  model 2,  i s  

dom ina ted  by h o rn b le n d e  (31.0% o f  the  mass o f  the  p a r e n t a l  l i q u i d ) ,  

u i t h  o n l y  4.4% o f  p l a g i o c l a s e  f r a c t i o n a t i o n  b e ing  r e q u i r e d .  T h is  

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

e v idenc e  u h i c h  i n d i c a t e s  t h a t  p l a g i o c l a s e  f r a c t i o n a t i o n  had p r o b a b l y  

s lo u e d  and then  f i n a l l y  c e ssa ted  by the  f o r m a t i o n  o f  the  

l e u c o t o n a l i t i c  o r t h o g n e i s s  magma. Model 4,  i n v o l v i n g  the  

f r a c t i o n a t i o n  o f  a ho rn b le n d e  + ( i l m e n i t e )  assemblage p roduces  v e r y  

s i m i l a r  r e s u l t s  t o  those  o f  model 2 .

The mass o f  the  b e s t - f i t  d i f f e r e n t i a t e  magma ( 0m ) ,  

r e l a t i v e  t o  th e  mass o f  the  BK4D6 p a r e n t  magma, i s  c.65%, and i t s  

mass r e l a t i v e  t o  th e  mass o f  th e  i n i t i a l  BK1D2 magma i s  c .6 .2 4% .

5 . 3 . 2 d  F r a c t i o n a t i o n  f rom  the  l e u c o t o n a l i t i c  o r t h o q n e i s s  magma type  

(BK403) t o  the  g r a n i t i c  o r t h o q n e i s s  magma type  (BK4D1).

The r e s u l t s  o f  one f r a c t i o n a t i o n  model (model 5)  a re  g i v e n

i n  Tab le  5 . 3 .  T h i s  model i n v o l v e s  the  f i t t i n g  o f  th 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  o f  h o rn b le n d e  and q u a r t z  t o  a p a r e n t  magma type  (BK4C3)

and a d i f f e r e n t i a t e  magma t y p e  (BK4D1) .  An i n i t i a l  s t u d y  o f  the

r e l a t i v e  abundances o f  those  t r a c e  e le m e n ts  i n  samples BK403 and

BK4D1 used i n  the  c a l c u l a t i o n s ,  r e v e a l s  t h a t  a l l  o f  th e  e le m e n ts ,

e x c e p t  S r ,  Ba, and Eu, a re  p r e s e n t  i n - g r e a t e r  abundance i n  the

p a r e n t  magma t y p e  (BH4D3). The Eu d i s t r i b u t i o n  i s  i m p o r t a n t  i n  t h a t

the  h o rn b le n d e  Eu Kp i n  g r a n i t e  magma i s  s i g n i f i c a n t l y  g r e a t e r  than

1.D ( c . 5 . 0  i n  Tab le  4 . 1 ) ,  and,  t h e r e f o r e ,  th e  f r a c t i o n a t i o n  o f

h o rn b le n d e  a lo n e  c o u ld  n o t  p roduce  th e  obse rved  e n r i c h m e n t  o f  Eu i n

the  f r a c t i o n a t i n g  magma. N e i t h e r  u o u ld  th e  p resence  o f  p l a g i o c l a s e ,

t o g e t h e r  u i t h  h o r n b le n d e ,  e x p l a i n  t h i s  f e a t u r e ,  s i n c e  the

p l a g i o c l a s e  Eu Kp i n  g r a n i t i c  magmas i s  a l s o  g r e a t e r  than  1 . 0 .  The

f r a c t i o n a t i o n  o f  q u a r t z  i n  s i g n i f i c a n t  q u a n t i t i e s  u o u ld  d i l u t e  the

e f f e c t s  o f  th e  l a r g e  h o rn b le n d e  REE H ^ ' s .  S in c e ,  i n  h o rn b le n d e ,  the

Eu Kp v a lu e  i s  s m a l l e r  than  th e  o t h e r  MREE Kp v a l u e s ,  i t  i s  p o s s i b l e

f o r  the  D^u v a lu e  t o  be s e l e c t i v e l y  l o u e r e d  b e lo u  u n i t y .  Houever ,

the  h o rn b le n d e  Kjp1 s o f  La and Ce, i n  g r a n i t i c  magmas, a re  even l o u e r

than  the  Eu Kn , and so any l o u e r i n g  o f  th e  D^u v a l u e ,  th ro u g h  q u a r t z
La Cef r a c t i o n a t i o n ,  u i l l  p roduce  v a lu e s  o f  D and D u h i c h  are  much 

s m a l l e r  than  u n i t y .  La and Ce are  bo th  s t r o n g l y  d e p le t e d  i n  the  

d i f f e r e n t i a t e  magma type  (BK4C1),  compared t o  the  p a r e n t  magma t y p e  

(BK4B3) , and so i f  ho rn b le n d e  and q u a r t z  a re  r e t a i n e d  i n  the  

p o s t u l a t e d  f r a c t i o n a t i o n  assemblage,  t h e y  must be accompanied by a



3  1

phase u h ic h  has l a r g e  Kq ' s f o r  the  LREE's .  T h i s  phase must be

□ r t h i t e .  U n f o r t u n a t e l v , a b s o lu t e  v a lu e s  o f  th e  o r t h i t e  K p 's  f o r  the

e lem en ts  used i n  the  c a l c u l a t i o n s ,  a re  n o t  knoun and so ,  the

assemblage h o rn b le n d e  + q u a r t z ,  o n l y ,  was used i n  model 5 .  K ^ ' s  f o r

q u a r t z  uere  e s t im a t e d  a t  B .B1 .

The c a l c u l a t e d  b e s t - f i t  d i f f e r e n t i a t e  magma o f  model 5 i s

v e r y  s i m i l a r  t o  the  BKA01 magma t y p e ,  f o r  a l l  e lem en ts  e x c e p t  Ce
£

and S r .  The l o u  v a lu e  o f  Ce can be r e c o n c i l e d  u i t h  the

o m is s io n  o f  o r t h i t e  f rom  the  f r a c t i o n a t i o n  assemblage ,  Sr a l s o  has a 
£

l o u  C|^/C^ v a lu e  (B .A7 )  and t h i s  i s  u n d o u b te d l y  r e l a t e d  t o  the  s l o u

s e p a r a t i o n  f rom  the  magma o f  the  c o r ro d e d  p l a g i o c l a s e  c r y s t a l s

obse rved  i n  th e  g r a n o d i o r i t i c  and g r a n i t i c  r o c k s  (see c h a p te r  2 ) ,

E q u i l i b r a t i o n  o f  the  magma u i t h  these  c o r ro d e d  p l a g i o c l a s e  c r y s t a l s

d u r i n g  s e p a r a t i o n  c o u ld  have produced  the  obse rved  Sr d i s t r i b u t i o n

i n  th e  tuo  magma t y p e s .

I t  i s  n o t  t h o u g h t  t h a t  the  c a l c u l a t e d  0 .% v a lu e s  o f
J

ho rn b le n d e  (29.56%) and q u a r t z  (A5.5B%), r e q u i r e d  t o  p roduce the  

b e s t - f i t  d i f f e r e n t i a t e  magma, f rom  the  p a r e n t  (BKAB3) magma t y p e ,  

u i l l  be g r e a t l y  a f f e c t e d  by th e  i n t r o d u c t i o n  o f  o r t h i t e  as a 

f r a c t i o n a t i o n  phase .  The degree o f  p l a g i o c l a s e  s e p a r a t i o n  must be 

f a i r l y  s m a l l  s i n c e  Sr i n c r e a s e s  s i g n i f i c a n t l y  i n  abundance i n  the  

f r a c t i o n a t i n g  magma. The e s t im a t e d  mass o f  t h e  b e s t - f i t  

d i f f e r e n t i a t e  magma r e m a in i n g ,  r e l a t i v e  t o  th e  mass o f  the  p a r e n t  

BKAD3 magma t y p e ,  i s  c.2D% and i t s  mass r e l a t i v e  tD th e  i n i t i a l  

BH1B2 magma t y p e  i s  c .1 .2 5% .

5 . A C o n c lu s io n s  o f  the  t r a c e  e lem en t  m o d e l l i n g .

The magma t y p e s  s e l e c t e d  i n  th e  p r e v i o u s  c h a p te r  (see f i g .  

A .1 A ) ,  u h ic h  span th e  u ho le  c o m p o s i t i o n  range  o f  the  m e t a b a s i t e -  

o r t h o g n e i s s  s e r i e s ,  can be a d e q u a t e l y  d e s c r i b e d  as samples o f  a 

s i n g l e  magma t h a t  e v o lv e d  by a c o m b in a t io n  o f  c lo s e d - s y s te m ,  sub­

t o t a l  e q u i l i b r i u m ,  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  and s u b o r d in a t e  

a s s i m i l a t i o n .  The d i f f e r e n t i a t i o n  scheme f o r m u l a t e d  f rom  c o n c l u s i o n s  

made i n  c h a p te r s  2,  3,  and A, and d e p i c t e d  i n  f i g .  A .1A,  has been 

m o d i f i e d  and t o  some e x t e n t  q u a n t i f i e d .  T h i s  r e f i n e d  d i f f e r e n t i a t i o n  

model i s  d e p i c t e d  i n  f i g .  6 . 1 ,  and summarised b e lo u .

In  t h e  i n i t i a l  s t a g e s ,  the  m e ta b a s i t e  magma e v o lv e d  by th e  

f r a c t i o n a t i o n  o f  c l i n o p y r o x e n e  and o r t h o p y r o x e n e .  T h i s  l e d  t o  Fe 

e n r ic h m e n t  and s l i g h t  S iB^  d e p l e t i o n  i n  th e  magma. A t  some p o i n t ,  

t h e  magma began t o  a s s i m i l a t e  p a r a g n e i s s i c  c o u n t r y  r o c k s  and t h i s



r e s u l t e d  i n  an in c r e a s e  i n  i t s  SiD^ c o n t e n t .  The change i n  

c o m p o s i t i o n  uas s u f f i c i e n t  t o  cause p l a g i o c l a s e  t o  supersede 

py roxene  as the  p r im a r y  l i q u i d u s  phase ( i e .  th e  h i g h e s t  te m p e ra tu re  

p h a s e ) .  The f r a c t i o n a t i o n  o f  c a l c i c  p l a g i o c l a s e  and the  s u b o r d in a t e  

a s s i m i l a t i o n  o f  p a r a g n e is s  d rove  the  magma t o  an a n d e s i t i c  

c o m p o s i t i o n  ( i e .  the  m e l a n o t o n a l i t i c  o r t h o g n e i s s ) ,  a t  u h i c h  p o i n t ,  

h o rn b le n d e  r e p la c e d  py roxene  as the  f r a c t i o n a t i n g  m a f i c  phase.  T h is  

produced  an even more r a p i d  SiD,-, e n r i c h m e n t  i n  the  magma, u h ic h  

r e s u l t e d  i n  th e  d e s t a b i l i s a t i o n  o f  p l a g i o c l a s e  a t  the  l i q u i d u s  and 

th e  f r a c t i o n a t i o n  o f  a h o rn b le n d e  dom ina ted  assemblage .  P l a g i o c l a s e  

c r y s t a l l i s a t i o n  f i n a l l y  ceased by the  f o r m a t i o n  o f  the  l e u c o ­

t o n a l i t i c  o r t h o g n e i s s  magma. Houever ,  the  l a s t  formed p l a g i o c l a s e ,  

u i t h  a c o m p o s i t i o n  o f  c . A n ^ ,  d i d  n o t  s e p a ra te  f u l l y  as the  magma 

e v o lv e d  t o  a g r a n i t i c  c o m p o s i t i o n  th ro u g h  th e  f r a c t i o n a t i o n  o f  

q u a r t z  + h o rn b le n d e  + o r t h i t e .



C h ap te r  6.

D i s c u s s i o n  o f  the  r e s u l t s ,  and g e n e r a l  c o n c l u s i o n s .

The aim o f  t h i s  uo rk  has been p a r t i a l l y  f u l f i l l e d ,  i n  t h a t  

some p l a u s i b l e  o r i g i n s  f o r  the  v a r i o u s  component r o c k  g roups  o f  

t h e  i n t r u s i v e  complex have been d e te r m in e d .

6 .1  D i s c u s s i o n  o f  th e  r e s u l t s .

The r e s u l t s  o f  t h i s  t h e s i s  shorn t h a t  the  m e ta b a s i te  and 

o r t h o g n e i s s  r o c k s  can be r e c o n c i l e d  u i t h  a d e r i v a t i o n  f ro m  a s i n g l  

m e ta b a s i t e  magma t y p e ,  and so i n  t h i s  sense t h i s  uo rk  agrees  u i t h  

Leake ( 1 9 7 0 a ) .  Houever ,  bo th  s t u d i e s  are  s u b j e c t  t o  th e  c o n s t r a i n t  

t h a t  the  i n t r u s i o n  o f  the  m e ta b a s i t e  magmas, i n t o  the  D a l r a d ia n  

r o c k s  o f  s o u th e r n  Connemara, uas f o l l o u e d  by the  i n t r u s i o n  o f  the  

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

i e .  one u h i c h  c o r re s p o n d s  t o  the  l e n g t h  o f  t im e  taken  f o r  a 

p l u t o n i c  magma t o  d i f f e r e n t i a t e  f rom  b a s a l t i c  t o  t o n a l i t i c  

c o m p o s i t i o n ,  say 5 Ma. The m e ta b a s i te  r o c k s  ue re  i n t r u d e d  d u r i n g  

th e  D2 d e f o r m a t i o n  o f  the  D a l r a d i a n  ro c k s  (Leake ,  197Da), u h i l e  t h  

i n t r u s i o n  o f  th e  o r t h o g n e i s s  o c c u r r e d  d u r i n g  the  D3 d e f o r m a t i o n  

(Leake ( 1 9 7 0 a ) ,  and t h i s  s t u d y ) .  The i n t r u s i o n  o f  the  m e ta b a s i te  

r o c k s  has been da ted  a t  510 ± 10 Ma, based on U-Pb i s o t o p e s  i n  

z i r c o n s  (P id g e o n ,  1969) ,  and t h e r e f o r e  t h i s  d a te s  the  D2 

d e f o r m a t i o n  a l s o .  The o r t h o g n e i s s e s  p r e d a te  th e  O u g h te ra rd  G r a n i t e  

u h i c h  o u t c r o p s  t o  the  e a s t  o f  the  Shannavara d i s t r i c t ,  and u h ic h  

has a c o o l i n g  da te  o f  L69 ± 7 Ma (Leggo e t  a l_ . , 1 96 6 ) .  The M3 

metamorphism i n  the  S c o t t i s h  D a l r a d i a n  has been da ted  a t  A96 ± 17 

Ma by P a n k h u rs t  (1970)  and t h i s  p resum ab ly  d a te s  the  D3 

d e f o r m a t i o n ,  th e  tu o  b e ing  t h o u g h t  t o  be s y n c h ro n o u s .  T h e r e f o r e ,  

th e  t im e  p e r i o d  be tueen the  D2 and D3 d e f o r m a t i o n a l  e v e n ts  uas 

p r o b a b l y  s u f f i c i e n t l y  s h o r t  as t o  n o t  i n v a l i d a t e  the  c o n c l u s i o n s  

o f  t h i s  t h e s i s  and Leake (1 9 7 0 a ) .

The p resence  o f  tu o  amph ibo le  t y p e s ,  b roun am ph ibo le  and 

g reen  a c t i n o l i t i c  a m p h ib o le ,  i n  the  m e ta b a s i t e  r o c k s  l e d  Leake 

(1970a)  and Bremner and Leake (1981)  t o  conc lude  t h a t  the  broun 

ho rn b le n d e  uas an e a r l y  c r y s t a l l i s i n g  ig neou s  h o r n b le n d e ,  and 

Bremner ( t h s s . ,  1977) s t a t e s  t h a t  h o rn b le n d e  f r a c t i o n a t i o n  

c o n t r o l l e d  th e  c r y s t a l l i s a t i o n  o f  th e  Roundstone m e ta b a s i t e  mass. 

Houever ,  th e  m i c r o t e x t u r a l  ev id e n c e  i n  C h ap te r  2 o f  t h i s  s tu d y



i n d i c a t e s  t h a t ,  a p a r t  f rom  p l a g i o c l a s e ,  th e  m in e r a l o g y  o f  the  

m e ta b a s i te  r o c k s  i s  i n v a r i a b l y  me tamorph ic  i n  o r i g i n ,  u i t h  o n l y  

o c c a s i o n a l  remnants  o f  an ig neou s  m a f i c  assemblage b e ing  p r e s e r v e d .  

Am ph ibo le ,  bo th  t y p e s ,  and q u a r t z  a re  the  breakdoun p r o d u c t s  o f  

c l i n o -  and o r t h o - p y r o x e n e ,  u i t h  m e tamorph ic  r e a c t i o n  r im s  

s u r r o u n d in g  the  py roxene  r e l i c s .  T i t a n i f e r o u s  ore  g r a i n s ,  i n  the  

m e ta b a s i t e  r o c k s ,  e q u i l i b r a t e d  e x t e n s i v e l y  d u r i n g  the  M3 

metamorph ism, p ro d u c in g  an u n m ix ing  o f  th e  T i - r i c h  ( i l m e n i t e )  and 

T i - p o o r  ( t i t a n o m a g n e t i t e )  components .  A subsequen t  r e a c t i o n  

p a r t i a l l y  c o n v e r t e d  t h i s  i l m e n i t e  t o  sphene d u r i n g  the  

a m p h i b o l i t i s a t i o n  p ro c e s s .  T h is  l a t t e r  r e a c t i o n  i s  c o n f i r m e d  by 

Spear (1981)  uho found  t h a t  sphene f o r m a t i o n  i n  a m p h i b o l i t e  i s  

f a v o u r e d  by l o u  te m p e ra tu r e s  ( c .  5 50 °C) ,  and h ig h  oxygen f u g a c i t y .

The r e s u l t s  o f  the  a n a l y s i s  o f  th e  geochem ica l  da ta  o f  the  

m e ta b a s i te  r o c k s ,  i n  t h i s  t h e s i s ,  a re  n o t  c o m p a t ib le  u i t h  the  

f r a c t i o n a t i o n  o f  ho rn b le n d e  f rom  the  m e ta b a s i t e  magma, and so t h i s  

t h e s i s  d i s a g r e e s  u i t h  the  c o n c l u s i o n  o f  Leake (197Da) and Bremner 

and Leake (1981)  on t h i s  s u b j e c t .  Bn the  o t h e r  hand, the  r e s u l t s  do 

agree u i t h  th e  c o n c l u s i o n  o f  E g g le r  and Burnham ( 1 9 7 3 ) ,  i e .  t h a t  

m e l t s  o f  a n d e s i t i c  c o m p o s i t i o n  are  n o t  g e n e ra te d  by the  

f r a c t i o n a t  on o f  ho rn b le n d e  f rom  m e l t s  o f  b a s a l t i c  c o m p o s i t i o n .  The 

f r a c t i o n a t i o n  o f  ho rn b le n d e  p r o b a b l y  c ann o t  o c c u r  i n  m e l t s  u i t h  

l e s s  than  55 ut% SiD^ ( r e c a l c u l a t e d  u i t h o u t  H^B),  e x c e p t  perhaps  

i n  i n s t a n c e s  uhere  th e  magma i s  a b n o r m a l l y  H ^ D - r i c h .

P r im a ry  h o rn b le n d e  i s  f i r s t  r e c o g n is e d  i n  th e  me lano-  

t o n a l i t i c  o r t h o g n e i s s e s  and c o n t i n u e s  t o  be p r e s e n t  r i g h t  t h ro u g h  

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

commonly a l t e r e d  t o  b i o t i t e  and c h l o r i t e .  P l a g i o c l a s e  ranges f rom  

An^g t o  An^j-j, i n  th e  m e ta b a s i t e  and o r t h o g n e i s s  r o c k s ,  u i t h  

p l a g i o c l a s e  o f  the  l a t t e r  c o m p o s i t i o n  o c c u r r i n g  i n  th e  l e u c o ­

t o n a l i t i c ,  g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s .  Houever ,  the  

p l a g i o c l a s e  i n  the  l a t t e r  t u o  ro c k  g roups  i s  i n v a r i a b l y  s t r o n g l y  

c o r ro d e d  a t  i t s  m a rg ins  and i s  t h o u g h t  t o  r e p r e s e n t  e a r l i e r  

c r y s t a l l i s e d  p l a g i o c l a s e ,  u h i c h  p r o b a b l y  fo rmed i n  the  l e u c o ­

t o n a l i t i c  o r t h o g n e i s s  magma and d i d  n o t  s e g re g a te  f rom  i t .

There i s  s t r o n g  f i e l d  e v id e n c e  f o r  th e  a s s i m i l a t i o n  o f  

p a r a g n e is s  by the  m e ta b a s i te  magmas (Leake and S k i r r o u  (196B ) ,

Evans ( 1 9 6 A ) ) ,  and by the  t o n a l i t i c  o r t h D g n e is s  magmas ( S e n io r  

( 1 9 7 3 ) ,  and t h i s  s t u d y ) .  The p a r a g n e is s  u h i c h  m a n t le s  the  t o n a l i t i c



o r t h o g n e i s s  i n t r u s i o n s  i n  the  Shannavara d i s t r i c t  i s  a c h a o t i c  

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

s t r o n g  F3 f o l i a t i o n ,  c o n t a i n i n g  d i s o r i e n t a t e d  x e n o l i t h s  o f  

q u a r t z i t e ,  s e m i p e l i t e  and r e s i d u a l  melanosome, a l l  i n  v a r i o u s  

s t a t e s  o f  a s s i m i l a t i o n ,  and a l s o  pods o f  m e t a b a s i t e .  A l l  o f  these  

x e n o l i t h s  can be found  i n  the  o r t h o g n e i s s ,  nea r  t o  th e  c o n t a c t  u i t h  

th e  p a r a g n e i s s .  The morpho logy  o f  the  q u a r t z i t i c  and s e m i p e l i t i c  

x e n o l i t h s ,  u h i c h  are  o f t e n  r e c t a n g u l a r  and p resum ab ly  r e p r e s e n t  

r e f r a c t o r y  l a y e r s  i n  the  m e ta s e d im e n ta ry  p i l e ,  i n d i c a t e s  t h a t  

t hes e  l i t h o l o g i e s  have been d i s r u p t e d  by th e  i n j e c t i o n  o f  

m o b i l i s a t e ,  induced  by the  c o n t in u e d  upuard  i n t r u s i o n  o f  the 

t o n a l i t i c  o r t h o g n e i s s  magmas.

A l th o u g h  the  m e ta b a s i t e  and o r t h o g n e i s s  r o c k s  s t i l l  e x h i b i t  

a u e l l  d e f i n e d  ig neou s  c h e m i s t r y ,  t h e i r  i n c o m p a t i b l e  e lem en t  and 

Sr abundances have been s t r o n g l y  m o d i f i e d  by the  a m p h i b o l i t i s a t i o n  

p ro c e s s  u h i c h  these  ro c k s  u n d e r u e n t .  The comagmat ic n a t u r e  o f  the  

m e ta b a s i te  and o r t h o g n e i s s  r o c k s  i s  shoun by t h e i r  c o n t in u o u s  

c h e m ic a l  v a r i a t i o n s  i n  bo th  the  m a jo r  and t r a c e  e lem en t  d a t a .

A lm os t  a l l  o f  the  samples have c o m p o s i t i o n s  u h i c h  t o  a c lo s e  

a p p r o x im a t i o n  r e p r e s e n t  magma c o m p o s i t i o n s .  The v a r i o u s  m e ta b a s i te  

and o r t h o g n e i s s  magma t y p e s  t h a t  o c c u r  a t  the  p r e s e n t l y  exposed 

l e v e l  o f  the  i n t r u s i v e  complex are  t h o u g h t  t o  r e p r e s e n t  ba tches  o f  

magma p e r i o d i c a l l y  r e le a s e d  t o  h i g h e r  l e v e l s  f rom  a main magma 

s t o c k  a t  d e p th .  The main body o f  magma uas i t s e l f  moving upuards 

th ro u g h  the  c r u s t  and d i f f e r e n t i a t i n g  by 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 .  

The r e le a s e  o f  ba tches  o f  magma may have been caused by t e c t o n i c  

squeez ing  o f  th e  main magma b o d y . ( L e a k e ,  1970a) .

The r e s u l t s  o f  the  t r a c e  e lem en t  m o d e l l i n g  (C h a p te r  5) shou 

t h a t  the  b u l k  th e  v a r i a t i o n  i n  the  t r a c e  e lem en t  abundances o f  the  

m e t a b a s i t e - o r t h o g n e i s s  r o c k  s e r i e s  can be a d e q u a te l y  d e s c r i b e d  by

a. p rocess  i n t e r m e d i a t e  to  th e  tu o  t y p e s  o f  c lo s e d - s y s te m  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 o t a l  e q u i l i b r i u m  and s u r f a c 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 .  They a l s o  i n d i c a t e  t h a t  th e  a s s i m i l a t i o n  o f  p a r a ­

g n e is s  i s  e x t r e m e l y  i m p o r t a n t  i n  p r o d u c in g  the  f r a c t i o n a t i o n  l i n k  

be tueen the  m e ta b a s i te  and m e l a n o t o n a l i t i c  o r t h o g n e i s s  magmas. The 

sequence o f  f r a c t i o n a t i o n  f rom  the  m e ta b a s i t e  and o r t h o g n e i s s  

magmas, and t h e i r  c a l c u l a t e d  masses, r e l a t i v e  t o  the  i n i t i a l  magma 

mass (magma t y p e  BK1B2), a re  g i v e n  i n  f i g .  6 . 1 .  The sequence o f  

f r a c t i o n a t i o n  proposed i n  f i g .  6 .1  ag rees  e x t r e m e l y  u e l l  u i t h  the
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e x p e r i m e n t a l  phase r e l a t i o n s  o f  the  b a s a l t - a n d e s i t e - r h y o l i t e  sys tem,  

wh ich  are  summarised i n  Chap te r  3 .  The c a l c u l a t e d  masses o f  the  

v a r i o u s  m e ta b a s i te  and o r t h o g n e i s s  magma t y p e s ,  r e l a t i v e  t o  the  

BK1D2 m e ta b a s i t e  magma t y p e ,  f i t  r e a s o n a b ly  w e l l  w i t h  the  observed  

p r o p o r t i o n s  o f  the  v a r i o u s  ro c k  g roups  i n  the  i n t r u s i v e  complex,  

though the  o r t h o g n e i s s e s  are  s l i g h t l y  more abundant  a t  the  p r e s e n t  

e r o s i o n  l e v e l  than  the  model f o r c a s t s .  The model c o n f i r m s  the  

r e l a t i v e l y  m in o r  im p o r ta n c e  o f  the  g r a n i t i c  o r t h o g n e i s s  i n  the  

s e r i e s ,  and t h e r e f o r e  p r e d i c t s  t h a t  the  i n t r u s i v e  complex d i d  n o t  

fo rm  the  r o o t  o f  a g r a n i t i c  b a t h o l i t h  wh ich  has s in c e  been s t r i p p e d  

away by e r o s i o n .

The m e ta b a s i t e  magmas a re  presumed t o  have o r i g i n a t e d  i n  

t h e  m an t le  ( S e n i o r  and Leake,  m a n u s c r i p t )  and s in c e  th e  m e ta b a s i t e s  

a re  f a i r l y  s i m i l a r  t o  t h o l e i i t i c  r o c k s  ( i e .  t h e y  p l o t  i n  the  

t h o l e i i t i c  p a r t  o f  the  AFM d ia g ra m ,  e x h i b i t  an Fe e n r ic h m e n t  t r e n d ,  

and are  s u b a l k a l i n e ) , t h e y  have a p r o b a b le  sou rce  i n  th e  upper  

m a n t le  ( A l l e g r e  ejfc a l • ,  19B1) .  The low-ZLREE magma ty p e  BK1D2 has a 

REE* p a t t e r n  wh ich  i s  r e m a rk a b ly  LREE* e n r i c h e d ,  and t h e r e f o r e  t h i s  

magma type  i s  o b v i o u s l y  s t r o n g l y  f r a c t i o n a t e d .  S i m i l a r  REE* 

p a t t e r n s ,  though n o t  so ex t reme i n  t h e i r  LREE* e n r i c h m e n t ,  have 

been d e te rm in e d  i n  b a s a l t s  f rom  the  T y r r h e n ia n  Sea, a s m a l l  

m a r g in a l  b a s in  f l o o r e d  by o c e a n ic  c r u s t  o f  a t r a n s i t i o n a l  n a t u r e  ( 

i e .  between o c e a n ic  and c o n t i n e n t a l  c r u s t ) ,  i n  th e  w e s te rn  

M e d i t e r ra n e a n  Sea (H a m e l in ,  1979 ) .  I t  seems l i k e l y  t h a t  as the  

w i d t h  o f  th e  m a r g in a l  b a s in  i n c r e a s e s ,  the  new c r u s t  f o r m in g  i n  i t  

i s  i n c r e a s i n g l y  l i k e  t r u e  o c e a n ic  c r u s t  (Haw k ins ,  1977 ) .  The 

m e ta b a s i t e  REE* p a t t e r n s  are  v e r y  d i f f e r e n t  t o  t y p i c a l  MDRB (m id ­

ocean r i d g e  b a s a l t )  REE* p a t t e r n s ,  wh ich  are  o f t e n  LREE* d e p l t e d .  

T h e r e f o r e ,  the  BK102 m e ta b a s i t e  REE* p a t t e r n  may s ugg es t  t h a t  the  

m e ta b a s i te  magmas were i n t r u d e d  i n t o  a v e r y  t r a n s i t i o n a l  t ype  o f  

m a r g in a l  b a s in  ( i e .  f l o o r e d  by c r u s t  i n t e r m e d i a t e  t o  t r u e  o c e a n ic  

and t r u e  c o n t i n e n t a l  c r u s t )  wh ich  c o n t a i n e d  th e  D a l r a d i a n  

m e ta s e d im e n ta ry  p i l e .  C la ims t h a t  the  D a l r a d i a n  ro c k s  were 

d e p o s i t e d  i n  an e n s i a l i c  b a s in  ( P h i l l i p s  et_ a l . , 1976) are  

t h e r e f o r e  s u p p o r te d  by the  m e ta b a s i te  REE d a t a .

The m e ta b a s i t e  magma i n i t i a l l y  f r a c t i o n a t e d  an assemblage 

o f  c l i n o p y r o x e n e  and o r t h o p y r o x e n e ,  w i t h  th e  f o rm e r  phase be ing  

th e  more dom inan t  o f  th e  tw o .  T h is  l e d  t o  an Fe e n r ic h m e n t  t r e n d ,  

s i m i l a r  t o  t h a t  observed i n  t h o l e i i t i c  r o c k  s e r i e s ,  and a l s o  to



a t r e n d  o f  SiD^ d e p l e t i o n ,  i n  th e  magma. Houever ,  a t  some p o i n t  

a f t e r  the  magma had d i f f e r e n t i a t e d  t o  th e  BK13B magma t y p e ,  these  

t u o  t r e n d s  were re v e r s e d  and t h i s  i s  a t t r i b u t e d  i n  t h i s  t h e s i s  t o  

th e  a s s i m i l a t i o n  o f  s i l i c e o u s  p a r a g n e i s s .  The a s s i m i l a t i o n  o f  

s e d im e n ta ry  m a t e r i a l  u o u ld  have caused the  f r a c t i o n a t i o n  o f  

p l a g i o c l a s e  i n  the  magma and u o u ld  have q u i c k l y  d r i v e n  th e  magma to  

more s i l i c e o u s  c o m p o s i t i o n s .  A t  these  new, r o u g h l y  a n d e s i t i c  

c o m p o s i t i o n s ,  th e  f r a c t i o n a t i o n  o f  p l a g i o c l a s e ,  f rom  th e  magma, 

c o u ld  proceed  w i t h o u t  the  need o f  f u r t h e r  a s s i m i l a t i o n  o f  

p a r a g n e i s s .  The sudden r e v e r s a l  o f  th e  Fe e n r ic h m e n t  and the  SiD^ 

d e p l e t i o n  t r e n d s ,  may sugg es t  t h a t  the  m e ta b a s i t e  magma broke  

t h ro u g h  i n t o  the  D a l r a d i a n  c o v e r  a t  t h i s  p o i n t ,  a f t e r  p a s s in g  

t h ro u g h  r e l a t i v e l y  r e f r a c t o r y  basement .  I f  t h i s  a s s i m i l a t i o n  o f  

p a r a g n e is s  had n o t  o c c u r r e d  i t  i s  p r o b a b le  t h a t  the  m e ta b a s i te  

magma would have c o n t in u e d  to  f o l l o w  a t h o l e i i t i c  c r y s t a l l i s a t i o n  

sequence end ing  w i t h  th e  c r y s t a l l i s a t i o n  o f  f a y a l i t e  + q u a r t z .

The proposed  deve lopmen t  o f  th e  m e ta b a s i te  magma 

c o m p o s i t i o n  may th ro w  l i g h t  o n to  the  p rob lem  o f  the  d e r i v a t i o n  o f  

g r a n i t i c  magmas wh ich  have a s i g n i f i c a n t  m a n t le  component.  I t  may 

be t h a t  g r a n i t e  magmas canno t  fo rm  f rom  m a n t l e - d e r i v e d  magma by 

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 ro c e s s e s ,  w i t h o u t  some i n c o r p o r a t i o n  

o f  a s i l i c e o u s  c r u s t a l  component ,  by a s s i m i l a t i o n .  T h i s  i s  a l s o  

sugges ted  by A l l e g r e  and Ben Dthman (19BD),  and DePaoloC19BB, 19B1) 

on the  b a s i s  o f  Nd i s o t o p i c  e v idenc e  f ro m  young « 1 . B  Ma) g r a n i t o i d  

r o c k s ,  i e .  th e  S i e r r a  Nevada b a t h o l i t h i c  g r a n i t o i d s .  I n  t h i s  s t u d y ,  

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

been c a l c u l a t e d  t o  r e p r e s e n t  o n l y  6% o f  th e  mass o f  t h e  i n i t i a l  

BK1D2 magma t y p e .  C l e a r l y ,  much l a r g e r  amounts o f  a s s i m i l a t i o n  

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

a re  needed t o  f o rm ,  say ,  the  g r a n i t o i d  b a t h o l i t h s  o f  th e  S i e r r a  

Nevada. F u r t h e r m o r e ,  t h e  a s s i m i l a t i o n  o f  s i l i c e o u s  p a r a g n e i s s ,  by 

th e  m e ta b a s i te  magma, caused th e  f r a c t i o n a t i o n  o f  dom inan t  

p l a g i o c l a s e  ov e r  a w ide magma c o m p o s i t i o n  i n t e r v a l .  T h i s  i n d i c a t e s  

t h a t  l a r g e  volumes o f  p l a g i o c l a s e - r i c h  c um u la te s  u n d e r l y  the  

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

may e x p l a i n  th e  o r i g i n  o f  a n o r t h o s i t e  m a s s i f s .  UJiebe (19BD),  and 

Duchesne and D e m a i f fe  (197B) p o i n t  o u t  t h a t  a n o r t h o s i t e  m a s s i f s  

a re  i n v a r i a b l y  su r ro unde d  by a m p h i b o l i t e  t o  g r a n u l i t e  grade 

p a r a g n e i s s e s , wh ich o f t e n  c o n t a i n  g r a n i t e  i n t r u s i o n s ,  t h o u g h t  t o  be



a n a t e c t i c  m e l t s  t h a t  were d e r i v e d  f rom  the  s u r r o u n d in g  c r u s t  a t  the  

t im e  o f  emplacement o f  the  a n o r t h o s i t e  mass ( B u d d in g to n ,  1972) .  

UJiebe (19BD) advo ca te s  t h a t  a n o r t h o s i t e s  are  formed as cum u la tes  

f rom  an e x t r e m e l y  f e l d s p a t h i c  p a r e n t a l  magma, and i n d i c a t e s  t h a t  

t h i s  magma may be d e r i v e d  by th e  p r o lo n g e d  f r a c t i o n a t i o n  o f  

py roxene  f rom  a t h o l e i i t i c  magma. Uiebe does n o t  c o n s i d e r  the 

a s s i m i l a t i o n  o f  the  p a r t i a l l y  m o l te n  c o u n t r y  r o c k s  by t h i s  

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

f r a c t i o n a t i o n  w i t h o u t  the  need f o r  an e x t r e m e l y  f e l d s p a t h i c  

p a r e n t a l  magma.

6 .2  Genera l  c o n c l u s i o n s  o f  t h i s  w o rk .

The f o l l o w i n g  c o n c l u s i o n s  have been reached i n  t h i s  s tu d y  

o f  the  r o c k s  o f  the  Connemara s y n t e c t o n i c  i n t r u s i v e  c o m p le x : -

1.  The m e ta b a s i t e  and o r t h o g n e i s s  r o c k s  are  comagmatic and 

r e p r e s e n t  the  sequence o f  c o m p o s i t i o n s  a t t a i n e d  by an i n i t i a l  

magma t y p e  e v o l v i n g  f rom  b a s a l t i c  c o m p o s i t i o n  ( i e .  the  m eta -  

b a s i t e s ) ,  th ro u g h  a n d e s i t i c  c o m p o s i t i o n  ( i e .  the  t o n a l i t i c  

o r t h o g n e i s s e s ) ,  t o  ‘d a c i t i c  and r h y o l i t i c  c o m p o s i t i o n s  ( i e .  the  

g r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s ) .

2 .  The main magmatic p ro c e s s  o p e r a t i n g  on th e  magma th r o u g h o u t  

t h i s  sequence was 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 s i m i l a t i o n  o f  

p a r a g n e is s  by th e  magma was i m p o r t a n t  d u r i n g  the  t r a n s i t i o n a l  

s tage  o f  d i f f e r e n t i a t i o n  between th e  m e ta b a s i te  and melano-  

t o n a l i t i c  o r t h o g n e i s s  magma t y p e s .

3 .  The magma i n i t i a l l y  c r y s t a l l i s e d  c l i n o p y r o x e n e  and o r t h o -  

pyroxene  and i t s  c o m p o s i t i o n  p ro g re s s e d  a long  a t h o l e i i t i c  

t r e n d .  However,  the  a s s i m i l a t i o n  o f  p a r a g n e is s  caused the  

s t a b i l i s a t i o n  o f  p l a g i o c l a s e  as a p r im a r y  l i q u i d u s  phase,  as 

w e l l  as e n r i c h i n g  th e  magma i n  SiD^ and d e p l e t i n g  i t  i n  Fe.

The f r a c t i o n a t i o n  o f  a p l a g i o c l a s e  dom ina ted  phase assemblage 

d rove  the  magma th ro u g h  a n d e s i t i c  c o m p o s i t i o n s  t o  more 

s i l i c e o u s  ones .  Ho rnb lende  superseded p l a g i o c l a s e  as the  

p r im a r y  l i q u i d u s  phase and these  two phases f r a c t i o n a t e d  f rom  

the  magma t o  produce th e  l e u c o t o n a l i t i c  o r t h o g n e i s s  magma t y p e .  

Due t o  t h e  b u i l d  up o f  H^D i n  the  magma, the  s t a b i l i t y  f i e l d  o f  

p l a g i o c l a s e  dropped w e l l  be low the  magma l i q u i d u s  and 

f r a c t i o n a t i o n  o f  p l a g i o c l a s e  ceased .  F u r t h e r  f r a c t i o n a t i o n  o f  

h o rn b le n d e  w i t h  q u a r t z  p roduced the  g r a n o d i o r i t i c  and g r a n i t i c



o r t h o g n e i s s  magma t y p e s .

A. In  the  t r a c e  e lem en t  m o d e l l i n g  o f  th e  f r a c t i o n a t i o n  p ro c e s s ,  

the  o r t h o g n e i s s  c o r re s p o n d s  t o  o n l y  c .  10% o f  the  t o t a l  mass 

o f  the  i n i t i a l  magma (see f i g . 6 . 1 ) .  T h e r e f o r e  i t  i s  c l e a r  t h a t  

the  i n t r u s i v e  complex d i d  n o t  fo rm  th e  r o o t  o f  a g r a n i t o i d  

b a t h o l i t h  u h i c h  has s in c e  been s t r i p p e d  away.

5 .  H igh t e m p e ra tu r e s  ( c .  900° C) were reached  i n  the  D a l r a d ia n  

c o u n t r y  r o c k s  u h i c h  m an t led  th e  r i s i n g  m e l a n o t o n a l i t i c  

o r t h o g n e i s s  magmas and t h i s  caused l a r g e  degrees  o f  p a r t i a l  

m e l t i n g  a c ro s s  a broad a u r e o le  zone .

6.  I t  i s  sugges ted  t h a t  l a r g e  g r a n i t o i d  b a t h o l i t h s  c o n t a i n i n g  a 

s i g n i f i c a n t  m a n t l e - d e r i v e d  component ,  may be formed f rom 

b r o a d l y  t h o l e i i t i c  magma, perhaps  i n i t i a l l y  c o n t a i n i n g  a f e u  

p e r c e n t  H^O, u h i c h  i n t e r a c t s  u i t h ,  and a s s i m i l a t e s ,  a 

r e l a t i v e l y  s i l i c e o u s  c r u s t a l  component,  e a r l y  on i t s  e v o l u t i o n .  

T h is  u o u ld  p r e v e n t  a s i g n i f i c a n t  t r e n d  o f  Fe e n r ic h m e n t  l i k e  

th e  one shown by the  m e ta b a s i t e  r o c k s ,  and i t  would  a l s o  

produce much l a r g e r  volumes o f  g r a n i t o i d  magma than  observed

i n  t h i s  s t u d y .  From t h i s  h y p o t h e s i s  i t  can be p r e d i c t e d  t h a t  

l a r g e  vo lumes o f  g r a n i t o i d  magmas w i l l  fo rm  where m an t le  

magmas i n t e r a c t  w i t h  t h i c k  c o n t i n e n t a l  c r u s t ,  i e .  a t  

c o r d i l l e r a n  p l a t e  m a rg in s ,  and t h i s  i s  i n f a c t  where g r a n i t o i d  

r o c k s  are  most v o lu m in o u s .

6 .3  S u g g e s t io n s  f o r  f u r t h e r  r e s e a r c h .

F u r t h e r  work i s  needed t o  s u b s t a n t i a t e  e v idenc e  g a th e re d  i n  

t h i s  t h e s i s  t h a t  ho rn b le n d e  f r a c t i o n a t i o n  was n o t  th e  dom inan t  

i n f l u e n c e  i n  t h e  p r o d u c t i o n  o f  the  o r t h o g n e i s s  r o c k s  f rom  the  

s t r o n g l y  f r a c t i o n a t e d ,  F e - r i c h  m e ta b a s i t e  magma type  ( r e p r e s e n t e d  

by sample BH138).  I t  i s  sugges ted  t h a t  th e  e f f e c t s  o f  H^O c o n t e n t  

on th e  phase r e l a t i o n s  o f  a r o c k  c o m p o s i t i o n  s i m i l a r  t o  t h a t  o f  

sample BK138 s h o u ld  be d e te rm in e d  e x p e r i m e n t a l l y .  T h i s  s tu d y  

would a l s o  r e q u i r e  th e  d e t e r m i n a t i o n  o f  H^O dependent  phase 

r e l a t i o n s  o f  a m e l a n o t o n a l i t i c  o r t h o g n e i s s  c o m p o s i t i o n  ( i e .  t h a t  o f  

sample BK406).  P resum ab ly ,  t h e  H^O l e v e l s  needed t o  promote  

dom inan t  h o rn b le n d e  f r a c t i o n a t i o n  i n  th e  m e l t ,  f rom  th e  BK138 and 

BKAQ6 magma t y p e s ,  would i n h i b i t  the  f r a c t i o n a t i o n  o f  p l a g i o c l a s e .  

The e f f e c t s  o f  a s s i m i l a t i o n  on the  phase r e l a t i o n s  o f  the  BK138



magma type  c o u ld  be d e te rm in e d  by add ing  v a r i o u s  q u a n t i t i e s  o f  

th e  m o b i l i s a t e  component o f  t h e  p a r a g n e is s  t o  the  e x p e r im e n ta l  

c h a rg e .
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Append ix  1.

Rock A n a ly s e s .

T h is  ap p e n d ix  l i s t s  the  a n a ly s e s  o f  50 r o c k s  f rom  th e  

C ashe l ,  Shannavara ,  and G l i n s k  d i s t r i c t s  o f  S.Connemara.

A l l  m a jo r  e lem en t  a n a l y s i s ,  a p a r t  f rom  t h a t  f o r  FeO, uas 

c a r r i e d  o u t  on fu s e d  beads (Harvey  e t  a l . ,  1972 ) ,  u s in g  a P h i l l i p s  

PW1A5B s e q u e n t i a l  a u t o m a t i c  X - r a y  f l u o r e s c e n c e  s p e c t r o m e te r  u h i c h  

i s  d r i v e n  by a P h i l l i p s  P/852M m in i c o m p u t e r .  FeD uas a n a ly s e d  by 

t i t r a t i o n .  A l l  t r a c e  e lem en t  a n a l y s i s ,  ex c ep t  f o r  t h a t  o f  Sc and 

the  REE's,  uas c a r r i e d  o u t  on p ressed  powder p e l l e t s  (Leake £ t  a l . ,  

1969) ,  u s in g  a P h i l l i p s  PLI122C X - r a y  f l u o r e s c e n c e  s p e c t r o m e t e r .  The 

XRF d a ta ,  o u t p u t  on punched paper  t a p e ,  was p rocessed  by a Data 

G enera l  Nova 2 m in i c o m p u te r  w i t h  16K co re  s to ra g e  u s in g  programs 

w r i t t e n  by Dr C .M .Fa r row  o f  the  D e p t ,  o f  G eo logy ,  Glasgow 

U n i v e r s i t y .

The REE's and,Sc were d e te rm in e d  by i n 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  a n a l y s i s  ( IN A A ) ,  u s in g  a method s i m i l a r  t o  t h a t  o f  Moyes

and W h i t l e y ,  (1977 )  . Four  ba tches  o f  r o c k s  were a n a ly s e d ,  each

b a tc h  c o n s i s t i n g  o f  between 8 and 13 ro c k  samples ,  3 samples o f

the  U .S .G .S .  S tand a rd  B a s a l t ,  BCR-1, and one pure  Eu s t a n d a r d .

In  a l l ,  A1 ro c k  samples were a na ly s ed  f o r  the  REE's and Sc, and the

da ta  f o r  37 o f  these  i s  s u f f i c i e n t  t o  draw s a t i s f a c t o r y  c h o n d r i t e -

n o r m a l i s e d  REE p a t t e r n s .  The e lem e n ts  L a ,S m ,Y b ,Lu ,E u ,T b  and Sc were

ana ly s e d  u s in g  an 80 cm^ c o a x i a l  G e (L i )  gamma r a y  d e t e c t o r ,  w i t h  a

r e s o l u t i o n  o f  2 .2  Kel/. a t  1 .332 Mel/ . ,  w h ic h ,  f o r  the  f i r s t  two

sample b a t c h s ,  was l i n k e d  t o  a Nova 1210 m in i c o m p u te r  programmed to

o p e ra te  as a AC96 chan ne l  a n a l y s e r .  The e lem e n ts  Ce and Nd were
2

ana ly s e d  u s in g  a 0 .5  cm p l a n a r  G e (L i )  gamma-ray d e t e c t o r ,  w i t h  a 

r e s o l u t i o n  o f  623 el/ a t  122 Kel/ ,  wh ich  f o r  th e  f i r s t  two sample 

b a t c h s ,  was l i n k e d  t o  a D i g i t a l  PDP8/E m in i c o m p u te r  u t i l i s i n g  20A8 

c h a n n e ls .  For  th e  t h i r d  and f o u r t h  sample b a t c h s ,  the  two G e ( L i )  

d e t e c t o r s  were l i n k e d  to  an E. & EG. D r t e c  7C32 Data A q u i s i t i o n  and 

A n a l y s i s  System, wh ich  has f o u r  in d e p e n d e n t  AC96 channe l  a n a l y s e r s  

a l l  i n t e r f a c e d  t o  an LS I -11  m in i c o m p u t e r .  The r a d i o - i s o t o p e s ,  and

t h e i r  pho top eaks ,  used i n  th e  a n a l y s i s  o f  the  REE's and Sc a r e : -
1AG 1A1 1A7

La (1596 K e l / ) , T e  (1A5 K e l / ) , Nd (91 Ke l / ) ,  IDJSm (103 Kel / ) ,

152Eu (1AC8 Ke l / ) ,  16DTb (966 -963  Kel/, p a i r  p e a k ) ,  175Yb ( 2 8 3 , 3 9 6 ) ,
*1 r 7 r7 Ll Pi

Lu (208 Kel/) and Sc (889 Ke l / ) .  The c o n c e n t r a t i o n  o f  an e lem en t



i n  the  sample ,  can be c a l c u l a t e d  f rom  the  s i z e  c f  the  phc tcpea ks  c f  

i t s  r a d i o - i s o t o p e s .  Phc tcpeak  a re a s ,  f o r  th e  f i r s t  t h r e e  sample 

b a t c h s , . w e r e  c a l c u l a t e d  cn a Neva 3 m in i c o m p u te r  u s in g  a cumputer  

p rogram,  C o v e l .  T h i s  program c a l c u l a t e s  th e  peak area  above a 

smoothed backg ro und .  Photopeak a reas  f o r  th e  f o u r t h  ba tch  o f  samples 

uere  c a l c u l a t e d  u s in g  th e  'Gamma I I '  spec t rum  a n a l y s i s  program 

p r o v id e d  i n  th e  s o f tw a r e  package a s s o c i a t e d  w i t h  th e  LS I-11  

m in i c o m p u t e r .  The REE and Sc c o n t e n t s  o f  t h e  samples were c a l c u l a t e d  

f rom  the  sample pho topeak  a re a s ,  u s in g  th e  average pho topeak a reas  

o f  th e  b a s a l t  BCR-1 as a s ta n d a r d  r e f e r e n c e .  The recommended REE 

and Sc c o n t e n t s  o f  BCR-1 are g i v e n  i n  F lanag an ,  1969.

The a n a l y s i s  and da ta  p r o c e s s i n g ,  i n v o l v e d  i n  the  

d e t e r m i n a t i o n  o f  the  REE's and Sc, were c a r r i e d  o u t  a t  the  S c o t t i s h  

U n i v e r s i t i e s  Research  and R e a c to r  C e n t re ,  Eas t  K i l b r i d e .  A l l  o f  the  

o t h e r  t r a c e  e lem en t  d a ta  and th e  m a jo r  e lem e n t  d a ta  was d e te rm in e d  

i n  th e  G eochem is t ry  U n i t  a t  the  D e p t ,  o f  G eo logy ,  Glasgow 

U n i v e r s i t y .

The l i m i t  o f  d e t e c t i o n  o f  th e  t r a c e  e lem e n ts  ana lysed  by 

XRF methods i s  shown b e l o w : -
*

Cr 1 ppm Y 3 ppm La 6 ppm

Co 10 Zr 6
*

Ce 2

IMi k Nb 2 Pb 1L.5

Rb 3 Ba 7 Th 9

Sr 3

( *  La and Ce were d e te rm in e d  by XRF a n a l y s i s  f o r  those  ro c k s  n o t  

s u b je c t e d  t o  INAA a n a l y s i s . )

A ccu racy  i s  a f u n c t i o n  o f  c o n c e n t r a . t i o n , and so any a c c u ra c y  

e s t im a t e  must be accompanied by some a p p ro x im a te  c o n c e n t r a t i o n  l e v e l  

, a t  wh ich the  a c c u ra c y  e s t im a t e  i s  v a l i d .  The a c c u ra c y  o f  the  

REE and Sc a n a ly s e s  are  g i v e n  b e l o w : -

La -  l e s s than  3% e r r o r  on c o n c e n t r a t i o n s g r e a t e r  than  1C ppm.

Ce- i 10% ii n 10 ppm.

Sm- ' 5% ii .. 1 ppm.

Eu- » 6% i i i. . 1 ppm.

Tb- i 10% i i i i  C.L ppm.

Lu -  i 5% it .. C.2 ppm.

Yb- i 10% i i i i  C.5 ppm.

Sc-  » . 3% i i » 10 ppm.

* * - e s t i m a t e d  e r r o r .



The a c c u ra c y  o f  d e t e r m i n a t i o n  o f  the  m a jo r  e lem en ts  i s  

e s t im a t e d  b e l o u : - .

S i 0 2 0.5% MgO 0.5%

T i 0 2 0.05% CaO 0.5%

A12°3 0.5% Na20 0.5%

t F e 203 0.5% k 2o 0.3%

MnO 0.05% P2D5 0.05%

In  th e  f o l l o u i n g  da ta  t a b l e s  the  f o r m a t  c o n s i s t s  o f ,  i n .  

descend ing  o r d e r ,  m a jo r  e le m e n ts ,  t r a c e  e le m e n ts ,  REE's and Sc, 

s e l e c t e d  CIPLJ n o r m a t i v e  m i n e r a l s ,  N .P .C .  and N . C . I .  (see f i g .  3 .1  ,

f o r  e x p l a n a t i o n ) ,  and th e  QAP p a ra m e te rs  (see f i g .  2 . 2  , S t r e k e i s e n  

modal c l a s s i f i c a t i o n  d i a g r a m ) .  The c a l c u l a t i o n  o f  the  CJPUJ norms 

and the  IM.P.C. and N . C . I .  p a ra m e te rs ,  uas c a r r i e d  o u t  u s in g  a CIPUJ 

norm computer  p rogram i n t e g r a t e d  . u i t h  th e  . .Glasgou Geochemical  

U n i t ' s  Data R e t r i e v a l  System, u h i c h  i s  a v a i l a b l e  on th e  Glasgou 

U n i v e r s i t y  ICL 2976 ma in f rame co m p u te r .  The Data R e t r i e v a l  System 

uas s e t  up by Mr I  .UJ. Fe rguson .  The c a l c u l a t i o n  o f  the  QAP 

p a ram e te rs  has a l r e a d y  been d e s c r i b e d  (C h a p te r  2 ) .

The ro c k  samples a re  grouped i n t o  th e  main r o c k  t y p e s ,  and 

i n  each group t h e y  a re  o rd e re d  a c c o r d i n g  to  t h e i r  SiD^ c o n t e n t .  A l l  

m a jo r  e lemen t  a n a ly s e s  have been r e c a l c u l a t e d  on an anhydrous  b a s i s .  

The l i s t  o f  a n a ly s e s  i s  com pr ised  o f : -  

Tab le  A -  M e t a b a s i t e s .

Tab le  B T o n a l i t i c  o r t h o g n e i s s e s .

Tab le  C -  G r a n o d i o r i t i c  and g r a n i t i c  o r t h o g n e i s s e s .

Tab le  D -  K f - b e a r i n g  t o n a l i t i G  o r t h o g n e i s s e s  and 

p a r a g n e i s s e s .

M is s in g  v a lu e s  a re  i n d i c a t e d  by a dash ( - ) ,  and these  v a lu e s  

have e i t h e r  n o t  been a n a l y t i c a l l y  d e te r m in e d ,  o r  n o t  c a l c u l a t e d .
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TABLE.A M e t a b a s i t e s .

138 117 119 8*4 102 95 139 116

5102 *41.75 LA .71 L6.L5 L7.L8 L9.81 *49.92 *49.93 L9.9L
TID2 1.L7 0 .5 2 0 .3 0 1 .39 0 .3 6 0 .L 8 0.7*4 0 .7 5
AL203 18.3*4 17.73 18.77 19.03 1*4.7*4 15.73 20.01 1*4.76
FE203 10.91 *4.91 3 .6 8 6 .3 3 3 .0 0 2.7*4 2 .0 7 3 .L 9
FED 7 .1 8 8 .L 6 7 .0 3 6 .81 7 .2 0 6.6*4 5 .6 9 7 .1 1
MIMO 0 .2 0 0 .2 0 0 .2 2 0 .1 8 0 .1 9 0 .1 8 0.1*4 0 .1 9
MGD 6.0*4 8 .0 7 8 .7 0 *4.9*4 12.0*4 11.39 6 .9 5 9 .0 7
CAO 11.70 13.56 11. 6L 10.19 10.20 10.*42 11.67 11.51
IMA 20 0 .9 8 1 .03 1.3*4 2 .20 0 .6 9 1 .53 1 .76 1 .^7
K20 0 .8 9 0 .7 9 1 .86 0 .8 7 1 .67 0 .8 6 0 .8 5 1.^0
P2Q3 0 .5 3 0 .0 2 0 .01 0 .5 7 0 .0 6 0 .0 6 0 .1 8 0 .2 6

TOTAL 100.00 100.00 100.00 100.00 100 .00 100.00 100.00 100.00
tFEO 16.99 12.87 10.3*4 12.50 9 .9 0 9 .1 0 7 .5 5 10.25

CR 39 .0 0 53 .00 62 .00 67 .0 0 190.00 175.00 102.00 257 .00
IMI 10.00 *4.00 5 .0 0 1 .00 8 5 .0 0 73 .00 26 .0 0 6 3 .0 0
CO 56 .0 0 3 5 .00 32 .00 - *45.00 <43.00 3 3 .00 56 .0 0
RB 32 .00 - 59 .00 - 55 .00 2 5 .00 2 3 .00 36 .00
SR *479.00 158.00 131.00 - *4*48.00 18L.00 522 .00 212 .00
Y 18.00 - 6 .0 0 - 5 .00 6 .0 0 1*4.00 19.00
ZR 8 5 .0 0 21 .00 2 .00 1*49.00 27 .00 55 .00 60 .00 55 .0 0
IMB 5 .0 0 *4.00 5 .0 0 10.00 5 .0 0 9 .0 0 9 .0 0 9 .0 0
BA 3 10 .00 221 .00 *405.00 3*42.00 329 .00 19L.00 212 .00 3 21 .00
PB 12.00 - 21 .00 2*4.00 1*4.00 21 .00 1*4.00 8 6 .0 0
TH *4.00 - 3 .00 3 .0 0 *4.00 5 .0 0 5 .00 0 .0 0

LA 17.57 15,00 11.55 L3.56 7 .1 5 7.5*4 17.0*4 9 .0 0
CE 35 .50 - 12.77 89 .0 0 1̂ .51 11.71 3 7 .30 *43.00
IMD 13.70 - 2 .23 - - 3 .2 9 23 .0 0 -

SM *4 • *4 6 - 1 .16 8 .*47 1.71 1 .56 3 .8 3 -

EU 1 .*48 - 0  • *4 1 1 .63 0.*42 0 .5 0 1 .03 -

TB 0 .L 9 - - 0 .7 8 0 .1 9 - 0.*49 -

YB 1 • *4 1 - 0 .8 0 1 .18 . 0 .8 0 0 .9 9 1 .16 -
LU 0 .2 2 - 0 .1 7 0 .2 7 0 .1 2 0.1*4 0 .1 9 -

SC *42.70 - 79 .00 30 .10 30 .5 0 38.6*4 33 .95 -

AP 1.23 0 .0 5 0 .0 2 1 .32 0.1*4 0.1*4 0.*42 0 .6 0
IL 2 .7 9 0 .9 9 0 .5 7 2.6*4 0 .6 8 0 .91 1 • <4 1 1.*42
OR 5 .2 6 *4.67 10.99 5.1*4 9 .8 7 5 .0 8 5 .0 2 8 .2 7
AB 8 .2 9 8 .71 11.21 18.61 5.8*4 12.9*4 1*4.89 1 2 . *4*4

AIM *43.02 *4 1 . *4 2 39.71  ‘ 39.*48 32 .19 33.51 *4*4.19 29.5*4
C 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
MT 15.82 7 .1 2 5.3*4 9 .1 8 *4.35 3 .9 7 3 .0 0 5 .0 6
HM 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
DIUO *4.83 10.7*4 7 .5 0 3 .0 7 7 .5 2 7.<43 5 .23 10.80
DIEIM 3.8*4 6 .6 2 *4.88 2 .0 3 5 .1 7 5 .1 6 3.*40 7 .1 7
DIFS 0 • <4 <4 3 .5 0 2 .11 0 .8 2 1.75 1 .66 1.*48 2.8*4
HYEIM 11.21 2 . L7 0 .0 0 10.28 22 .2 7 18.57 i 3 • 91 15.*41
HYFS 1.30 1.31 0 .0 0 *4.16 7.5*4 5 .9 8 6.0*4 6 .1 0
Q 1 .77 0 .0 0 0 .00 3 .0 8 0 .0 0 0 .0 0 0 .8 6 0 .1 0
OLFO 0 .0 0 7 .71 11.76 0 .0 0 1 .78 3 .25 0 .0 0 0 .0 0
QLFA 0 .0 0 '4.*49 5 .61 0 .0 0 0 .6 7 1 .15 0 .0 0 0 .0 0
IME 0 .0 0 0 .0 0 0 .0 7 0 .0 0 O . O C 0 .0 0 0 .0 0 0 .0 0

N.P.C 83.8*4 8 2 .63 77.91 67 .96 8*4.6*4 72.1*4 7*4.79 70 .3 7
IM.C.I *40.22 *4 *4.9*4 37.76 32 .18 51 .72 *48.07 3*4.*46 *48.79

KF% - - - 0.00 0.00 0 .0 0 0.00 0.00
Q% — — - 0.00 0.00 0.00 0.00 0.00
PLAG% — — - 100.00 100.00 100.00 100.00 100.00



TABLE. A M e ta b a s ite s . ( Cant .  )

85 408 96 94 93 123

S I02 50.11 51 .17 51 .3 3 51 .6 7 54 .3 6 5 3 . 44
T I02 1.03 0 .2 8 0 .4 8 0 .6 3 0 .81 0 .81
AL203 17.30 7 .7 4 11.68 15.89 16.43 14.49
FE203 5 .6 2 2 .29 1 .86 3 .2 0 5 .2 8 3 .0 4
FED 6 .1 7 5 .95 7 .4 8 6 .0 2 5 .7 5 5 .2 2
MIMO 0 .1 9 0 .1 9 0 .1 9 0 .1 8 0 .2 3 0 .1 7
MGO 6 .0 8 19.03 13.03 9 .3 9 4 .9 4 8 .2 0
CAO 10.60 12. 24 10.62 9 .9 7 7 .5 8 7 .5 8
MA20 1 .78 0 .4 2 1 .38 2 .0 3 2 .8 2 5 .0 2
K20 0 .9 5 0 .2 5 1.71 1 .08 1 .62 1.61
P203 0 .1 6 0 .0 3 0 .1 1 0 .1 4 0 .1 7 0 .3 7

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00
tFEO 11.22 8 .01 9 .15 8 .9 0 10.50 7 .9 5

CR 5 8 .00 2540.00 723 .00 8 8 .0 0 4 6 .00 241 .00
IMI 20 .00 334 .00 164.00 6 9 .0 0 1 .00 6 0 .00
CO 39.00 57 .00 4 2 .00 44 .00 31 .00 32 .00
RB 32.00 13.00 65 .0 0 2 8 .0 0 54 .00 2 8 .00
SR 588.00 5 5 .00 249 .00 195.00 357 .00 570 .00
Y 12.00 1 .00 9 .0 0 4 0 .00 89 .0 0 16.00
ZR 105.00 35 .00 6 4 .0 0 53 .0 0 97 .00 107.00
MB 8 .0 0 8 .0 0 7 .0 0 10.00 15.00 10.00
BA 373.00 117 .00 468 .00 219 .00 384 .00 - 486 .00
PB 20.00 0 .0 0 44 .00 20 .0 0 24 .00 67 .00
TH 7 .0 0 0 .0 0 4 .0 0 1 .00 9 .00 7 .00

LA 24 .29 3 .94 15.10 14.12 2 3 .00 32.00
CE 48 .00 12.10 23 .2 9 4 4 .20 77 .00 6 4 .00
MD - - - 2 3 .60 - -
SM 5 .02 1.51 3 .71 4 .85 - -
EU 1.17 0 .4 9 0 .6 3 0 .8 2 - -
TB 0 .4 3 0 .2 7 0 .5 4 0 .5 7 - -
YB 1.69 0 .6 5 1 .47 3 .3 3 _ -
LU 0 .2 4 0 .1 6 0 .2 2 0 .5 2 _ -
SC 25.51 71 .06 37.6b 51 .1 2 - -

AP 0 .3 7 0 .0 7 0 .2 6 0 .3 3 0 .4 0 0 .8 6
IL 1 .96 0 .5 3 0 .91 1 .20 1 .54 1.54
OR 5 .61 1 .48 10.11 6 .3 8 9 .5 7 9 .51
AB 15.06 3 .55 11.67 17.17 23 .86 37.97
AM 35.41 18.50 2 0 .63 31 .0 6 2 7 .39 12.25
C 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00
MT 8 .1 5 3 .32 2 .7 0 4 .6 4 7 .6 6 4.41
HM 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00
DIlilO 6 .3 2 17.55 13.09 6 .8 5 3 .80 9 .58
DIEM 4 .3 7 13.33 8 .9 2 4 .77 2 .5 3 6 .82
DIFS 1 .44 2 .41 3 .1 4 1 .50 1 .00 1 .92
HYEM 10.77 29 .47 14.20 18.61 9 .7 8 0 .00
HYFS 3 .5 5 5 .33 4 .9 9 5 .87 3 .86 0 .00
Q 5 .7 9 0 .0 0 0 .0 0 1 .42 8 .3 8 0 .00
OLFO 0 .0 0 3 .22 6 .5 3 0 .0 0 0 .0 0 9 .53
OLFA 0 .0 0 0 .6 4 2 .53 0 .0 0 0 .0 0 2 .95
ME 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 2 .44

M.P.C 70 .74 83 .9 0 63 .8 7 64 .3 9 53 .44 23.63
M .C .I 36 .56 75 .79 57 .00 43 .43 30 .17 36.75

KF% 0 .0 0
Q% o.oo
PLAG% 100.00

0 .00  0 .00
0 .0 0  6 .1 7

100.00  93 .83



TABLE. B T o n a l i t i c  o r t h o q n e i s s e s .

97 137 136 113 107 106 124 406

SID2 52 .90 54 .59 5 3 .03 54 .95 5 5 .2 2 5 5 .3 0 56 .2 4 5 6 .0 4
T I0 2 1 .35 1.09 1.11 1 .20 1 .02 1 .05 0 .6 7 1 .17
AL2D3 15.23 20.91 10.99 15.54 19.60 10.95 17.00 15.60
FE203 6 .9 6 1.63 3 .9 4 7 .0 4 3 .9 3 4 .2 7 3 .9 7 5 .7 5
FEO 7 .0 7 5 .4 7 5 .31 6 .1 7 4 .1 2 4 .21 5 .1 6 5 .1 3
MIMO 0 .1 7 0 .10 0 .1 2 0 .2 2 0 .1 3 0 .1 2 0 .21 0 .2 0
MGO 4 .5 0 2 .9 2 3 .Ul* 4 .45 3 .2 4 3 .3 6 4 .05 4 .0 6
CAO 6 .9 6 7 .0 0 0 .4 1 6 .70 7 .2 0 7 .5 5 7 .31 7 .2 4
IMA20 2 .0 0 2 .29 2 .9 2 2 .04 3 .0 5 2 .7 9 3 .0 7 2 .1 0
K20 2 .5 0 2 .7 2 1 .5 4 1.41 2 .1 2 1 .92 2 .01 1 .56
P203 0 .3 0 0 .4 0 0 .3 9 0 .2 7 0 .3 7 0 .3 9 0 .2 2 0 .2 6

TOTAL 100.00 100.00 100 .00 100.00 100.00 100 .00 100.00 100 .00
tFEO 13.09 6 .9  4 0 .0 5 12.50 7 .6 5 0 .0 5 0 .7 3 10.30

CR 9 9.00 20 .00 30 .0 0 59 .0 0 3 1 .00 35 .0 0 61 .0 0 <♦7.00
MI 10.00 3 .00 1 .00 2 .0 0 0 .0 0 1 .00 10.00 0 .0 0
CO 3 1.00 27 .00 25 .00 23 .00 14 .00 17.00 21 .00 14.00
RB 0 1 .0 0 0 1 .00 39 .0 0 49.00 6 0 .0 0 6 1 .0 0 - <♦7.00
SR 415.00 744 .00 0 22 .00 537 .00 7 02 .00 6 61 .00 001 .00 2 92 .00
Y 3 3.00 24.00 3 0 .00 14.00 3<f.00 3 5 .0 0 - 2 9 .0 0
ZR '357.00 390 .00 316 .00 200 .00 306 .00 352 .00 - 2 07 .00
NB 13.00 0 .00 9 .0 0 0 .00 9 .0 0 11.00 - 15 .00
BA 957.00 1361.00 - <♦09.00 1027.00 930 .00 049 .00 <♦07.00
PB 22.00 13.00 - 19.00 <♦1.00 16.00 - 0 .0 0
TH 7 .0 0 7 .0 0 - <♦.00 5 .0 0 0 .0 0 - 0 .0 0

LA <♦6.20 37.90 39.61 <♦0.00 53 .60 <♦<♦.50 3 6 .14 3 2 .1 6
CE 99.70 03 .50 95 .70 79.00 144.00 0 2 .6 0 103.00 7 7 .3 4
NO - 50 .60 5 2 .50 -  . . 54 .40 30 .5 0 7 4 .50 -

SM 9 .9 2 0 .7 3 10.10 5 .43 10.50 10.50 15.50 9 .0 2
EU 1.55 2 .4 2 2 .6 4 1 .34 2 .5 2 2 .1 0 2 .7 4 1 .0 7
TB 0 .9 3 0 .0 5 1.31 0 .35 1.31 1.31 3 .7 0 1.01
YB 2 .5 0 2.7<+ 3 .2 7 1 .6  4 2 .2 7 2 .6 1 7 .0 9 3 .4 6
LU 0 .4 2 0 .2 0 0 .2 6 0 .2 5 0 .4 7 0 .5 5 1 .2 0 0 .6 5
SC 32.63 25 .52 20 ..11 10.32 3 0 .2 0 26-. 33 5 0 .44 5 4 .5 2

AP 0 .0 0  ° « 93 0 .91 0 .6 3 0 .0 6 0 .9 1 0 .51 0 .6 0
IL  2 .5 6  2 - 07 2 .11 2 .2 0 1 .94 1 .9 9 1 .27 2 .2 2
OR 15.25 1S«D7 9 .1 0 0 .3 3 12 .53 11.35 11.00 9 .2 2
AB 16.92  19* 37 2 4 .70 17.26 25 .0 0 23 .6 0 25 .97 10 .44
AN 24 .96  36 .40 3 4 .1 6 2 9 .00 33 .3 0 33 .51 2 6 .09 2 0 .1 7
C 0 .0 0  ° * 83 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
MT 9 .7 0  2- 36 5 .71 10.21 5 .7 0 6 .1 9 5 .76 0 .3 4
HM 0 .0 0  D* DD 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
D IUiO 2 .9 6  ° « DQ 2 .0 9 1.00 0 .0 0 0 .5 0 3 .3 2 2 .5 2
DIEN 1 .90  D* D0 1 .20 0 .7 0 0 .0 0 O .M 2 .0 7 1 .01
DIFS 0 .0 7  D* aa 0 .7 0 0 .2 2 0 .0 0 0 .1 2 1.04 0 .4 9
HYEN 9 .51  7 «27 7 .2 9 10.39 0 .0 7 7 .9 6 0 .0 2 0 .3 0
HYFS 4 .3 6  6 - 90 3 .97 3.31 2 .6 3 2 .3 5 4 .04 2 .2 5
Q 9 .9 5  7 - 61 7 .0 6 16.37 0 .9 5 1 0 .09 9 .01 17.41
OLFO 0 .0 0  D- DD 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
QLFA 0 .0 0  ° - 0Q 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 O.OG
NE 0 .0 0  D- DD 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

N.P.C 55 .59  65- 31 50.03 62 .75 56 .3 4 50 .6 0 50 .07 6 0 .4 4
N .C .I  31 .0 6  18.59 23.15 20.10 10.34 19.59 25 .52 25 .92

KF% 0 .0 0  G* DD 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0
q% 2 .3 6  5 - 32 3 .66 9 .90 4 .1 6 7 .2 5 10.56 10.65
PLAG% 9 7 .64  94 .67 9 6 .34 9C.02 9 5 .04 9 2 .75 £9 .43 01 .3 5



TABLE. B T o n a l i t ic  o rth o q n e is s e s . ( C ont. )

105 91 1 *♦05 *♦03 *♦0*+ *♦02

SI02 57 .5 5 5 9 .AO 6 0 .0 7 61.1*+ 70 .5 0 7 0 .5 0 70.51
T I02 0 .8 3 0 .8 5 0 .9 8 0 .9 5 0 .5 5 0 .5 6 0 .51
AL203 18.00 16 . 2*+ 17.38 15.71 1*+.*+2 13 .98 1*+.55
FE2D3 2 .8 3 3 .5 0 *♦.96 *♦.*♦0 2 .3 3 2 .0 8 2 .3 7
FED 5 .0 7 *♦.91 5 .1 0 *♦.50 2 .0 9 2.*+7 2 .1 7
MIMO 0 .1 3 0 .1 5 0 .0 9 0.1*+ 0 .0 8 0 .1 1 0 .1 0
MGO 3 .7 0 3 .8 0 2 .71 3.7*+ 1 .70 1 .60 1 .68
CAO 6 .2 9 6 .1 9 *♦.30 5 .5 7 *♦.*♦2 3 .9 0 3 .6 5
IMA20 2 .90 2 .1 2 2 .6 8 2.*+9 3 .0 9 2 .7 8 3.*+2
K2D 2 .2 8 2 .6 3 1 .66 1.1*+ 0 .7 1 1 .90 0.9*+
P203 0.*+1 0 .2 0 0 .0 6 0 .21 0 .1 1 0 .1 2 0 .1 0

TOTAL 100.00 100.00 100 .00 100.00 100.00 100.00 100.00
tFEO 7.61 8 .0 6 9 .5 6 8.*+6 *+.19 *♦.3*+ *♦.30

CR 81 .0 0 63 .0 0 59 .0 0 71 .0 0 21 .00 17.00 19.00
NI 3 .00 1 .00 16 .00 3 .0 0 0 .0 0 0 .0 0 1 .00
CO 17.00 2 0 .00 2 5 .0 0 16.00 5 .0 0 7 .0 0 12.00
RB 75 .00 9 0 .0 0 53 .0 0 33 .00 22 .00 30 .0 0 29 .00
SR 753.00 299 .00 3*+5.00 *307.00 302 .00 250 .00 *♦26.00
Y 22 .00 17.00 0 .0 0 19.00 1 .00 1*+.00 1 .00
ZR 226.00 207 .00 138 .00 210 .00 260 .00 2*+9.00 236 .00
IMB 10.00 8 .0 0 12.00 1*+.00 10.00 12.00 10.00
BA 721.00 735 .00 627 .00 587 .00 *♦92.00 . 6L3 .00 *+1*+.00
PB 26.00 3*+.00 16.00 7 .00 0 .0 0 11.00 *♦.00
TH 11.00 0 .0 0 5 .0 0 0 .0 0 7 .00 2 .0 0 1 .00

LA 55.90 17.00 21 .3 0 20 .53 7*+.10 2 5 .6 2 13.73
CE 98.70 51 .00 *♦0.70 *♦9.21 126.50 *+7.35 23 .0 7
IMD 37.00 - 11.30 - - - -

SM 8 .6 7 - 2 .71 5 .81 *+.00 *♦.23 1.1.6
ELI 1 .79 - 1 .67 1 .29 1.33 1 .13 0 .7 6
TB 1.20 - - . 0 .7 8 0 .3 8 0 .6 5 0 .2 3
YB * 1 .95 - 0 .1 3 2 .1 0 0 .9 0 1.*+3 0.7*+
LU 0 .3 6 - 0.0*+ 0 .3 9 0 .1 3 0 .2 7 0.1*+
SC 20 .77 - 2*+.80 38.2*+ 1*+.*+7 16.35 9 .15

AP 0 .9 5 0.*+6 0.1*+ 0.*+9 0 .2 6 0 .2 8 0 .2 3
IL 1.58 1.61 1.86 1 .80 1.0*+ 1 .06 0 .9 7
OR 13.*+7 15.5*+ 9 .81 6.7*+ *♦.20 11.23 5 .56
AB 2*+.53 17.93 2 2 .67 21 .06 26.1*+ 2 3 .5 2 28 .93
AIM 28.53 27 .03 20.9*+ 26 .26 21.21 18.56 17.*+5
C 0 .31 0 .0 0 3 .5 0 0 .7 6 0 .8 0 0 .5 5 1.51
MT *+.1D 5 .0 7 7 .1 9 6 .3 8 3 .3 8 3 .0 2 3 .*♦*♦
HM 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
DIWO 0 .0 0 0 .9 9 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .00
DIEN 0 .00 0 .6 2 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0
DIFS 0 .0 0 0 .31 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
HYEIM 9.21 8.8*+ 6 .75 9 .31 *♦.23 3 .98 *♦.18
HYFS 5 .60 *♦.*♦1 3 .6 5 3 .0 6 1 .00 1 .89 1 .18
Q 11.57 17.00 2 3 .3 8 23 .98 37 .66 35.79 36.*+3
OLFO 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0
OLFA 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
IME 0 .00 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0

IM.P.C 53.76 60 .12 *♦8.02 55.*+9 *♦*+.79 *♦*♦.10 37.62
iM.C.I 20.*+9 21.85 19.*+5 20 .55 9 .65 9 .95 9 .77

KF% 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
Q% 11.31 22.*+*+ 2*+.98 *♦*+.93 *♦7.59 *♦5.78
PLAG% 68.6 9 77 .56 75 .02 55.0*+ 52.*+1 5*+.12



TABLE.C G ra n o d io r it ic  and G ra n it ic  □ rth o a n e is s e s .

99 98 135 121 125 112 120 10L

5102 70 .3 3 73 .15 73.L3 73 .60 7 5 .6L 7 5 .9 8 76.01 7 6 .0 7
T I02 0 .L 2 0 .2 6 0 .1 9 0 .3 6 0 .1 0 0 .2 0 0 .1 6 0 .2 L
AL203 1L.31 13.70 13.35 1L.26 12.39 13.1L 12.82 12 .82
FE203 1.L8 2 .2 6 0 .7L 1.7L 0 .L 8 0 .8 6 1 .12 1 .21
FED 2 .03 0 .5 2 0 .9 5 1.51 0 .3 3 0 .6 8 0 .5L 0 .8 9
MIMO 0 .0 6 0 .0 2 0 .0L 0 .0 5 0 .0 3 0 .0 3 0 .0 2 0 .0 6
MGO 1.L6 0 .7 L 0 .5 9 0 .7 2 0 .2 9 Q.kk 0 .5 2 0 .6 3
CAO 3 .27 2 .L 9 1.52 1 .02 1 .92 2 .8 0 1 .00 2 .9 7
IMA20 3 .02 2 .61 2 .3 2 3.2k 2 .7 3 3.3k 3 .2 6 3 .8 7
K20 3.L5 L .09 k.kl 3.L1 6 .0L 2 .2 7 k.52 1 .16
P203 0 .1 7 0 .1 2 0 .0 6 0 .0 9 0 .0 5 0 .0 6 0 .0 3 0 .0 8

TOTAL 100.00 100.00 100.00 100.00 100.00 100 .00 100.00 100 .00
tFEO 3 .3 6 2 .5 7 1 .62 3 .07 0 .7 6 1 .65 1.55 1 .98

CR 3L.00 20.00 - 16.00 8 .0 0 33 .0 0 2 0 .00 10 .00
IMI 0 .0 0 1 .00 - 0 .0 0 1 .00 0 .0 0 0 .0 0 1 .00
CO 11.00 2 .00 - 3 .00 1 .00 3 .00 5 .0 0 1.00
RB 72.00 97 .00 - 78.00 - 50 .00 76 .0 0 3 0 .0 0
SR 612.00 550 .00 - L13.00 233 .00 3 08 .00 351 .00 3 71 .00
Y 19.00 3 .0 0 - L .00 - 0 .0 0 0 .0 0 1 .00
ZR 157.00 119.00 - 133.00 - 136.00 L3.00 207 .00
IMS 9 .00 10.00 - 6 .00 - 5 .00 3 .0 0 7 .0 0
BA 118L.00 1079.00 - 1698.00 1256.00 816 .00 1853.00 -

PB 25.00 1L.00 - 1L.00 - L 3.00 L 2.00 -

TH 12.00 12.00 - 3 .00 - 9 .00 2 .0 0 -

LA 6 2.20 72 .50 12.01 18.68 6 .1 8 52 .60 8 .1 9 5 0 . 2L
CE 110.00 119.00 8 .2 6 30 .93 8 .L 0 9 6 .LO 1L.3L 90 .7 0
IMD - - 1 .15 12.12 3 .8 8 32 .30 1.25 -

SM 8.31 5 .L8 1.LL 2 .27 0 .6 7 3 .66 0 .7 2 L .02
EU 1.67 1 .20 1.LL 1 .66 0 .8 0 1 .76 1 .00 1 .28
TB 0 .7L 0 .L 9 - 0 .5 8 0 .0 6 0 .21 0 .0 5 0 .2 5
YB 1.56 0 .6 9 0 .1L 0 .50 0 .2 2 0 .L 9 0 .2 7 0 .L 2
LU - - 0 .0 9 O.OL 0 .11 0 .0 3 0 .0 8 0 .0 6 0 .0 7
SC 10.55 k.63 3 .0 7 2 .81 0 .9 9 L .66 1 .53 3.5k

AP O.LO 0 .2 8 0 .1L 0 .21 0 .1 2 0 .1L 0 .0 7 0 .1 9
IL 0 .8 0 0 .5 3 0 .36 0 .6 8 0 .1 9 0 .3 8 0 .3 0 0 .L 6
OR 20.39 2L .17 2 6 . L2 2 0 .15 35 .69 1 3 .L2 26.71 3 2 .7L
AB 25.55 22 .0 8 19.63 2 7 .L1 2 3 .09 2 8 .25 27 .5 8 32.1k
AIM 15.11 11.57 7 .1 5 L.L7 3 .7 2 13.50 L .77 1L.18
C 0 .0 7 0 .7L 2 .0 8 3 .60 0 .0 0 0 .2L 0 .8 2 0 .0 0
MT 2 .15 0 .8 6 1 .07 2 .52 0 .7 0 1 .25 1 .28 1.75
HM 0 .0 0 1 .68 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .2L 0 .0 0
OlliJO 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .8 7 0 .0 0 0 .0 0 0 .0 1
DIEN 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .7 2 0 .0 0 0 .0 0 0 .0 1
DIFS 0 .0 0 0 .0 0 0 .0 0 0 .00 O.OL 0 .0 0 0 .0 0 0 .0 0
HYEN 3.6L 1.8L 1.L7 1.79 . 0 .0 0 1 .10 1.29 1 .56
HYFS 1.81 0 .0 0 0 ,8 2 0 .7L 0 .00 0 .5 8 0 .0 0 0 .2 L
Q 30.03 36.21 3 8 .L9 38.36 3 3 .LO L1.11 36.91 L1.9L
OLFO 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
OLFA 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
IME 0 .0 0 0 .0 0 0 .0 0 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0

IM.P.C 37.16 3L.38 26 .69 1L.02 13.88 3 2 .3L 1L.7L 30 .2 2
N .C .I 8 .L0 L.91 3 .72 5 .73 2 .52 3 .31 3 .11 L .03

KF% 1L.96 21 .72 27.72 18.71 35.39 10.68 26 .8 9 2 .1 0
Q% L0.5L L2.30 L1.9L L3.56 LO.LO L 7.98 LL.L1 L 8.99
PLAG% LL.50 35 .97 30.32 36.56 2L.03 L1.33 2 8 .66 k3.ll



TABLE.C G ra n o d io r it ic  and G ra n it ic  o rthoqneisses  C C an t, ) ,  and A p l i t e a .

400 108 401 122 413 411

S I02 7 6 .7 9 77 .9 0 78 .1 9 7 8 .4 2 7 3 .9 9 7 5 .7 8
TIQ2 0 .2 3 0 .0 9 0 .1 9 0 .1 0 0 .0 7 0 .0 3
AL203 12.56 13.08 12.71 11.91 13.15 1 4 .12
FE203 1 .10 0 .5 4 0 .6 5 0 .6 6 0 .8 2 0 .6 9
FEO 0 .6 7 0 .4 4 0 .6 8 0 .3 5 0 .31 0 .2 4
MIMO 0.01+ 0 .0 7 0 .0 4 0 .0 1 0 .0 2 0 .0 1
MGO 0 .4 0 0 .3 4 0 .4 4 0 .5 3 0 .2 7 0 .2 0
CAO 1 .07 1.50 0 .5 2 0 .8 3 1.41 0 .2 7
NA20 3 .0 6 A .26 3 .4 8 4 .6 9 1 .39 4 .0 3
K2Q 4 .05 1.74 3 .0 7 2.4*8 8 .5 4 4 .6 0
P203 0 .0 3 0 .0 4 0 .0 3 0 .0 2 0 .0 3 0 .0 3

TOTAL 100.00 100.00 100 .00 100.00 100.00 100 .00
tFEO 1 .66 0 .9 3 1 .26 0 .9 4 1 .05 0 .8 6

CR 17.00 12.00 7 .0 0 19.00 2 4 .0 0 16 .00
IMI 0 .0 0 0 .0 0 0 .0 0 2 .00 0 .0 0 0 .0 0
CO 0 .0 0 0 .0 0 3 .0 0 0 .0 0 0 .0 0 0 .0 0
RB 6 6 .0 0 - 47 .0 0 4 4 .00 164.00 -
SR 281.00 - 340 .00 273 .00 476 .00 218 .00
Y 1.00 - 0 .0 0 0 .0 0 0 .0 0 -
ZR 185.00 62 .00 132.00 - 56 .0 0 62 .0 0
IMB 13.00 7 .00 7 .0 0 0 .0 0 8 .0 0 9 .0 0
BA 1824.00 181.00 1883.00 4875.00 1918.00 600 .00
PB 15.00 • 14.00 2 5 .00 3 1 .00 -
TH 7 .0 0 - 12.00 2 .0 0 5 .0 0 -

LA 4 4 .52 103.00 4 1 .35 - 4 .6 2 -
CE 8 7 .1 0 185.00 74 .70 33 .0 0 6 .4 7 -
ND _ — — — — —
SM 4 .7 8 4 .75 3 .3 0 - 0 .3 4 -
EU 1 .74 0 .8 8 1 .56 0 .6 8 -
TB 0 .1 9 0 .2 2  . 0 .0 9 -• 0 .0 2 -
YB 0 .81 0 .2 8 0 .4 0 - 0 .1 5 -
LU 0 .0 9 0 .0 6 0 .0 8 - 0 .0 3 -
SC 6 .3 3 1 .19 ■ 5 .8 7 - 0 .7 2 -

AP 0 .0 7 0 .0 9 0 .0 7 0 .0 5 0 .0 7 0 .0 7
IL 0 .4 4 0 .1 7 0 .3 6 0 .1 9 0 .1 3 0 .0 6
OR 2 3 .93 10.28 18.14 14.66 50 .47 2 7 .1 8
AB 2 5 .89 36 .04 29 .44 39 .6 8 11.76 3 4 .0 9
AIM 5.11 7 .18 2 .38 3 .99 4 .4 2 1 .14
c 1 .27 1.56 2 .79 0 .0 5 0 .0 0 2 .0 9
MT 1.49 0 .7 8 0 .9 4 0 .6 4 0 .8 0 0 .6 9
HM 0 .0 7 0 .00 0 .00 0 .0 8 0 .2 7 0 .2 2
DlldO 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .7 8 0 .0 0
DIEIM 0 .0 0 0 .00 0 .00 0 .0 0 0 .6 7 0 .0 0
DIFS 0 .0 0 0 .00 O.OC 0 .0 0 0 .0 0 0 .0 0
HYEIM 1 .00 0 .8 5 1110 1 .32 0 .0 0 0 .5 0
HYFS 0 .0 0 0 .21 0140 0 .0 0 0 .0 0 0 .0 0
0 4 0 .68 42175 44.33 39.13 30 .39 33 .9 4w
OLFO o:oo 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
OLFA 0 .0 0 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0
IME ' 0 .00 0 .00 • 0 .0 0 0 .00 0 .0 0 0 .0 0

IM.P.C 16.48 16.61 7 .48 9 .14 27 .3 2 3 .2 4
N .C .I 3 .00 2.01 2 .80 2 .43 2 .65 1 .47

KF% 23.87 10.12 19.30 14.04 3 0 .7 8
Q% 46.96 49.59 49.13 51.35 - 2 9 .02
PLAG% 29.12 40.29 31.48 34.60 - 40 .1 9



TABLE. D

K f-b e a rin q  T o n a l i t lc  o rth o a n e is s es . and Paraanelsses (3  m c b il is a te .  1 melanosome).

133 412 410 109 n e 407 409

SI02 58.02 59.11 61.86 75.99 79.96 84.41 47.39
TI02 1.06 0.93 0.84 0.31 0 .34 C.44 1.17
AL203 17.07 17.21 16.65 12.53 5.09 7.40 26.96
FE203 3.22 3.61 2 .92 1.49 1.54 C.71 7.06
FEO 5.29 4.51 4.85 0 .99 1.52 1.94 6.52
MIMO 0 .18 0.14 0.15 0.04 0 .07 0 .04 0 .13
MGO 3.77 3.04 3.31 0.90 1.09 0 .69 2.76
CAO 5.75 4.99 4.87 2.42 3.81 0 .74 1.44
IMA20 3.13 2.89 2 .27 3.14 1.50 1.52 2.10
K20 2.12 3.21 1.99 1.59 0.57 1.83 4.34
PZ03 0.38 0.36 0 .28 0.09 0.10 0 .07 0.11

TOTAL 100.00 100.00 100.00 100.00 100.00 100.00 100.00
tFEO 8.19 7.76 7 .48 2.33 3.26 2.58 12.87

OR 41.00 27.00 50.00 58.00 72.00 57.00 132.00
rji 1.00 0.00 6.00 0 .00 0 .00 10.00 4e.00
CO 26.00 17.00 11.00 10.00 14.00 7.00 31.00
RB 59.00 - - 68.00 19.00 30.00 83.00
SR 431.00 397.00 388.00 3 12 .CO 181.00 120.00 339.00
Y 24.00 — - 1.00 0.00 14.00 30.00
ZR 341.00 276.00 256.00 208.00 177.00 264.00 301.00
NB 10.00 14.00 15.00 4.00 5.00 13.00 17.00
BA 572.00 598.00 1010.00 1538.00 370.00 470.00 172e.00
PB 10.00 - - 21.00 50.00 11.00 10.00
TH 4.00 - - 4.00 2.00 2.00 23.00

LA 35.50 34.96 16.11 17.00 13.75 21 .87 122.90
CE 76.40 7 8 .29 4 9 .26 30 .0 0 2 0 .20 43 .54 2 29 .07
IMD 43 .50 - - - - - -
SM 8173 6 .61 9 .91 - - 3 .51 20 .9 2
EU 1 .97 1.71 2 .2 9 - _ 1.00 3 .92
TB 0 .9 9 C.70 1.28 - - 0 .61 1 .88
Y3 2 .20 1.85 3 .7 3 - — 1 .97 2 .5 5
LU 0 .35 0 .35 0 .5 5 - - 0 .3 4 0 .4 3
SC 31.23 18.44 38 .03 - - 5 .95 17.38

AP 0 .8 8 0 .8 4 0 .6 5 0 .21 0 .2 3 0 .1 6 0 .2 6
IL 2.01 1.77 1 .60 0 .5 9 0 .6 5 0 .8 4 2 .2 2
OR 12.53 18.97 11.76 11.76 3 .3 7 10.61 25 .65
AB 26.48 24 .45 19.20 26 .5 6 12.69 12.86 17.76
AIM 26.04 22.40 22 .33 11.42 16.39 3 .21 6 .43
C 0 .08 0 .7 7 2 .5 8 1 .13 0 .0 0 1.74 16.45
MT 4 .67 5 .23 4 .23 2 .16 2 .81 1.03 10.24
HM 0.00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
DI'JO 0 .00 o.co 0 .00 0 .0 0 0 .7 8 0 .0 0 0 .0 0
DIEIM 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .5 7 0 .0 0 0 .0 0
DIFS 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .1 3 0 .0 0 0 .0 0
HYEIM 9.39 7 .57 8 .2 4 2 .2 4 2 .1 4 2 .2 2 6 .8 7
HYFS 5.30 3 .75 5 .11 0 .0 8 0 .5 0 ■ 2 .2 5 4 .21
q 12.41 14.09 24.13 43 .80 59 .66 64 .82 9 .76
OLFO 0 .00 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 C.OC
OLFA O.GO 0 .00 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0
IME 0 .00 o.oc 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0

IM.P.C 49.58 47.31 53.76 30 .07 56.36 15.97 26 .5 5
IM.C.I 21.37 18.33 19.18 5 .07 7 .56 6 .34 23 .54

KF% 19.75 29.10 18.59 O.OC 2.57 13.58
q% 12.74 5 .56 19.05 54.54 55.32 55.94 —

PLAG% 67.50 54.33 61.56 45 .35 31.01 20 .48 -



Append ix  2.

M in e r a l  A n a ly s e s .

T h is  app end ix  l i s t s  the  a n a ly s e s  e f  60 m in e r a l  g r a i n s  f rom

r e c k s  l i s t e d  i n  Append ix  1.  The a n a l y s i s  was c a r r i e d  n u t  i n  th e

G eochem is t ry  U n i t  e f  the  Geelogy D e p t . ,  Glasgow U n i v e r s i t y ,  u s in g

a Cambridge I n s t r u m e n t s  M ic rescan  5 X-Ray m i c r o a n a l y s e r  ( m i c r o p r o b e )

f i t t e d  u i t h  a L i n k  Systems Energy D i s p e r s i v e  A n a l y s e r .

The a n a l y s i s  p ro c e d u re  has the  f o l l o w i n g  s p e c i f i c a t i o n s : -

A n a l y s i s  method: Energy D i s p e r s i v e  System (EDS).

O p e r a t i n g  c o n d i t i o n s :

A c c e l e r a t i n g  p o t e n t i a l  = 20 kV.
_9

Probe c u r r e n t  = 3 x 10 amps.

Count t im e  = 50-200 secs ( a u t o m a t i c a l l y  c o r r e c t e d  f o r  dead 

t i m e ) .

P r o c e s s in g :  Peak a reas  o f  the  e lem en ts  o f  i n t e r e s t s  a re  o b t a i n e d  

f rom  each spec t rum  u s in g  an i t e r a t i v e  s t r i p p i n g  t e c h n iq u e  

(S ta tham ,  1976) ,  u i t h  a r e f e r e n c e  C o b a l t  s p e c t ru m .

E le m e n ta l  c o n c e n t r a t i o n s  a re  then  o b t a i n e d  by c a l i b r a t i n g

a g a in s t  pure  m e ta l  o r  s im p le  m in e r a l  s t a n d a r d s ,  f o l l o w e d  

by a f u l l  a to m ic  number,  a b s o r p t i o n  and f l u o r e s c e n c e  

c o r r e c t i o n  (ZAF) as d e s c r i b e d  by Sweatman and Long ( 1 9 6 9 ) .  

D e t e c t i o n  l i m i t s :

CaO and K^O 0.03%

A l l  o t h e r  o x id e s  0.02%

The l i s t  o f  a n a ly s e s  i s  com pr ised  o f : -

Tab le  E -  Amphibo les

Tab le  F -  Py roxenes ,  m icas ,  and H - f e l d s p a r s  

Tab le  G -  P l a g i o c l a s e s  

Tab le  H -  Ore components .

The a n a l y s i s  i d e n t i f i e r  ( e g .  BKA07-3) g i v e s  th e  ro c k  n o . ,  and the  

n o .  o f  the  a n a l y s i s  s e l e c t e d  f rom  the  sequence o f  a n a ly s e s  made on 

t h e  phase,  i n  th e  s p e c i f i e d  r o c k .  An a lyse s  a re  r e c a l c u l a t e d  t o  100%. 

R e fe re n c e s .

STATHAM, P. 0 .  1976. A c o m p a r i t i v e  s tu d y  o f  t e c h n iq u e s  f o r  Q u a n t i t a ­

t i v e  a n a l y s i s  o f  the  X-Ray s p e c t r a  o b t a i n e d  w i t h  a S i ( L i )  d e t e c t o r .  

X-Ray S p e c t r o m e t r y . 5,  16 -28 .

SWEATMAN, T.  R. & LONG. 0 .  I/ .  1969. Q u a n t i t a t i v e  e l e c t r o n - p r o b e  

m i c r o a n a l y s i s  o f  r o c k  f o r m in g  m i n e r a l s .  J . P e t r o l . 10, 3 3 2 -7 9 .
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Append ix  3 .

D e t a i l s  o f  Comput ing Used i n  T h is  S tu d y .

The f o l l o w i n g  compute r  p rograms and subprograms ue re  used 

i n  t h i s  s tu d y  ( *  -  deno tes  t h a t  the  r o u t i n e  uas w r i t t e n  by m y s e l f )

S u b ro u t i n e  PLOT ( * )  -  P l o t s  d a ta  f o r  two components on t o  a two 

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

S u b r o u t i n e  L0G2PLT ( * )  -  P l o t s  d a ta  f o r  two components on t o  a two 

a x i s  l o g a r i t h m i c  p l o t .

Program REEPLOT ( * )  -  Us ing  c h o n d r i t e - n o r m a l i s e d  d a t a ,  REEPLOT 

draws REE* p a t t e r n s  on t o  a l o g / l i n  p l o t .

Program TRIPLET ( * )  -  P l o t s  da ta  f o r  t h r e e  components on t o  a 

t r i a n g u l a r  p l o t .

Program PLOTV/ECTORS ( * )  -  Us ing  d a t a ,  PLOTV/ECTORS c a l c u l a t e s  

and draws R a y le i g h  o r  e q u i l i b r i u m  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  

v e c t o r s  o n ’ t o  a two a x i s  l o g a r i t h m i c  p l o t .

Program NEliJFRAC ( * ,  i n  p a r t )  -  Trace e lem en t  m o d e l l i n g  p rogram ,  

used e x t e n s i v e l y  i n  C h ap te r  5 .  The program t e s t s  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  h y p o t h e s i s  on a p a r e n t a l  and a d i f f e r e n t i a t e  

magma p a i r .

Prpgram CIPU7 -  C a l c u l a t e s  an a n a l y s i s  i n  te rm s  o f  n o r m a t i v e  

m i n e r a l s .

Program GPP3 -  G e n e r a l i s e d  p r o j e c t i o n s  p rog ram :  t h i s  p rogram has 

been used i n  t h i s  t h e s i s  t o  g e n e ra te  th e  CMAS p r o j e c t i o n s .  ( The 

p rogram was i n c o r p o r a t e d  i n t o  t h e  Glasgow G eochem is t ry  U n i t ' s  

compute r  l i b r a r y  by D r .  M. R. G i l e s ) .

Programs CIPW7 and GPP3, a long  w i t h  a number o f  da ta  

m a n i p u l a t i o n  and c a l c u l a t i o n  p rog ram s ,  a re  now i n t e g r a t e d  i n  the  

G eochem i t ry  U n i t ' s  Data R e t r i e v a l  System wh ich  has been s e t  up 

by Mr I .  U. F e rgusso n .  The p l o t t i n g  r o u t i n e s  PLDT, L0G2PLT and 

REEPLOT have a l s o  been i n c o r p o r a t e d  i n t o  the  System, f o r  g e n e r a l  

use .  A l l  p l o t t i n g  r o u t i n e s  make use o f  th e  GHOST GRAPHICAL OUTPUT 

SYSTEM (C a ld e rb a n k  and P r i o r ,  1978 ) .  A l l  o f  th e  programs l i s t e d  

above a re  w r i t t e n  i n  FORTRAN A computer  l a n q u a g e .

The p rogram NELJFRAC c a l l s  on 13 s u b r o u t i n e s : -  

INPT ( * )  INTERACT ( * )  MAIN ( * )  PRINTMT ( * )  HISTO ( * )

MATINU SING V/PSYM1 V/V/PSYM XFY XFY0 XFY1 XFY2

Those s u b r o u t i n e s  n o t  marked w i t h  ( * )  were k i n d l y  s u p p l i e d  by



D r .  F.  A lb a r e d e .  These e i g h t  r o u t i n e s  c o n t a i n  th e  a l g o r i t h m  f o r  

l e a s t - s q u a r e  f i t t i n g  o f  o v e r - d e t e r m in e d  l i n e a r  systems (A lb a re d e  

and P r o v o s t ,  19 7 7 ) .  However, because th e y  were o r i g i n a l l y  w r i t t e n  

f o r  an IBM c om pu te r ,  these  s u b r o u t i n e s  were i n c o m p a t i b l e  w i t h  the  

Glasgow U n i v e r s i t y  ICL 2976 main f rame co m p u te r .  Mr.  D. A. F i l d e s  

o f  th e  u n i v e r s i t y  computer  a d v i s o r y  s e r v i c e  c o n v e r t e d  the  lanquage 

s t r u c t u r e  t o  one t h a t  was c o m p a t ib le  w i t h  the  F0RTRANF1 c o m p i l e r .  

The program i n v o l v e d  a p p r o x im a t e l y  A months a d d i t i o n a l  work by 

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

R e fe re n c e s .

CALDERBAIMK, V/. J .  & PRIOR, U. A. J .  197B. The Ghost G r a p h ic a l  
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Append ix  A.

L i s t  o f  Sample L o c a l i t i e s .

1 .  Samples f rom  the  Cashe l  D i s t r i c t .

BK1 -  135 f t .  e a s t  o f  th e  Gowla ro a d ,  a long  a b e a r i n g  o f  12C°from

th e  e a s t e r n  t i p  o f  Red I s l a n d ,  s ou th  o f  C a she l .

BK8A -  110 f t .  a long  a b e a r i n g  o f  315° f rom  th e  summit  o f  Cashe l

H i l l .

BK85 -  AAO f t .  a lo n g  a b e a r i n g  o f  335° f rom  th e  summit  o f  Cashe l  

H i l l .

BK91 -  r o a d s id e  ex p o s u re ,  a t  c r o s s ro a d  t o  th e  n o r t h - e a s t  o f  lo ugh  

A lu r g a n .

BK93 -  210 f t .  a lo n g  a b e a r i n g  o f  2GD° f rom  th e  s o u th e rn  t i p  o f

lo u g h  A l u r g a n .

BK9A, BK95 -  2C00 f t .  a lon g  a b e a r i n g  o f  330° f rom  th e  s m a l l  

i s l a n d  i n  th e  n o r t h - w e s t e r n  c o r n e r  o f  L o u g h a u n i l l a u n .

BK96 -  58D f t .  a lo n g  a b e a r i n g  o f  29A°from th e  n o r t h - w e s t e r n  c o r n e r

o f  Loughaunanny.

BK97 -  325 f t .  due west  o f  th e  n o r t h - w e s t e r n  c o r n e r  o f  Loughaunanny.

BK98 -  920 f t .  a lo n g  a b e a r i n g  o f  082° f rom  th e  n o r t h e r n - m o s t  t i p

o f  Lough Nambrakmore.

BK99 -  720 f t .  a lo n g  a b e a r i n g  o f  C75° f rom  th e  s o u th e r n - m o s t  t i p

o f  Lough Nambrakmore.

BK102 -  summit  o f  h i l l  (26A f t . )  midway between Loughs Achuss and 

M innaun.

BK10A -  150 f t .  a lo n g  a b e a r i n g  o f  265° f rom  th e  s o u th e r n - m o s t  t i p  

o f  Lough Minnaun.

BH1D5 -  1110 f t .  a lo n g  a b e a r i n g  o f  29A° f rom  th e  n o r t h - w e s t e r n  

c o r n e r  o f  Loughaunanny.

BH1C6 -  920 f t .  a lo n g  a b e a r i n g  o f  075° f rom  th e  s o u th e r n - m o s t  t i p  

o f  Lough Nambrakkeagh.

BH1D7 -  15AD f t .  a lo n g  a b e a r i n g  o f  096° f rom  th e  s o u th e r n - m o s t  t i p  

o f  Lough Nambrakkeagh.

BK1D8 -  132D f t .  a lo n g  a b e a r i n g  o f  105° f rom  th e  s o u t h e r n - m o s t  t i p  

o f  Lough Nambrakkeagh.

BK1D9 -  road  c u t t i n g ,  o p p o s i t e  t h e  s o u th e r n - m o s t  t i p  o f  Lough 

Nambrakkeagh.

BK112 -  550 f t .  due sou th  o f  th e  s o u th e r n  most t i p  o f  Lough 

Nambrakkeagh.



BK113 -  790 f t .  a long  a b e a r i n g  o f  155° f rom  th e  s o u th e r n - m o s t  t i p  

o f  Lough Nambrakkeagh.

BK116, BK117, BK11B, BK119 -  670 f t .  a lo n g  a b e a r i n g  o f  190° f rom  

the  w e s te rn  t i p  o f  Beaghg ive reen  Lough.

BK120 -  2530 f t .  a long  a b e a r i n g  o f  275° f rom  th e  E i n  G le n tu r k a n

Lough(as w r i t t e n  on th e  Cashe l  6 - i n  s h e e t  Co. Galway 5 1 ) .

BK121 -  236D f t .  a long  a b e a r i n g  o f  287° f rom  th e  E i n  G le n tu r k a n

Lough.

BK122 -  280G f t .  a long  a b e a r i n g  o f  271° f rom  th e  E i n  G le n tu r k a n  

Lough.

BK123 -  28GD f t .  a long  a b e a r i n g  o f  281° f rom  th e  E i n  G le n tu r k a n  

Lough.

BK12A -  26A0 f t .  a long  a b e a r i n g  o f  287° f rom  the  E i n  G le n tu r k a n  

Lough.

BK125 -  121D f t .  a long  a b e a r i n g  o f  202° f rom  th e  s o u t h - w e s te r n  t i p  

o f  Lough Nambrakkeagh.

BK133 -  A50 f t .  a round n o r t h e r n  shore, f rom  the  e a s t e r n  c o r n e r  o f  

Lough Navreaghoge.

BK13A -  th e  p ro m o n to ry  r u n n in g  o u t  tow a rds  th e  s m a l l  i s l a n d  i n  the  

e a s t e r n  c o r n e r  o f  Lough Navreaghoge.

BK135 -  A95 f t .  a round the  s o u th e r n  shore  f rom  th e  e a s t e r n  c o r n e r  

o f  Lough Navreaghoge.

BK136 -  the  e a s t e r n  c o r n e r  o f  Lough Navreaghoge.

BK137 -  530 f t .  due west  o f  the  s o u th e r n  shore  p ro m o n to ry  i n  the  

w e s te rn  p a r t  o f  Lough Navreaghoge.

BK138 -  650 f t .  due west  o f  the  n o r t h e r n - m o s t  shore  o f  Lough 

Navreaghoge.

BK139 -  630 f t .  a lo n g  a b e a r i n g  o f  290° f rom  th e  n o r t h e r n - m o s t  

shore  o f  Lough Navreaghoge.

2 .  Samples f rom  th e  G l i n s k  D i s t r i c t .

BKA00 -  993 f t .  a lo n g  a b e a r i n g  o f  277° f rom  th e  c e n t r e  o f  the  

i s l a n d  i n  C a l l e r h e r i c k  Lough.

BK401 -  12A9 f t .  a lo n g  a b e a r i n g  263° f rom  th e  c e n t r e  o f  the  i s l a n d  

i n  C a l l e r h e r i c k  Lough.

BKA02 -  2119 f t .  a long  a b e a r i n g  o f  05A° f rom  th e  e a s t e r n  end o f  

C a l l e r h e r i c k  Lough.

BKA03 -  59A f t .  a lo n g  a b e a r i n g  o f  032° f rom  th e  e a s t e r n  end o f  

C a l l e r h e r i c k  Lough.



BKADA -  370 f t .  a lo n g  a b e a r i n g  o f  101° f rom  the  e a s t e r n  end o f  

C a l l e r h e r i c k  Lcugh .

BKA05 -  190 f t .  a lo n g  a b e a r i n g  o f  066° f rom  the  e a s t e r n  end o f  

C a l l e r h e r i c k  Lough.

BKA06 -  225 f t .  a long  a b e a r i n g  o f  327° f rom  the  e a s t e r n  end o f  

C a l l e r h e r i c k  Lough.

3 .  Samples f rom  th e  Shannavara D i s t r i c t .

BKA07 -  90 f t .  a lo n g  a b e a r i n g  o f  235° f rom  th e  summit  o f  Shannavara 

H i l l .

BKA0B -  2B00 f t .  a lo n g  a b e a r i n g  o f  188° f rom  th e  s o u th e r n  t i p  o f  

L o u g h a u n i l l a u n .

BKA09 -  258 f t .  a lo n g  a b e a r i n g  o f  2AB° f rom  th e  s o u th e r n  most t i p  

o f  Lough Fannanagrau.

BKA10, BKA11 -  n o r t h - w e s t e r n  c o r n e r  o f  s h o r e l i n e  o f  r u f f n a c o n n e e la g h  

Lough.

BKA12, BKA13 -  th e  p ro m o n to r y  i n t o  the  n o r t h - w e s t  s e c t o r  o f  Lough 

Owran.




