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PREFACE 

The geochemistry of Archaean. rocks i s  cur ren t ly  a subject  o f  much i .n te res t  

and a c t i v i t y ,  l a r g e l y  due t o  recent  technological  advances which have made 

avai lable ,  r e a d i l y  al-though not so  cheaply, equipment which a l l o w s  rap id  

determihation of radiometr ic  age d a t e s ,  and rock, mineral and KEE analyses. h 

r e s u l t  of t h i s  technGlogica,l revolu t ion  is an explosion i n  the  number of research 

papers published i n  t h i s  f i e l d .  Therefore the  recent  formation OP t h e  Internat ior ia l  

Geological Corre la t ion  Pro jec t  (IGCP) on "Archaean Geochemistry" i s  a time1.y event. 

The aim o f  t h e  p r o j e c t  i.s t o  s t imula te  and. i n t e g r a t e  some, and. h o p e f d l y  much, of 

the relevant  research with a view t o  improving communi.cation between, and experience 

o f ,  the  s c i e n t i s t s  concerned and S O  t c  assist in t h e  c r o s s - f e r t i l i s a t i o n  of ideas  

and techniques which i s  e s s e n t i a l  f o r  t h e  hea l thy  devel.opment o f  the  subject .  

This book i s  t h e  f i r s t  t o  r e s u l t  from t h i s  I G C P  p r o j e c t .  Most o f  t h e  papers 

were presented at  an internat ional .  meeting i n  Hyderabad, Ind ia ,  i n  l a t e  Novemker 

1977. To those instr iunental  i n  t h e  organisa t ion  of t h e  co:iference t h a t  g a v e - r i s e  

to t h i s  volume we ofPer our acknowledgements and tEianks: H. Narain, M.V.N. Murthy, 

T.V. Viswanathan, V.K.S. Vardan, G.R. Udas, C. Rama. Swamy and S. B a l a k r i s h a .  

The se lec ted  papers range across  t h e  common Archaean rock groups and vary 

from reviews t o  research  repor t s .  Several  a r e  by geochemists from India ,  

r e f l e c t i n g  t h e  considerable  a c t i v i t y  i n  t h a t  sub-continent. It i s  worth noti-ng 

that  there  i s  more known a t  t h e  moment about t h e  geochemistry of the  Archaean 

rocks of Ind ia  than of most o ther  Archaean regions i n  the  world,  including,  for 

exa,mple, Greenland and Labrador. 

India  contains  one of t h e  few Archaean cratons i n  which there i s  a marked 

unconfo-rmity between rocks of high and l o w  metamorphic grade. I n  severa l  places  

i n  southern India  t h e  greenschis t  grade Uharwar group (Bababudan-Chitradurga- 

Shi.moga. b e l t s )  r e s t s  with a basa l  ol igomict ic  conglomerate UnCGfifGrmably on t h e  

amphibolite grade Sargur group (Sargur-Holenarasi.pur-Nuggihalli b e l t s ) .  

reader w i l l  see from papers i n  t h i s  volume t h a t  t h e r e  i.s considerable  d-ispnte 

about t h e  or ig in  of some of these meta-supracrustal. b e l t s .  On t h e  one hand, t h e  

Sargur meta-sediments, meta-volcanic aniphiboljtes and a n o r t h o s i t i c  i n t r u s i o n s ,  

t h a t  occur i n  s t r i p s  i n  t o n a . l i t i c  gne isses ,  are thought t o  be comparable with t h e  

high-grade rocks of Greenland and Labrador (Janardhan e t  al.); on t h e  o ther ,  t h e  

Holena:ca.sipur meta-supracrustals ( s i n i l a r  i n  type t o  t h e  Sargurs) a r e  considered 

t o  belong t o  a highly met,an;crphosed greenstone b e l t  (Naqvi e t  a]..), the  cons t i tuent  

anorthosi tes  being i n t e r p r e t e d  as ' b a s a l t i c  a n o r t h o s i t i c  f l o w s  (Dmry e t  al .  ). 

The 
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These d i f fe rences  i n  opinion, based on well-documented examples, r e f l e c t  an 

important debate t h a t  echoes through the  contemporary l i t e r a t u r e .  

Knowledge of Archaean rocks,  e s p e c i a l l y  t h e i r  geochemistry, i s  essent ia l .  

f o r  an understanding of t h e  physica2.-chemical condi.tions t h a t  operated during 

the  e a r l y  s tages  o f  e e r t h  h is tory .  These geochemical d a t a  give us a f i n g e r p r i n t  

o f  the  composition and evolut,ion of t h e  e a r l y  ccntinenbs and oceans. The papers 

i n  t h i s  volume provide some of the  l a t e s t  information on t h i s  subject .  

B.F. Windley and S.M. Naqvi 

March 1978 
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BASIC FP.CTGRS IN ARCHAEAN GEOTECTGNICS 

S .  A.  Drury  
Dept .  of E a r t h  S c i e n c e s ,  Open U n i v e r s i t y ,  

M i l t o n  Keynes ,  s u c k s . ,  U.K. 

Abs t r a c t  

C o n s i d e r a t i o n  o f  h e a t  f low param.e te rs  and p o s s i b i e  l i t h o s p h e r i c  

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

c o n s t r a i n t s  t o  be  p l a c e d  on t h e  g e o t e c t o n i c  framework of  t h e  e a r l y  

e a r t h .  They i m p l y  a t r a n s f o r a a t i o n  frorr. p r i m a r y  magmagenesis a t  

random c e n t r e s ,  which  r e f l e c t  s m a l l - s c a l e  c o n v e c t i v e  j e t s  and 

impac t - induced  t h e r m a l  a n o m a l i e s ,  t o  l i n e a r  r i d g e  s y s t e m s .  P a t t e r n s  

of l i t h o s p h e r e  consumpt ion  would change  i n  c o n c e r t  w i t h  t h i s  

t r a n s f o r m a t i o n .  The d i f f i c u l t y  o f  e c l o g i t e  f o r m a t i o n ,  due  t o  s t e e p  

e a r l y  g e o t h e r m a l  g r a d i e n t s ,  i m p l i e s  t h e  dominance o f  sha l iow-  

d i p p i n g  zones  o f  l i t h o s p h e r e  consumpt ion .  T h i s  c a r r i e s  t h e  

consequence  of  s e c o n d a r y  magmatism and f o r m a t i o n  of p r o t o c o n t i n e n t a l  

m a t e r i a l  o v e r  b r o a d  a r e a s  of  the e a r l y  c r u s t .  %e i n t e r - r e l a t i o n  

be tween s h a l l o w - d i p p i n g  i m b r i c a t i o n  of  s u p r a c r u s t a l s  and p r o t o s i a l i c  

m a t e r i a l ,  and c a l c - a l k a l i n e  magmatism a t  t h e  s i t e s  o f  l i t h o s p h e r e  

cOnSurr.ption h e l p s  e x p l a i n  m-any g e n e r a l  f e a t u r e s  o f  h i g h - g r a d e  

Archaean  t e r r a i n s .  H y p o t h e t i c a i  b u c k l i n g  s t r u c t u r e s  a s s o c i a t e d  w i t h  

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

h e l p  e x p l a i n  f e a t u r e s  o f  l o w  g r a d e  t e r r a i n s .  S e c u l a r  d e c l i n e  i n  

o v e r a l l  h e a t  f l o w  i m p l i e s ,  a t  some p o i n t  i n  P recambr ian  t i m e ,  t h e  

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

s t e e p - d i p p i n g  s u b d u c t i o n  w i t h  na r row v o l c a n i c  a r c s  and d e c r e a s i n g  

a m p l i t u d e / w a v e l e n g t h  r a t i o s  o f  l i t h o s p h e r i c  d e f o r m a t i o n .  

I N T R O D U C T I O N  

I n  r e c e n t  y e a r s  it h a s  become p o p u l a r  t o  s t r i p  t h e  p l a t e  

t e c t o n i c  c o n c e p t  o f  modern l i t h o s p h e r e  o f  i t s  r e v o l u t i o n a r y  c o n t e n t  

of a p l a n e t  i n  c o n t i n u a l  mo t ion  and change  by  con5in i r .g  it wiith t h e  

c o n s e r v a t i v e  and  m e c h a n i s t i c  p h i l o s o p h y  o f  u n i f o r m i t a r i a n i s m  and 

impos ing  them on some g e o l o g i c a l  and  geochemica l  s i m i l a r i t i e s  

between a n c i e n t  and  n o d e r n  r o c k s .  This t e n d e n c y  r e a c h e d  i t s  acme i n  

Moorba th ' s  ( 1 9 7 5 )  c o n c l u s i o n  t h a t  ' I . .  . t h e  o n l y  r e a l l y  m a j o r  non- 

u n i f o r m i t a r i a n  g e o l o g i c a l  e v e n t  t h a t  we c a n  d i s c e r n  w i t h  any  

c e r t a i n t y  i s  t h e  f o r m a t i o n  of t h e  E a r t h  i t s e l f . "  
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To penetrate beyond mere impressions about the early earth it 

is necessary to replace this conclusion with the premise 'Past 

events are the material basis for present processes'. By combining 

this materialistic approach with the wealth of knowledge about 

(a) 

(b) the effects of varying P, T and activities of various fluid 
+he observed characteristics of ancient rocks, 

phases upon different actual and hypothetical earth materials 

in terms of melting, crystallization and rheological properties, 

(c) the accretion and early fractionation of the earth, 

(d) theoretical and indirect information about the earth's thermal 

it should be possible to develop models concerned with the essence 

of the earth's lithospheric evolution. One vital constraint is that? 

what we term modern plate tectonics is an end point containing some 

vestiges of past activity and towards which all past events have 

led. 

evolution, 

The purpose of this paper is to review the available 

information about (b) and (d) until 2.5 b.y. ago, and to suggest a 

framework for geotectonic evolution in this period. 

ARCHAEAN MODELS 

Most hypotheses about Archaean lithospheric behaviour have 

focussed on the volcanic-sedimentary assemblages of the so-called 

greenstone belts, in particular on the volcanic rocks, 

Characterization of the tectonic setting of modern and recent lavas 

by analysis of trace element abundances and patterns has reached a 

level of considerable sophistication (e.g. Jakes and White, 1972; 

Pearce and Cann, 1972). On the basis of lithostratigraphic and 

geochemical similarities between Archaean and modern volcanics the 

following syllogistic hypotheses have been erected. 

1) The calc-alkaline component of greenstone belts indicates that 

greenstone belts represent Archaean island arcs (e.g. Wilson, et al., 

1965; Folinsbee et al., 1968; Hart et al., 1970; White et al., 1971; 

Goodwin, 1973; Jahn et al., 1974). 

2) Basic-ultrabasic lavas are Archaean equivalents of Alpine 

ophiolites or modern ocean crust (Engel, 1968; Glikson, 1971; 

Anhaeusser, 1973; Jahn and Shih, 1974; Rivalenti, 1976). 

(1973) and Burke et al. (1976) to propose fairly detailed plate 

tectonic models for the Archaean involving lateral accretion of 

island arcs and continent-continent collision. 

Such actualistic inferences have led Anhaeusser (19731, Talbot 
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Partial similarity between Cretaceous and Caledonide marginal 

basins and some greenstone belts in terms of structure, stratigraphy 

and geochemistry have encouraged Tarney et al., (1976) to infer the 

'reasonableness' of such modern tectonic features having been 

important in the Archaean. 

Anhaeusser et al. (1969), Windley (1973) and Hunter (1974), 

in response to the ensialic situation of some greenstone belts and 

the passing resemblance of their basic volcanics to ocean tholeiites 

have developed theories of incipient continental rifting and graben 

filling as the basis of Archaean models. 

Very few geotectonic models have been proposed for Archaean 

high-grade terrains. Windley and Smith (19761, on the basis of 

similarities between the rock associations in amphibolite-granulite 

facies gneiss terrains and modern calc-alkaline batholith complexes 

of active plate margins, proposed a direct analogy between the two 

environments. They argued that the tonalitic component of high-grade 

terrains were products of crystal fractionation from mantle-derived 

basic magma at active continental margins. This approach has been 

carried further by Tarney and Windley (in prep . ) .  Other hypotheses 

to explain the calc-alkaline gneisses with interleaved sediments, 

volcanics and layered igneous complexes involve: calc-alkaline 

volcanism (Sheraton, 1970; Bowes et al., 1971), crustal underplating 

by calc-alkaline plutonic magmatism (Holland and Lambert, 1975) and 

control of calc-alkaline magmatism by inter-thrusting of pre-existing 

crust (Bridgewater et al., 1974). 

break is made with uniformitarianism. Glikson (1971) suggested that 

warping or loading of primitive basic-ultrabasic crust and 

concomitant partial melting could explain many of the features of 

early Archaean granite-greenstone terrains without invoking plate 

tectonic mechanisms. In view of the near certainty that the earth 

could not have escaped the mega-impacting of 4.2-3.8 b.y. recognised 

on the moon, Green (1972), Glikson (1976a) and Goodwin (1976) have 

developed models for major meteorite-induced thermal and mechanical 

disruption at this stage which formed the basis for terrestrial 

equivalents of lunar maria basalts (basic-ultrabasic greenstones) 

and diachronous trondjhemitic diapirs , now represented by the earliest 
greenstone-granite terrains. Lambert (1976) has made a detailed 

contribution on geothermal conditions f o r  the period 3.6-3.6 h.y. 

based on the heat generation of simple models of the outer earth. 

On this theoretical basis he has erected a progressive evolutionary 

In existing literature there are few papers in which a decisive 
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model f o r  t h e  e a r t h  i n  which p l a t e  t e c t o n i c s  i s  r e s t r i c t e d  t o  t h e  
l a s t  1 . 0  b , y .  Shaw ( 1 9 7 2 ,  1 9 7 6 )  h a s  t a k e n  r h e  b o l d  s t e p  o f  a t t e m p t i n g  

t o  o u t l i n e  t h e  geochemica l  e v o l u t i o n  of  t h e  e a r l y  e a r t h ,  r i g h t l y  

s t a r t i n g  w i t h  t h e  e a r t h ' s  a c c r e t i o n ,  and  u s i n g  geo the rma l  and 

geochemica l  a s sumpt ions  t o  produce  a model for t h e  s e q u e n t i a l  

f r a c t i o n a t i o n  of  s i a l i c  c r u s t  from t h e  m a n t l e .  I n  h i s  model 

convec t ion -domina ted  random l i t h o s p h e r i c  t e c t o n i c s  p a s s e d  i n t o  a 

p l a t e - t e c t o n i c  s i t u a t i o n  a f t e r  2 .5  b . y .  

ARCHAEAN GEOTECTONICS 

The g e n e r a l  b e h a v i o u r  o f  modern l i t h o s p h e r e  a p p e a r s  t o  be 

connec ted  w i t h  t h r e e  p r o c e s s e s  : 

( a )  Emplacement o f  p r i m i t i v e ,  m a n t l e - d e r i v e d  b a s a l t i c  magmas a t  

( b )  S i n k i n g  of c o o l ,  b a s a l t - c a p p e d  l i t h o s p h e r e  a t  d e s t r u c f i v e  

c o n s t r u c t i v e  marg ins  ( L l i b o u t r y ,  1969). 

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

t r a n s f o r m a t i o n  of b a s a l t  t o  e c l o g i t e  a t  d e p t h  ( E l s a s s e r ,  1 9 6 7 ) ,  

s u r f a c e  o f  t h e  a s t h e n o s p h e r e  n e a r  c o n s t r u c t i v e  marg ins  ( H a l e s ,  
1 9 6 9 ) .  

The f o r c e s  i n v o l v e d  i n  t h e s e  mechanisms c o n t r i b u t e  t o  

( c )  G r a v i t a t i o n a l  s l i d i n g  o f  l i t h o s p h e r e  above t h e  s l o p i n g  uppe r  

l i t h o s p h e r i c  mot ion ,  b u t  none can  s u p p l y  s u f f i c i e n t  e n e r g y  t o  

m a i n t a i n  it; some form o f  c o n v e c t i v e  e n e r g y  t r a n s f e r  from t h e  

deep e a r t h  i s  t h e  o n l y  p o s s i b l e  d r i v i n g  f o r c e  (MacKenzie,  1969). 

The r e l a t i o n s h i p  between deep  c o n v e c t i o n  and n e a r  s u r f a c e  mot ions  

i s  e s s e n t i a l l y  d i a l e c t i c a l ,  r a t h e r  t h a n  m e c h a n i c a l ,  i n  t h e  s e n s e  

t h a t  w h i l e  c o n v e c t i o n  d e t e r m i n e s  s u r f a c e  mot ions  i t s  form w i l l  b e  

a f f e c t e d  by l i t h o s p h e r i c  b e h a v i o u r  t h r o u g h  f eedback  l o o p s ,  T h i s  

s tems from t h e  f a c t  t h a t  a l l  p a r t s  of t h e  e a r t h  a r e  i n  t h e r m a l  and 

mechan ica l  c o n t a c t ,  e . g .  s i n k i n g  o f  l a r g e  volumes o f  c o o l  

l i t h o s p h e r e  can  c o n t r o l  t h e  form o f  c o n v e c t i o n  i n  t h e  a s t h e n o s p h e r e  

(MacKenzie, 1 9 6 9 ) .  I t  i s  t h i s  fundamen ta l  r e l a t i o n s h i p  t h a t  i s  

r e f l e c t e d  i n  t h e  ' o b s e r v a b l e '  f e a t u r e s  o f  modern r o c k s ,  S u b t l y  

d i f f e r e n t  c o n d i t i o n s  for t h e  r e l a t i o n s h i p  i n  t h e  p a s t  may have  been  

r e f l e c t e d  by c o n s i d e r a b l e  d i f f e r e n c e s  i n  t h e  form t a k e n  by n e a r -  

s u r f a c e  p r o c e s s e s .  
Due t o  t h e  inadequacy  of c o n d u c t i v e  and r a d i a t i v e  ene rgy  

t r a n s f e r  i n  p o s s i b l e  m a n t l e  m a t e r i a l s ,  t h e  c o n t i n u a l  e n e r g y  r e l e a s e  
by r a d i o a c t i v e  decay  and t h e  enormous i n i t i a l  e n e r g y  c o n t e n t  of t h e  

e a r t h  a f t e r  a c c r e t i o n  and  c o r e - f o r m a t i o n ,  t h e  o n l y  s t a b l e  reg ime i n  

t h e  e a r t h  can be one of mant le -wide  c o n v e c t i o n  (Mackenzie and Weiss ,  
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1975) in which the surface heat flow at any time equals the rate at 

which heat is generated. In its unlikely absence, rapid temperature 

rise would result in partial melting, when convection would be 

established. 

Once radiative cooling at the surface enabled a wholly solid 

lithosphere to develop, it would be subjeclr to penetration of 

mantle-derived magma, the motion of whatever lay beneath it and 

the associated thermal inhomogeneities, irrespective of the 

composition of this lithosphere. Up to the terminal major bombardment 

of the lunar surface, 4.1-3.9 b.y. ago, it seems unlikely that the 

earth's primary lithosphere escaped impact by large planetismals. 

Smith (1976) has estimated that, between 4.5 and 4.0 b.y., the earth 

may have been hit by lo3 to 10 projectiles 10 to 100 krn in radius. 

A variety of evidence suggests that a significant prooortion of the 

earth's outer part was added by accretion of mixed-temperature 

meteoritic material after rapid core formation, and its admixture 

with more fractionated earlier material (Gast, 1960; Anders, 1968; 

Turekian and Clarke, 1969; Fanale, 1971; Murthy and Hall, 1972; 

Ganapathy and Anders, 1974; Hutchison, 1974, 1976; Morgan et al., 

1976). Murthy (1976) has presented a series of constraints suggesting 

that the earliest crust was basic-ultrabasic with a minor 

anorthositic component. Such a regime can hardly be said to comply 

with uniformitarian concepts, though contained within it is the 

essence of the earth's subsequent development and of modern 

lithospheric motion. 

4 

To assess the form of lithospheric behaviour in the period 4.5 

to 3.9 b.y. is no easy matter. Several important parameters need 

to be assessed, including: 

(1) temperature variation with depth 

(2) thermal effects of major impacts 

(3) depths to melting of basaltic and pyrolite-peridotite 

compositions and thickness of lithosphere and underlying 

asthenosphere. 

(1) It can be assumed that heat transfer in solid lithosphere is 

by conduction. In partially melted asthenosphere heat transfer will 

be dominated by convection. Convection giges more rapid transfer of 

thermal energy than conduction, therefore once convection is 

stabilised temperature gradients in the asthenosphere will be less 

than those nearer the surface and will be essentially adiabatic. 

The temperature at the upper surface of the asthenosphere will be 

on the solidus for the composition and pH20 of mantle material. The 



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

1000 OC, and s o l i d i  f o r  u l t r a b a s i c  r o c k s  s l o w l y  i n c r e a s e  i n  

t e m p e r a t u r e  w i t h  p r e s s u r e .  Thus i f  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  

l i t h o s p h e r e  d e c r e a s e d  w i t h  t ime,  t h e  1 i t h o s D h e r e  must have  i n c r e a s e d  

ir, t h i c k n e s s  i n  r e s p o n s e  t o  whoo;e-earth coo l i r , g .  

Green e t  a l .  ( 1 9 7 5 )  showed t h a t  3 . 4 ,  b . y .  p e r i d o t i t i c  l a v a s  

were e r u p t e d  i n  t h e  B a r b e r t o n  g r e e n s t o n e  b e l t  a t  t e m p e r a t u r e s  of 

1650 OC. Green ( 1 9 7 5 )  showed t h a t  t h e  r a r e - e a r t h  e l emen t  p a t t e r n s  

of  t h e s e  k o m a t i i t e s ,  which r e q u i r e  g a r n e t  f r a c t i o n a t i o n  from t h e  

m e l t ,  a r e  c o m p a t i b l e  w i t h  i n i t i a l  m e l t i n g  a t  200 km on a geotherm 

a s  shown i n  F i g .  1. I n  t h i s  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  3 . 4  

b.y, l i t h o s p h e r e  was a b o u t  2 5  0 C km-l, 

Taking  i n t o  a c c o u n t  i n c r e a s e d  r a d i o g e n i c  h e a t  p r o d u c t i o n  3,6 

b e y .  ago ,  and assuming c o n d u c t i o n  a l o n e ,  Lambert ( 1 9 7 6 )  examined 

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

models o f  t h e  uppe r  m a n t l e .  Models w i t h  ( a )  a homogeneous man t l e  

c o n t a i n i n g  a l l  h e a t  p r o d u c i n g  e l e m e n t s ,  and ( b )  a 30 km c r u s t  

c o n t a i n i n g  3 3 %  o f  h e a t  p r o d u c t i o n  above a homogeneous m a n t l e ,  gave 

v e r v  s t e e p  t e m p e r a t u r e  g r a d i e n t s .  Under t h e s e  c o n d i t i o n s  m a n t l e  

m e l t i n g  and c o n v e c t i o n  would r a p i d l y  f r a c t i o n a t e  h e a t - p r o d u c i n g  

e l e m e n t s  t owards  t h e  s u r f a c e .  The o n l y  s t a b l e  c o n f i g u r a t i o n  

i n v o l v e d  c o n c e n f r a f i o n s  of h e a t  p r o d u c t i o n  i n  xne u p p e r  130 km of 

t h e  man t l e  which gave  a model geotherm v e r y  c l o s e  t o  t h a t  f a v o u r e d  

bV Green (19751 ,  

D i r e c t  d e t e r m i n a t i o n  o f  Archaean t e m p e r a t u r e  g r a d i e n t s  from 

t h e  mine ra logy  o f  metamorphic r o c k s  a r e  s p a r s e ,  l a r g e l y  c o n c e n t r a t e d  

on h i g h - g r a d e  s i a l i c  t e r r a i n s  younger  t h a n  3 . 0  b a y .  and c o m p l i c a t e d  

by i m p r e c i s i o n  o f  m i n e r a l o g i c a l  P / T  i n d i c a t o r s ,  i n  p a r t i c u l a r  f o r  

t h e  A12Si05 polymorphs .  The p r e s e n c e  of l a r g e  t r a c t s  o f  Archaean 

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

g r a d i e n t s  as h i g h  a s  55-60 C km-I a t  a b o u t  3 . 0  b . y . ;  however ,  

Hensen and Green ( 1 9 7 3 )  have  deduced a g r a d i e n t  of a round 3 5  O C  km- 

f o r  such  r o c k s  i n  A n t a r c t i c a .  Wells ( 1 9 7 6 )  h a s  demons t r a t ed  a 

g r a d i e n t  o f  15-30 

metamorphism i n  West Green land .  Dougan ( 1 9 7 7 )  h a s  shown t h a t  t h e  

Archaean c o r d i e r i t e  g r a n u l i t e s  o f  t h e  Ima taca  Complex i n  Venezuela  

formed unde r  a geo the rma l  g r a d i e n t  o f  a round  3 5  

t h e s e  a u t h o r s  a r e  p l o t t e d  on F i g .  2 .  I t  s h o u l d  b e  n o t e d  t h a t  a l l  

t h e  f i e l d s  a r e  a t  h i g h e r  t e m p e r a t u r e s  t h a n  would be p r e s e n t  a t  
commensurate d e p t h s  unde r  no rma l ,  modern g e o t h e r m a l  c o n d i t i o n s .  

0 

1 

0 C km-I f o r  2 . 8  b . y .  g r a n u l i t e  f a c i e s  

0 C km-l. 

Tne the rmochemica l  d e d u c t i o n s  of p r e s s u r e  and  t e m p e r a t u r e  by 
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Fig.  1.  E f f e c t  of rr.cdern 
oceanic  a x ?  poss ib l e  Arckaear 
gect . rerm on n e l t i n g  of 
basalt and p y r c l i t e  and on 
ninere1cg-y o f  b a s a l t i c  
compositions. Moderr. c c e a r i c  
geo the r s  = 0; Xrciaean gec- 
t h e m . =  A; s ' , ab i l i t y  f i e l d  o f  
ga rne t  grenuLite  - s t i p p l e d .  
A f t e r  Green (1971). 

Temperature "c 

Fig. 2 .  Fressure and. 
t e n p e r a t a r e  f i e l d s  f3_n 
3.0-2.8 by high-grade t e r r a i n s .  
1 = Venezuela, 3.0 by (Dcugan, 
1 9 7 7 ) ;  2 = A n t a r c t i c a ,  Archaean 
(Eezsen azd Green, 1973) ;  
3 = Wess Greenlana, 2 - 8 5  by 
(Wells ,  1976). Lcdern steady- 
s t a t e  geotherms = dashed 
curves; Archaean gecskern w i t k -  
no c r u s t a l  hea t  product ion arid 
mantle flo7.y. of 2 h.f .u.  = I; 
Archaean gec the rxs  with .mifcrrri 
c r u s t a l  hea t  3rcd;ct icr  = 11. 

Wells (1976) s u g g e s t e d  t h a t  a m p h i b o l i t e  and g r a n u l i t e  f a c i e s  

g n e i s s e s  from West Greenland were f o r u e d  by a c r u s t a l  geo the rma l  

g r a d i e n t  s i m i l a r  t o  t h a t  a s s o c i a t e d  w i t h  a v e r a g e  modern h e a t  f low 

i n  n e a r  s u r f a c e  r e g i o n s .  F i g .  2 shows t h a t  t h i s  c o u l d  o n l y  o c c u r  

t o  d e p t h s  o f  3 5  km i f  t h e  c r u s f  had no h e a t  p r o d u c t i o n  and m a n t l e  

h e a t  f l ow was a b o u t  2 h . f . u .  ( c f .  modern v a l u e s  o f  0 . 8  h . f . u . ) .  
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The rocks on Fig. 2, however, lie on a model geotherm for uniform 

Archaean crustal heat production involving moderate mantle heat 

flow but a very high near-surface geothermal gradient 

(c. 43 OC km-l). For an exponential decrease of heat-producinp 

elements with depth in the crust (e.g. Hawkesworth, 1974; Glikson 

and Lambert, 1976, Fig. 6), the fields on Fig. 2 would form on a 

geotherm with an even higher near-surface geothermal gradient. 

This small amount of da-ta suggests a surface heat flow at c. 3.0 

b.y. between 2 and 3 times modern values, but indicates the urgency 

of a major programme of geotherrnometry and geothermal modelling for 

high- and low-grade Archaean terrains up to 3.8 boy. old. If rapid 

core-formation and an initially hot semi-molten earth is accepted, 

it follows that the lithosphere has grown in thickness with 

progressive loss of heat through convection and surface radiation. 

If Green's (1975) near-surface temperature gradient of 25 C km-l 

for 3.4 b.y. is correct, then earlier lithospheric geotherms must 

have been steeper. 

0 

The work of Green and Ringwood (1967) on the basalt-to-eclogite 

transformation showed that eclogite is unlikely to form when the 

near-surface geothermal gradient is greater than 15 

such a case, basalt-capped lithosphere is transformed to granulite 

facies assemblages that cannot sink into the underlying ultrahasic 

asthenosphere since their density (3.0-3.2) is less than that of 

mantle peridotite (3.3). Steep-angled subduction, with its 

associated magmagenetic features, which seems to be dependent on 

eclogite formation (Elsasser, 1967), was therefore an unlikely 

feature of Archaean geotectonics. The complete absence from the 

Archaean record of eclogites and their common companions, high 

pressure-low temperature 'blueschists', verifies this conclusion to 

some extent. 

0 C km-l. In 

McKenzie and Weiss (1975) have suggested that convection in 

the asthenosphere, driven by internal heating and heating from 

below, takes a dual form: a small-scale flow superimposed on larger 

wavelength convection. In media of temperature-controlled viscosity, 

such as silicates, with heating from below, the small-scale flow 

probably has the surface expression of rising jets of hot material. 

Under early Archaean geothermal conditions the small-scale flow was 

probably dominant, large-scale movements probably being much slower 

(McKenzie and Weiss, 1975). 

(2) Impact of large asteroid-sized planetismals between 4.5 and 3.9 



b.y.  would induce  profound m o d i f i c a t i o n s  o f  t h e  o u t e r  e a r t h ' s  

t he rma l  s t r u c t u r e  th rough  h e a t i n g  by seismic waves (SaEronov, 1 9 6 4 ;  

Levin,  1 9 7 2 ) .  Such t h e r m a l  anomal i e s  would e x t e n d  t o  d e p t h s  of 

s e v e r a l  hundred k i l o m e t e r s ,  depending on t h e  s i z e  o f  p l a n e t i s m a l s .  

Impact s t r u c t u r e s  up t o  1000 km d i a m e t e r  might  have c h a r a c t e r i s e d  

t h e  s u r f a c e ,  by ana logy  w i t h  l u n a r  f e a t u r e s  such  a s  Mare Imbrium. 

Green ( 1 9 7 2 )  h a s  s u g g e s t e d  t h a t  l a r g e  n e g a t i v e  g r a v i t y  anomal i e s  

would r e s u l t  o v e r  impacted a r e a s .  Levin ( 1 9 7 2 )  and Goodwin ( 1 9 7 6 )  

p o s t u l a t e d  t h a t  t h e  r e g i o n s  o f  major  impac t s  would b e  c h a r a c t e r i s e d  

by man t l e  d i a p i r i s m  and t h a t  t h e  e a r t h ' s  t h e r m a l  i n e r t i a  would 

e n s u r e  t h e  l o n g e v i t y  o f  t h e r m a l  anomal i e s  caused  i n  t h i s  way, 

perhaps f o r  p e r i o d s  o f  t h e  o r d e r  o f  500 m.y. Goodwin ( 1 9 7 6 )  f u r t h e r  

proposed t h a t  impact- induced man t l e  plumes, d i s t r i b u t e d  i n  an 

asymmetric f a s h i o n ,  c o u l d  have been r e s p o n s i b l e  f o r  t h e  d i s t r i b u t i o n  

of Archaean s i a l i c  mater ia l  on t h e  Pangaea c o n t i n e n t a l  

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

I t  can  be  s t a t e d  w i t h  some c o n f i d e n c e  t h a t ,  because  of  

impac t ing  phenomena and i n t e r f e r e n c e  between l a r g e  numbers o f  

s m a l l - s c a l e  c o n v e c t i o n  c e l l s  i n  t h e  a s t h e n o s p h e r e ,  t h e  e a r l y  

Archaean s u r f a c e  h e a t  f low was dominated by i r r e g u l a r l y  d i s t r i b u t e d  

p o s i t i v e  t h e r m a l  anomal i e s .  Areas o f  low h e a t  f low would form a 

po lygona l  network between such  anomal i e s .  

( 3 )  Given e a r l y  Archaean geotherms of t h e  form shown i n  Fig.  1, it 

i s  c l e a r  t h a t  p a r t i a l  m e l t i n g  o f  w e t  p y r o l i t e  would o c c u r  o v e r  a 

wider  d e p t h  r a n g e  t h a n  a t  p r e s e n t  and t h a t  p a r t i a l  m e l t i n g  of  w e t  

b a s a l t  systems would be a t  a much s h a l l o w e r  d e p t h  t h a n  today .  For  

Green 's  model geotherm I11 ( 1 9 7 5 )  t h e  l i t h o s p h e r e  would be o n l y  50 

km t h i c k  and m e l t i n g  o f  w e t  b a s a l t  would be  i n i t i a t e d  a t  d e p t h s  

g r e a t e r  t h a n  2 5  km ( F i g .  1). 

I n  t h e  a s t h e n o s p h e r e ,  t h e  modern o c e a n i c  geotherm i s  p robab ly  

s u b - p a r a l l e l  t o  t h e  p e r i d o t i t e  s o l i d u s  and w i t h  a low dT/dP because  

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

app ly ing  i n  t h e  e a r l y  Archaean would t h e r e f o r e  be e x p e c t e d  t o  

i n c r e a s e  c o n s i d e r a b l y  t h e  d e p t h  t o  t h e  base  of t h e  a s t h e n o s p h e r e ,  

p r e s e n t l y  a t  abou t  600 km below o c e a n s .  However, t h i s  lower 

boundary i s  more l i k e l y  t o  r e p r e s e n t  an i n c r e a s e  i n  a c t i v a t i o n  

energy f o r  Nabarro-Herr ing c r e e p ,  l a r g e l y  independen t  of m e l t i n g  

and p robab ly  a t  a s i m i l a r  d e p t h  i n  t h e  e a r l y  Archaean (McKenzie and 

Weiss, 1975) .  

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

b u t  d e f i n i t e l y  i n d i c a t e d ,  pa rame te r s  a r e  i n t e r e s t i n g  and d e c i d e d l y  
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F i g .  3 .  Magmatism, l i t h o s p h e r i c  mot ion  and p o l y g o n a l  i n t e r f e r e n c e  
p a t t e r n  f o r  e a r l y  t h e r m a l  reg ime dom.inated by  c o n v e c t i v e  j e t s  and 
impac t - induced  t h e r m a l  a n o m a l i e s .  

n o n - u n i f o r m i t a r i a n .  T ' h i l e  c o n v e c t i o n  i n  t h e  a s t h e n o s p h e r e  was 

dominated  by s m a l l - s c a l e  f low i n  t h e  form o f  u p w e l l i n g  h o t  j e t s  and 

p o l y g o n a l  zones  o f  downflow, n o d i f i e d  by impac t - induced  t h e r r r a l  

a n o m a i i e s ,  addi -c ions  t o  t h e  c r u s t  i n  t h e  forril of g r i n i t i v e  S a s i c -  

u l t r a - b a s i c  magmas would be a t  i r r e g u l a r l y  d i s t r i b u t e d  c e n t r e s  

( F i g .  3 ) .  Such c e n t r e s  would be c h a r a c t e r i z e d  by c r u s t a l  t h i c k e n i n g ,  

d e p r e s s i o n  o f  t h e  b a s e  o f  t h e  l i t h o s p h e r e  and r a d i a l  f l o w  of low 

v i s c o s i t y ,  h i g h  t e m p e r a t u r e  l a v a s .  C o n t i n u a l  s u p p l y  o f  magma would 

induce  r a d i a l  c r u s t a l  g rowth  a b o u t  t r i p l e  j u n c t i o n s  away from t h e  

c e n t r e s ,  p e r h a p s  a i d e d  by s m a l l - s c a l e  c o n v e c t i o n  b e n e a t h .  A 

p o l y g o n a l  ne twork  of opposed l i t h o s p h e r i c  mot ions  would d e v e l o p  

from such  a s y s t e m ,  p roduc ing  l i n e a r  b e l t s  i n  which t h e  l i t h o s p h e r e  

would deform and t h i c k e n ,  e i t h e r  by  b u c k i i n g  o r  by b r i t t i e  f a i l u r e  

and t h r u s t i n g .  Such b e l t s  c o u l d  c o i n c i d e  w i t h  t h e  zones  o f  small- 

s c a l e  c o n v e c t i v e  downflow. 

Th i s  p r i m i t i v e  r e g b e  would be  t r a n s i t o r y ,  f o r  two r e a s o n s ,  

F i r s t l y ,  i c t e r f e n e n c e  be tween ad! a c e n t  c e n t r e s  and t h e  f o r m a t i o n  o f  

g e o i s o t h e r m a l  ' s a d d l e s '  would l e a d  u l t i m a t e l y  t o  t h e i r  c o a l e s c e n c e  

and t h e  deve lopment  o f  l i n e a r  zones  o f  magmagenesis ( F i g .  4). 

Second ly ,  t h e  reg ime would be  c ' i s r u p t e d  c o n t i n u a l l y  by i m p a c t s ,  

which would b r e c c i a t e  and r emix  t h e  magmatic p r o d u c t s  o f  t h e  

p r o c e s s e s  i n v o l v e d  and i n d u c e  t h e  p r o d u c t i o n  o f  f u r t h e r  n a n t l e -  
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Fig .  4. Coa lescence  o f  t h e r m a l  c e n t r e s  t o  form l i n e a r  zones  o f  
p r imary  magmagenesis.  

d e r i v e d  magmas. G l i k s o n  (1976b)  has s u g g e s t e d  t h a t  t h e  o l d e s t  

k o m a t i i t i c  l a v a s  o f  Archaean t e r r a i n s  r e p r e s e n t  t e r r e s t r i a l  

ana logues  o f  l u n a r  m.are b a s a l t s .  S i n c e  i d e n t i c a l  magmas would be 

produced  as a consequence  of  t h e  e a r t h ' s  own g e o t h e r m a l  deve iopmenr ,  

t h e  two d i f f e r e n t  modes of p r o d u c t i o n  c a n n o t  be d i s t i n g u i s h e d  on 

geochemica l  g rounds  a l o n e .  The l u n a r  b a s a l t i c  r o c k s ,  i n  c o n t r a s t ,  

can o n l y  be e x p l a i n e d  by i n p a c t - i n d u c e d  m e l t i n g .  

opposed mot ion  l e a d s  u l t i m a t e l y  t o  one s l a b  o v e r r i d i n g  t h e  o t h e r .  

!dith geotherms which do  n o t  e n t e r  t h e  f i e l d  o f  e c l o g i t e  s t a b i l i t y  

such i n t e r a c t i o n s  c a n n o t  p roduce  s t e e p l y  d e s c e n d i n g  l i t h o s p h e r i c  

s l a b s .  R a t h e r ,  t h e  low d e n s i t y  o f  b a s a l t - c a p p e d  l i t h o s p h e r e  would 

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

benea th  t h e  o v e r r i d i n g  slab ( F i g ,  5 c ) .  Conseouent mqgmatic a c t i v i t y  

would t h e n  o c c u r  b e n e a t h  a zone  o f  g r e a t  w i d t h  r e l a t i v e  t o  t h e  

F r a c t u r e  of  t h i s  b a s i c - u l t r a b a s i c  l i t h o s p h e r e  a t  zones  o f  
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l e n g t h  o f  t h e  a c t i v e  boundary (Windley, 1977, p.3181, t h e  w i d t h  

depending on t h e  r a t e  o f  approach o f  t h e  two expanding s l a b s  and 

t h e  d u r a t i o n  of a c t i v i t y .  T h i s  c o n f i g u r a t i o n  i s  markedly d i f f e r e n t  

t o  modern Ben io f f  zones and i s l a n d  a r c s ,  where t h e  w i d t h / l e n g t h  

r a t i o  i s  s m a l l  and wid th  i s  de te rmined  by t h e  a n g l e  o f  d i p  on t h e  

descend ing  s l a b ,  and l a r g e l y  independen t  o f  t h e  r a t e  o f  approach 

and d u r a t i o n  o f  motion.  S i n c e  t h e  P-T boundary between t h e  f i e l d s  

of e c l o g i t e  and g a r n e t  g r a n u l i t e  s t a b i l i t y  h a s  been shown t o  be 

s h a r p  and t o  p a s s  t h r o u g h  t h e  o r i g i n  o f  a g raph  o f  p r e s s u r e  a g a i n s t  

t e m p e r a t u r e  (Green and Ringwood, 19671, a s  do geotherms,  a s m a l l  

change i n  t h e  geotherm c l o s e  t o  t h i s  boundary wou7.d sudden ly  e n a b l e  

e c l o g i t e  t o  form from b a s a l t i c  m a t e r i a l s .  Th i s  s u g g e s t s  t h a t  t h e  

t r a n s f o r m a t i o n  from sha l low-ang led  t o  s t e e p  s u b d u c t i o n ,  t o g e t h e r  

w i t h  a l l  t h e  e n d o g e n e t i c  c o n n o t a t i o n s ,  must have been sudden and 

n o t  an e v o l u t i o n a r y  p r o g r e s s i o n ,  Th i s  g e o t e c t o n i c  r e v o l u t i o n  would 

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

when l o c a l  n e a r - s u r f a c e  geo the rma l  g r a d i e n t s  f e l l  below 1 5  C km-l 

f o r  t h e  f i rs t  t i m e  i n  t h e  e a r t h ' s  h i s t o r y .  

0 

cabalkaline 
masmatism 

mantle diapir 

' partial melting 

Fig.  5 .  Secondary magmatism r e l a t e d  t o  c r u s t a l  t h i c k e n i n g  by: 
a )  b u r i a l  i n  v o l c a n i c  e d i f i c e  b )  b u c k l i n g  a t  zones o f  opposed 
l i t h o s p h e r i c  mot ion ,  c )  sha l low-ang led  t h r u s t i n g  a t  zones of 
opposed l i t h o s p h e r i c  motion.  



Basa l t - capped  l i t h o s p h e r e  is e s s e n t i a l l y  t r a n s i e n t  in t h s t  a t  

modera t e  r a t e s  o f  p r i m a r y  magma g e n e r a c i o n  i t s  r e s i d e n c e  t i n e  a t  

t h e ' e a r t h ' s  s u r f a c e  is less t h a n  l o 8  y e a r s .  Consequen t ly ,  t h e  

d e t a i l s  of i t s  s t r u c t u r a i  form. a r e  t r i v i a l  i n  t h e  c o n t e x t  of t h i s  

d i s c u s s i o n .  Yowever, low d e n s i t y  segments  of l i t h o s p h e r e  , capped  

by s i l i c i c  m a t e r i a l s  g e n e r a t e d  by v a r i o u s  p r o c e s s e s  ( F i g .  5 ) ,  

p r o b a b l y  remain  a t  t h e  s u r f a c e  from t h e  d a t e  o f  t h e i r  f o r n a t i o n  

and c o n s e q u e n t l y  t h e i r  r e s p o n s e  t o  s t r e s s e s  i s  of c o n s i d e r a b l e  

i m p o r t a n c e ,  What f O l l O W S  owes much t o  R u t l a n d ' s  (1973) s u g g e s t i o n  

of l i t h o s p h e r i c  d e f o r m a t i o n  i n  t h e  Archaean , b u t  i n c o r p o r a t e s  

a n a l y s i s  of t h e  f o r n  t a k e n  by t h i s  d e f o r m a t i o n .  

The o u t e r  p a r t  o f  t h e  e a r t h  cen  b e  regardecl a s  a t ~ o - l a y e r  

s y s t e m  f o r  t h e  pu rpose  of g e o t e c t o n i c  a n a l y s i s :  a t h i n ,  h i g h  

v i s c o s i t y  l i t h o s p h e r e  above  a T h i c k e r  less v i s c o u s  a s t h e n o s p h e r e ,  

The form t a k e n  by  t h e  C O I T E V G ~  boundary  d u r i n g  compress ion  i s  

governed  by t h r e e  i m p c r t a n t  f a c t o r s :  

( a )  t h e  magni tude  of t h e  p r i n c i p a l  c o n p r e s s i v e  s t r e s s  

(b) t h e  r e l a t i v e  t h i c k n e s s e s  of l i t h o s p h e r e  and  a s t h e n o s p h e r e  

( c )  t h e  v i s c o s i ' i y  c o n t r a s t  between t h e  i;wo 127700s. -i kC 

During  e x p e r i m e n t a l  compress ion  of  t h e  i n i - e ~ f a c e  between two 

m a t e r i a l s  of d i f f e r e n t  v i s c o s i t y ,  a n  o r i g i n a l l y  s i n u s o i d a l   for^?, 

whose wave leng th  depends  p a r t l y  on t h e  v i scos i ' i y  c o n t r a s t  

(Ranberg ,  1 9 E 4 ) ,  d e v e l o p s  t o  a s e r i e s  o f  s h a r p  cusps  of low 

v i s c o s i t y  m a t e r i a l  p e n e t r a t i n g  be tween b road  lobes o f  h i g h  

v i s c o s i t y  m a t e r i a l  (Iiamsay, 1 9 6 7  p .  3 8 3 ) .  

The wave leng th  2nd a m p l i t u d e  of s u c h  s t r u c t u r e s  a r e  a l s o  

d i r e c t l y  r e l a t e d  t o  t h e  t h i c k n e s s  of t h e  b u c k l e d  l a y e r .  Thus  a t h i n  

Archaean l i t h o s p h e r e ,  u p d e r l a i n  by an a s t h e n o s p h e r e  coni:ain?lnp a 

h i g h e r  p r o p o r t i o n  of m e l t  t h a n  t o d a y  and  c o n s e q u e n t l y  w i t h  a l ower  

v i s c o s i t y ,  c o u l d  have  deve loped  such  l o b e  and  c u s p  s t r u c t u r e s  a t  

i t s  base d u r i n g  l a t e r a l  c o r . p r e s s i o n .  The c u s p s  would form l i n e a r  

a r r a y s  p e r p e n d i c u l a r  t o  t h e  m.axinur? compress ive  s t r e s s  ( F i g .  6). 

S i n c &  t h e  c u s p s  would be composed of h i g h  d e n s i t y  m a n t l e  

maizerial  d i s p l a c e d  upwards ,  t h e r e  a r e  two i m p o r t a n t  consequences .  

F i r s t l y ,  t h e y  would i n d u c e  p o s i t i v e  g r a v i t y  a n o m a l i e s ,  downsagging 

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

Second ly ,  a d i a b a t i c  u p l i f t  of u l t r a b a s i c  m a t e r i a l s  a t  o r  n e a r  

s o l i d u s  t e m p e r a t u r e s  would i n d u c e  f u r t h e r  m e l t i n g  ( s e e  F i g .  1) 

and The p r o d u c t i c n  of  b a s i c  magmas i n  t h e  v i c i n i t y  of t h e  c u s p s .  

L i t h o s p h e r i c  deforma+tion'  of t h i s  s t ~ 7 l e  p roduces  b o t h  

t h i c k e n i n g  i n  t h e  form of doxnward l o b e s ,  and  zones  o f  
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t h i n n i n g  and i n c i p i e n t  weakness  a s s o c i a t e d  w i t h  t h e  c u s p s .  The 

t h i c k n e s s  o f  modern l i t h o s p h e r e ,  and  t h e  more v i s c o u s  s t a t e  of t h e  

modern a s t h e n o s p h e r e ,  w i t h  lower  d e g r e e s  o f  p a r t i a l  m e l t i n g ,  

p r e c l u d e s  p rominen t  b u c k l i n g  o f  s t r e s s e d  l i t h o s p h e r i c  p l a t e s  t o d a y ;  

t h i s  i s  a b a s i c  a s s u m p t i o n  of p l a t e  t h e o r y .  

The i m p l i c a t i o n s  o f  t h i s  p o s s i b i l i t y  i s  t h a t  st some s t a g e  

d u r i n g  t h e  Archaean ,  t h e  e a r t h ' s  s u r f a c e  w a s  c h a r a c t e r i s e d  by 

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

between and i n t e r f e r i n g  w i t h  zones  o f  l i t h o s p h e r i c  consumpt ion .  

Such fea- t -ures  would o n l y  s u r v i v e  i n  s i a l - c a p p e d  segmen t s  o f  t h e  

l i t h o s p h e r e ,  which c o u l d  n o t  b e  consumed ( F i g .  6 ) .  Such i n t e n s e  

' i n t r a p l a t e '  a c t i v i t y  would wane a s  d e c l i n i n g  h e a t  p r o d u c t i o n  

a l l o w e d  t h e  l i t h o s p h e r e  t o  t h i c k e n  beyond t h e  l imi t s  o f  l o b e  and 

c u s p  t e c t o n i c s ,  when o n l y  b r o a d  s w e l l s  and b a s i n s  c o u l d  form.  The 

d e c o u p l i n g  o f  m u t u a l l y  opposed  l i t h o s p h e r i c  m o t i o n s ,  by  t h e  

deve lopment  o f  s t e e p  s u b d u c t i o n  o f  e c l o g i t e - b e a r i n g  l i t h o s p h e r e ,  

would d r a m a t i c a l l y  r e d u c e  t h e  i n t e n s i t y  o f  t r a n s m i t t e d  c o m p r e s s i v e  

s t r e s s e s  i n  t h e  l i t h o s p h e r e ,  and h e n c e  t h e  chances  o f  i n t e n s e  

d e f o r m a t i o n  w i t h i n  p l a t e s .  

DISCUSS ION 

The g e o t e c t o n i c  scheme o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n  h a s  

p e t r o g e n e t i c  i m p l i c a t i o n s  which  a r e  c l o s e l y  matched  by many g e n e r a l  

f e a t u r e s  o f  b o t h  Archaean  h i g h -  and low-grade  t e r r a i n s .  O f  c o u r s e ,  

t h e r e  a r e  many l o c a l  p e c u l i a r i t i e s  which  r e q u i r e  more s p e c i f i c  

e x p l a n a t i o n  b a s e d  on d e t a i l e d  work. 

(1) The l o b e  and c u s p  c o n f i g u r a t i o n  o f  F i g .  6 i m p l i e s  t h a t  

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

s u p r a c r u s t a l  a c t i v i t y .  Many a u t h o r s  have  n o t e d  t h e  common sub- 

p a r a l l e l  a r r a n g e m e n t  o f  g r e e n s t o n e  b e l t s  i n  t h e  S u p e r i o r ,  Y i l g a r n  

and Dharwar p r o v i n c e s .  The main g r e e n s t o n e  b e l t s  i n  t h e s e  p r o v i n c e s  

a r e  d e m o n s t r a b l y  younger  Than l o c a l  t o n a l i t i c - t r o n d j h e m i - t - i c  

basemen t .  I n d i v i d u a l  g r e e n s t o n e  b e l t s  o f t e n  show i s o t r o p i c  

s t r u c t u r a l  p a $ t e r n s  r e l a t e d  t o  b o t h  downsagging and v e r t i c a l  

movements o f  s y n o r o g e n i c  p l u t o n s .  Symmet r i ca l  s u p p l y  o f  s e d i m e n t  

h a s  been  d e m o n s t r a t e d  (McGlynn and Hender son ,  1 9 7 2 ) .  They l a c k  

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

metamorphism t h a t  c h a r a c t e r i s e  modern i s l a n d  a r c s .  F i n a l l y ,  t h e r e  

i s  no  e v i d e n c e  o f  age  z o n i n g  i n  t h e s e  p r o v i n c e s  t h a t  would r e s u l t  

from s u c c e s s i v e  a c c r e t i o n  o f  i s l a n d  a r c s  or b a c k - a r c  b a s i n s .  

( 2 )  A s e c u l a r  i n c r e a s e  i n  l i t h o s p h e r i c  t h i c k n e s s  i m p l i e s  t h a t  t h e  
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Fig. 6. Hypothetical form of compressed, thin Archaean lithosphere 
capped by protocontinental material, showing shallow-angled 
subduction of basalt-capped lithosphere and possible zones of 
magmagenesis. 

wavelength of lobe-cusp structures showed increase. Most ensialic 
greenstone belts o n l y  span the 3.0-2.6 b.y. period which, together 

with their irregularity and small numbers, precludes the statistical 

analysis to detect such a secular change, However comparison 
between narrow Archaean greenstone belts and broad Proterozoic 

sedimentary basins suggests a decreasing tendency f o r  deforma-l-ion 

of sial-capped lithosphere. 

(3) 

primitive basic-ultrabasic crust, remnants of this initial crust 

If sialic crust is the pqoduct of multi-stage beworking of 
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and ensimatic supracrustal sequences may be preserved in sialic 

crust. Glikson and Lambert (1976) summarise evidence for pre-sial 

supracrustals in Western Australia. However striking evidence comes 

from the low-grade terrain of the Dharwar craton of South India 
where an early set of supracrustal rocks (Radhakrishna, 1975) is 

intruded by the C. 3.4 b.y., tonalitic-trondjhemitic precursors 

Of the Peninsular Gneisses (S.M. Naqvi, pers. comm., 1977). The 

latter are unconformably overlain by younger supracrustals in a 

series of large sub-parallel greenstone or schist belts which are 
older than 2.4 b.y. The older supracrustal rocks, in small synformal 

belts and enclaves within the Peninsular Gneisses, are dominated by 

basic-ultrabasic lavas and aluminous and iron-rich pelites. There 

is little evidence for sial-derived clastic sediments within these 

rocks (Naqvi,this volume). Drury et al. (this volume) describe the 

geochemistry of anorthositic basalts from one of these occurrences, 

whose REE patterns may indicate an origin as enclaves of earlier 

crust component enclosed in later ultrabasic lavas. 

(4) The geotectonic scheme outlined in the previous section implies 

sequential emplacement of volcanics of different composition. 
Magmas derived from deep mantle melting (komatiites) during the 

period of compression of sialic slabs should be succeeded by 

magmas derived by partial melting of underriding basic-ultrabasic 

crustal slabs and hydrated peridotite in the overlying lithosphere. 

That is, by calc-alkaline and tholeiitic magmas. In general this is 

the observed case for greenstone belts ranging in age from 3.4 b.y. 

to 2.6 b.y., though the basal komatiite component of the volcanic 

cycles decreases in successively younger terrains. Glikson (1976b) 

summarises the details of this generalization. 

( 5 )  In the regime outlined by Fig. 6 and the accompanying text, 

the site of most intense deformation is that related to consumption 

of simatic crust at the edge of the sialic slab. The dominant 

deformation would amount to imbrication of sialic basement and 

supracrustals at shallow angles and intense flattening of the 

imbricated wedge. The contemporaneous production of calc-alkaline 

magmas below this wedge would lead to complex interference between 

deformation and intrusion. Crustal thickening in this dynamic 

regime would cause high-grade metamorphism in amphibolite to 

granulite facies. Descriptions of Archaean high-grade terrains on 

all continents conform in general to this pattern (e.g. Eridgwater 

et al., 1974). A s  discussed earlier, the isotopic and REE 

geochemistry of the silicic meta-igneous rocks in such complexes 



suggest their derivation by mantle-depth partial meliing of basic 

source materials leaving garnet-bearing residua. 

(6) Shallow-angled consumption of basic crust implies the 

generation and upward emplacement of calc-alkaline magmas by low 

degree partial melting over very wide zones, rather than in narrow 

belts which characterize modern steep subduction (See Windley, 1977, 

p. 318). The dominant rocks of Archaean low-grade terrains are vast 

gregarious batholiths which separate and deform greenstone belts. 

Within individual provinces synorogenic plutons of this kind, with 

very close radiometric ages, occur over distances up to 1000 km 

perpendicular to the strike of greenstone belts. The most common 

characteristic of such plutons is the indication by their isotopic 

and REE geochemistry that ihey formed by partial melting of basic 

rocks at mantle depths. 

The geotectonic regime outlined, like modern plate tectonics, 

is a diachronous system in that similar events may take olace at 

different times in the earth’s lithosphere. Not all the stages need 

manifest themselves, and some may be repeated with subtly different 

forms because of local peculiarities. I believe such a general, non- 

uniformitarian model can be shown to evolve in train wi?h geothermal 

evoluiion into regimes that help explain the many different aspects 

of Proterozoic earth history. By the same token such a regime is the 

necessary prerequisite to the establishment of modern lithospheric 

motions and their surface expressions. 
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ILTEPJXD CONPOSITION OF EARLY ARCF;AEAN CFlUST 
Ah9 VA?.IATiON I N  CRUSTAL CCMOSITICS TD.OUGH TiKE 

J .  J.W. 3oge r s  

M i t c h e l l  Xail OZgA, Chapel H i i l ,  North C a r o l i n a  27514, USA 
Geology Depar txen t ,  U n i v e r s i t y  of North C a r o l i n a ,  

A b s t r a c t  

Two s h i e l d s  formed i n  l a t e  P r o t e r o z o i c  t i n e  (Llano u p l i , ,  '+ of  Texas and Fted 

Sea H i l l s  of  Egypt) a r e  c t a r z c t e r i s e d  by l a r g e  volumes of p o s t - t e c t o n i c ,  p o t a s s i c  

g r a n i t e .  These g r a n i t e s  were formed as t h e  f i n a l  event  i n  t h e  s t a b i l i s a t L o n  o f  

t h e  s h i e l d s .  9 . e  p o t a s s i c  g r a n i t e s  a r e  a 'bsent ,  o r  ve ry  r a r e ,  i n  p r e s e n t l y  ex- 

posed Archaean t e r r a n e s ,  thus caus ing  younger s h i e l d s  t o  have g r e a t e r  average  

abundar.ces of l i t h o p k i l i c  e l e r e n t s  t h a n  o l d e r  s h i e l d s .  

Weightea average  compostions of exposed s u r f a c e  a r e a s  can be p l o t t e d  f o r  t h r e e  

s h i e l d s  of a i f f e r e n t  age ( 2 5 C C  my, Archaean r o c k s  o f  t h e  Canadian s h i e l d ;  1750 my, 

T r o t e r o z o i c  rocks  of t h e  Canadiar. sh . ie ld ;  ar.a 1000 my, Llano - 2 p l i f t  of Texas) .  

Ex t r apo la t io r .  o f  t h e s e  t r e n d s  $0 3500 my y i e l d s  ' the f o l l o w i n g  i n f e r r e d  composi t ion  

of e a r l y  Archaean c r u s t :  

Fe 0 

S i 0 2 ,  4.0%; T i c 2 ,  0.5%; A 1  0 , 17.0%; t o t a l  Fe as 
2 3  

5.4%; Y g C ,  3 -15;  CaC, 3.95; Na2C, 4.6%; K2C,  1.5%. 2 5 '  
Th i s  i n f e r r e d  composi t ion  i s  s u f f l c i e n t i y  poor  ir. K 2 C  t h a t  i t  is u n l i k e l y  t h a t  

s i g n i f i c a n t  q u a n t i t i e s  of p o t a s s i m  f e l d s p a r  occur red  i n  rocks  of t h i s  age .  The 

abser.oe of p0tassi.m f e l d s p a r  (and t r u e  g r a r i t e s )  c o r r e l a t e s  w i th  t h e  absence  of 

g r a n i t i c  d e b r i s  ir. sed imentary  rooks  formed by t h e  e ros io r ,  o f  e a r l y  Arcb.aean c r u s t .  

This o b s e r v a t i o n  a l s o  i n d i c a t e s  t h a t  e a r l y  Archaean c r u s t  was a c t u a l l y  impoverished 

i n  ao ta s s ium,  and g r a n i t i c  m a t e r i a l s  i n  g e n e r a l ,  and t h a t  t h e  absence  o f  p o t a s s i c  

g ra r . i t e s  from p r e s e c t l y  exposed o l d e r  s h i e l d s  i s  no t  s i n p l y  t h e  r e s u l t  of removal 

of  h igh - l eve l  g r a n i t e s  by deep e ros io r ,  o f  Archaean t e r r a c e s .  

IXT3CDUCTION 

C o n t r o v e r s i e s  about  t h e  e v o l u t i o n  o f  t h e  e a r t h ' s  c o n t i n e n t a l  cmsz have c e n t r e d  

around two problems. One problem i s  t h e  r a t e  o f  e v o l u t i o n  of s i a l ,  w i th  p r i n c i p a l  

t h e o r i e s  f i t t i n g  i n t o  t h r e e  broad c a t e g o r i e s :  

n e a r l y  a l l  of t h e  s i a l i c  m a t e r i a l  i n  t h e  e a r t h  and p roduc t ion  of c o n t i n e n t a l  

!x.sses t h a t  have simply been reworked by younger g e o l o g i c  e v e n t s ;  ( 2 )  gradual 

growth of contir .er . ts  d u r i n g  t h e  Archaean, w i th  t h e  p r o c e s s  e s s e n t i a l l y  complete 

about 2500 my ago and o r u s t a i  reworking  t a k i n g  p l a c e  s i n c e  then ;  and ( 3 )  c o n t i n u a l  

evo lu t ion  o f  new s ia l  throughout  g e o l o g i c  t i n e .  A second problem is t h e  p o s s i b i l i t y  

( 1 )  e a r l y  Archaean s e g r e g a t i o n  of 



of variasioc i n  t h e  composition of ccnt inenta l  c r u s t  t h rough  t ime ,  w i t h  theor ies  

ranging :roT an  essentiallj- :or.ssaris c o n $ o s i t i c r  of t h e  cruss during a11 of 

geologic time 50 a srogressive increase ir. lixkcphilic cc~.porer.-r,s f r o n  e l d e r  ;o 

yourger c r u s t s ,  This s h o r t  paper carmor review a l l  o f  the 2ersinent l i t e r a t u r e .  

Revie;!s are provided  ky Condie (1976) an6 nmeroi;.s pacers in ?he X T C  hdvanced 

Study I n s t i t u t e  Proceecings e c i t e d  k y  'dind1e;- (1976); sene o f  t k e  m r e  recerit 

pa2ers  a r e  those  of Hargra;.es (19:6), Lorm.an (1976), EL-Uner (1977), :!aqvi (1977), 
Rogers (1977) 2nd. Tay lo r  ('1977). 

This paper  resul ts  from an e f f o r z  s o  c b t a i n  ccx9osisLonel i n f o r m a t i o r  o n  t-do 

c o n p a r a t i v e l y  ycung s k ~ i e l d s .  ?he Lleno );?lift of :en;ral Texas, U.S.A.,  sho~ss  

ages i n  t h e  range K9G-I109 mi>- (Zartman, 1964, 1965), ,with t h e  las: na.Jor  event  

beir.g t t e  err.~la:enent o f  a sui?e of p o t a s s i c  granites  om I"ioun5air- Gran i?es )  

C. I000 m y  ago. 

e s t i n a t e d  3y Jzhrsor. e;  a:. (1976). Tke 3.ed Sea B i l l s  o f  eastern E a T t  Z o n t a i n  

r ccks  p r i m a r i l y  showing ages in she range 500-120Cf my (Hashad e t  a l . ,  1972;  21 

S t z z l y  e t  al., 1973; ?.ogers e% a:. , 1976). 
H i l l s  Yas t h e  emplacer.ent o f  a suixe cf P c t a s s i c  gzanites ('icunger Granites) 

C .  600 my ago. 

T'ne zomposition of the e n t i r e  exposed area cf the uplift has Seen 

The l a s s  r ra jor  even? i n  'she ?.ed Sea 

The term 'age of a s h i e l d '  must be defined. In  t h i s  paper it r e f e r s  t o  t h e  

las t  major igneous o r  metamorphic event known t o  have a f fec ted  a sh ie ld  area.  

many areas  t h i s  event i s  recorded by t h e  K/Ar  d a t e s  o f  a v a r i e t y  of rock types ,  

even where o lder  d a t e s  are recognisable  by Rb/Sr or U/Pb d a t i n g  (e.g. see Stockwell, 

1968, for del inea t ion  of age provinces i n  Canada). 

the  Llano u p l i f t  and Red Sea H i l l s ) ,  t h i s  f i n a l  event coincides  with t h e  emplace- 

ment of post- tectonic  g r a n i t e s .  The f i n a l  event a l s o  s t a b i l i s e s  (c ra tonises )  the  

sh ie ld  and a l lows  extensive development o f  plat form sediments over t h e  c r y s t a l l i n e  

basement. 

I n  

I n  a number of s h i e l d s  (e.g. 

Th i s  paper: (1 )  d i s c u s s e s  she possible v a r i a t i o n  i n  c o a p o s i t i o n  o f  s h i e l d  areas 

ago; w i th  t h e i r  age; ( 2 )  F o s t i i l a . t e s  a ' coxgos i t i cn  ci t h e  c o n t i n e n t a i  c rus t  JJCC 

( 3 )  d i s c u s s e s  tke 0-uession o f  -dir.ether t%e .-ariation ir. c c n p o s i t i o n  r e s - A t s  frcs 

v a r i a t i o n  ir. -the c c n p c s i t i o n  o f  c ) ~ i c e l  r c c k  t jTes  (such as gneisses) or f r o m  

v a r i a t i o n  i n  t h e  p r o p o r t i o n s  o f  different rock  t y p e s ;  ( 4 )  p o s s d a t e s  s k a t  younger 

s h i e l d s  c o n t a i n  significactly greater m o u n t s  o f  p o t a s s i c  graniLe t h a n  o l d e r  

s h i e l d s ;  ar.d (5) proposes t h a t  t h e  greater abundarce 05 p o t a s s i c  g r a z i t e s  i s  n e t  

r e l a t e d  t o  a shallo7,ier depsh o f  e r o s i o n  i n  yo-mger sh ie lcs  bc.t represents  t r u e  

d i f f e r e n c e s  i n  the  bu lk  c o n g c s i t i s n  of c o n t i n e n t a l  crust seg rega ted  at  different 

times in e a r t h  h i s t o r y .  

TMIkTION IN SEIELD COIQOSITIOiu' Wi'TE T I N E  

The >ioneering work on the c o r q c s i t i o n  o f  broad  a reas  o f  shields was done b? 

Estimztes o f  large a r e a s  o f  tk.e Eade and h l m i g  (1971)  on t h e  Canadian s h i e l d .  
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- .  :ig. 1 .  Co:nposi;ions cr'  s ' c i e lds  o f  v a r i o u s  ages. The v a l u e s  Flo' , ted a t  
IOOC r5y are for t h e  Llano upllfs (2cknsc:: e t  al., 1 9 7 6 ) .  Tke 
c losed  c i r c l e s  plc::ed a t  1750 and 250C my a r e  fro:r. Ea6e ar.c F a h r i g  
( 1 5 7 1 )  f c r  t h e  Proterczcic a i d  Archaean rocks of t h e  Canadian s h i e l d .  
?he cpen c i r c l e s  p l o t t e d  at  1730 a r d  25CC rr.y a r e  f rom 3.onov 2nd 
Nigdisov ( 1 9 7 1 )  for t:ie P r o t e r o z o i c  and krchaean  r o c k s  o f  t h e  &:tic- 
2 k r a i n i a n  s h i e l d s .  Tke values s:hown at  35OC my are e x t r a p o i a t e d  f r c l  
t h e  o;ker  c losed  c i r c l e s  ( L l m o  and Car.adian s h i e l d s )  ,2r.d renresen; 
t h e  inferred com7osition of t h e  c r u s t  jj00 .my ago. 
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Eade and Fahrig (1971) provided separate estimates of Archaean and Proterozoic 

areas of the Canadian shield, as did Ronov and Migdisov (1971) for the Baltic and 

Ukrainian shields. Fig. 1 shows diagrammatically the variation in composition 

with time for these two ages in the Canadian shield, two ages in the combined 

Baltic-Ukrainian shield, and the Llano uplift. The age plotted for the Archaean 

shields is 2500 my, the Kenoran event at the end of the Archaean in the Canadian 

shield. The age of the Proterozoic shields is rather arbitrarily chosen as 

1750 my, the time of the Hudsonian orogeny in the Churchill province of Canada, 

The age of the Llano uplift is 1000 my, approximately the age of emplacement of 

the youngest granites. 

Eade and Fahrig (1 971 ) indicated that Proterozoic shields contain higher 
concentrations of lithophilic elements, such as potassium, and correspondingly 

lower concentrations of mafic elements than Archaean shields. Fig. 1 shows that 

the composition of the Llano uplift follows the same trend, with several of the 

variations being surprisingly linear. 

-- POSTULATED COMPOSITION OF EARLY ARCHAEAN CRUST 

If the compositions plotted in Fig. I are at all representative of the compo- 

sitions of large volumes of continental crust having the ages shown, then it is 

possible to hypothesise sequential variation in the composition of the crust with 

age. Thus, the composition of an early Archaean crust at 3500 my age can be 

inferred by extrapolation, and these points are shown in Fig. 1. This inferred 

crust has the following composition: 

total Fe as Fe209, 5.4%; M g O ,  3.17;; CaO, 5-95; Na 0, 4.6%; K20,  1.5$. 

uncertain. 

rocks could yield a similar composition; Naqvi et al. (1978) have proposed that 

the crust that provided sedimentary debris for the Charwar gecsynclinal piles 

contained mafic volcanic rocks and trondhjemitic-tonalitic plutonic rocks. The 

inferred composition is also very similar to that of a granodiorite-tonalite. 

If the rock is essentially granodiorite, the modal mineralogy should include 

quartz, andesine, hornblende and biotite; it seems likely thet the K20 would be 

completely contained in biotite, and the probable absence of potassium feldspar 

i s  important in assessing the source rocks of Archaean sediments (discussed below). 

REASONS FOR COMPOSITIONAL VARIATIOMS 

S O 2 ,  64.0%; Ti02, 0.5$; A1203, 17.w"; 

2 
The rock type or types that constitute a crust of this composition are 

A mixture of mafic and somewhat more silicic (trondhjemi tic-tonalitic) 

Differences in the composition of different shields c a  result from: (a) 

differences in the composition of individual rocks types (gneiss, Ganite, etc.) 

that are major components of all shields; (b) differences in the proportions of 

the major rock types that constitute the shields; or (c) some combination of (a) 

and (b). 

lated in Fig. 1, the major rock types of shields have been subdivided in the 

In order to investigate the principal reasons for the variations postu- 



following five suites: (1) granulite facies rocks; (2) metavolcanic rocks of 

geosynclinal, including greenschist, belts; ( 3 )  metasedimentary rocks of geo- 

synclinal, including greenschist, belts; (4) gneiss-migmatite-granite, including 
trondh jemit e-t onali t e , terranes ; and ( 5) pos  t-t ect oni c po tas sic Gani t e s . These 
rock types have been chosen because they represent readily recognisable suites, 

and most of the mapped rock types of shield areas can be placed in one of them. 

The preceding classification contains many inherent difficulties and flaws. 

Different geologists working in different areas (or even the same area) use 

different classifications of rock types for mapping and sampling purposes. 

Granulite facies rocks form a readily identifiable suite, but the diversity of 

rock types is so great that no satisfactory average composition has been obtained 

for any area. 

fairly easily recognisable, but many maps of Precambrian terranes group both 

metasedimentary and metavolcanic rocks in one map unit identified by such terms 

as 'greenstone belt' or 'schist'. The gneiss-migmatete-granite terranes are 

very complex and particularly difficult to subdivide. Many geologists have 

recognised and mapped suites of calcalkaline 'granites' (some as mafic as 

tonalite and granodiorite) that are intrusive into older gneiss. 

however, the degree of migmatisation is so intense that no adequate subdivision 

of gneiss, migmatite and granite can be made, particularly on maps of large areas. 

For  this reason, investigation of compositions of rocks in this suite has been 

restricted to gneisses, and no effort has been made to determine an average 

composition of the calcalkaline intrusive rocks. The term 'schist' on some 

geologic maps also includes some rocks that should be included in the gneiss- 

mimatite-granite terrane. The post-tectonic potassic granites form one of the 

most easily identifiable suites in shield areas. 

Geosynclinal metavolcanic and metasedimentary rocks are also 

In some areas, 

It is interesting to note that shields of different ages contain the various 

rock suites identified above in more or less the same stratigraphic order 

regardless of the general age of the shield. 

Coodwin et al., 1972), the oldest rocks are gneiss-migmatite terranes and green- 

schist belts, with age relationships between the two suites being uncertain. The 

gneisses are intruded by calcalkaline batholiths, and the youngest crystalline 

rocks are high-level potassic granites. 

as young as the late Proterozoic/early Palaeozoic area of eastern Egypt (El Ramly, 

1972; discussions in Said, 1972), where gneisses and greenschist assemblages of 

probable mid-Proterozoic age were intruded by 01ier Granites (calcalkaline) 

C. 750 my ago and finally intruded by Younger Granites (potassic) C. 600 my ago. 

The fact that rocks in younger shields show chronologic sequences similar to 

those of older shields indicates that the young shields are not simply older 

shields whose clocks have been reset by a metamorphic event, which should yield 

identical ages for all rock types rather than a sequence of ages. 

In the Canadian Archaean (e.g. 

Similar relationships are found in shields 



TABLE! 1: Comparison o f  compositions o f  Precambrian gne isses  

1 2 3 4 5 6 

Si.02 70.4 64.8 65.4 71.5 70.2 69.2 
Ti02 0.4 0.9 0 - 5  0.3 0.3 0.5 
A1203 13.7 15.3 16.0 14.8 14.2 15.9 
CFe2O3 3.9 5.5 4.9 1.6 3.3 3.4- 
&To 1.2 1.7 2.1 0.9 2.8 1.5 
C a O  2.0 3.2 3.4 3.5 1 * 7  3.2 
Na2 0 3.2 4.3 3.9 4..8 3.7 4.2 
K2 0 4.8 2.1 2.8 1.6 2.7 2.3 

1:  Valley Spring Gneiss, c e n t r a l  Texas, USA (Johnson e t  a l . ,  1976);  1120 qy age. 
2:  Gneiss of the  Blue Iiidge a r e a  of North Ca.rol:'in.a, USA (Bryant and Reed, 1970); 

3: Banded gneisses ,  migmatites, g r a n i t i c  gne isses  and minor amphj.bolite inc lus ions  
Grenvi l le  age (c. 1000 my). 

of Canadian s h i e l d  (Unit 7 of  Table 21 i n  Eade and Fahrig,  1971); Archaean 
and Proterczoic .  

4: Ancient, Gneiss Complex of Kaapvaal c ra ton ,  Swaziland (avera.ge of 5 samples of 
tona1i.ti.c gneiss  from Hunter, 1970);  Archaean. 

5: Peninsular  Gnei.ss o f  southern Indja  (unweighted average of columns 50, 51, 
53-55 o f  Naqvi e t  al . ,  1974);  Archaean. 

6: Lewisian gray gneiss  o f  northern Scotla.nd (Tarney, 1976); l a t e  Archacan. 

TABLE 2: Comparison of compositions of Precanbrian metabasal ts  

1 2 3 4 5 6 

Si02 49.6 49.9 51 - 2  47.2 52.1 51 -0 
T i 0 2  1.3 0.7 0.9 1 . I  1 .o 0.7 
A1203 14.2 14.5 13.7 16.5 15.2 15.5 

Mg0 4.8 7 * 3  6.0 9.0 6.8 5.8 
CaO 13.2 10.7 10.4 10.8 9.9 12.6 
Na2 0 1.7 2 .5  1.7 2.2 2.1 2.3 
K2 0 0.22 0.16 0.15 0.3 0.32 0.56 

C Fe203 14.6 11.5 13.1 12.3 13.2 10.6 

-. 

1: Massive and banded amphibolites of Packsaddle Formation, cen t ra l  Texas, USA 
( B i l l i n g s ,  1962; ca lcu la ted  by Johnson e t  a l . ,  1976); 1000 my metamorphism 
age. 

Group, Barberton Mountain Land, South Africa (Vil joen and Vi'ljoen, 1969a); 
z 3000 my age. 

1970); z 2'700 my age. 

from Divikarn Rao e t  al . ,  1976); e a r l y  Archaem. 

1969) ; Archaean . 
l a t e  Archaean. 

2: Mafic, pjllowed volcanic  rocks of t h e  Hocgenoeg Formation o f  t h e  Onvertracht 

3 : Metabasalts o f  t h e  Coolgardie-Kurrawang b e l t  o f  western Aus t ra l ia  (Glikson, 

4: Basalts of t h e  Kolar bel.t, peninsular  I n d i a  (average o f  hornblendic rocks 

5: Yhfic volcanic  rocks of t h e  Yellowknife a r e a ,  Canada (Baragar and Goodwin, 

6: Pi l low l a v a s  of Chitaldriig s c h i s t  b e l t ,  I n d i a  (Naqvi and Hussain, 1973); 

- -  _. 

NOTE: Values are as reported i n  o r i g i n a l  work without r e c a l c u l a t i o n  t o  100% 
C Fe 0 i s  t o t a l  i r o n  ca lcu la ted  as Fe 0 2 3  2 3' 



TABLE 3 :  Comparison of compositions of Precambrian gre.ywackes 

Si02 
Ti02 

A1203 
CFe203 
Mgo 
CaO 
Na2 0 
K2 0 

1 2 3 4 
64.5 70.9 62.8 69.9 
- 0.3 0.7 0.4 

12.5 12.2 15.2 12.5 
4.4 5.8 7.5 5.0 
2.4 2.3 3.3 5.3 
7.5 1.5 4.1 2.7 
3.0 3.7 3.0 2.8 
2.3 2.9 2.4 2.6 

5 

63.3 
0.8 

15.0 
6.8 
4.2 
4.5 
2.1 
2.0 

6 
66.2 
0*5 
10.2 

7.0 
4.5 
2.0 
1.8 
1.6 -_ 

- 1: Packsaddle metasediments, central Texas, USA (from Johnson et al., 1976); 
1000 my metamorphism age. 

1958); Grenville age (c. 1000 my). 

Canadian shield (Ft Enterprise , Snowbird Lake, northern district of Keewatin, 
and Kasmere Lake from Table I9 of Eade and Fahrig, 1971; Red Lake-Lansdowne 
House aSea from Reilly and Shaw, 1967); Archaean and Proterozoic. 

Swaziland (Table 2 in Hunter, 1974); Archaean, possibly 3500 my age. 

Dharwars, southern India (average of actinolite-chlorite-quartz schist, matrix 
of Talya conglomerate, micaceous schist, sericitic phyllite, matrix of 
Aimangala conglomerate, greywackes, matrix of Kurmerdikere conglomerate, 
chlorite schist and phyllite, and sericitic ferruginous phyllites; from 
Naqvi and Hussain, 1972); Archaean. 

early Archaeam. 

2: Least-altered gneiss of northwest Adirondack Mts., New York (Engel and Engel, 

3: Unweighted average of paragneisses and paraschists (Unit 5) from 5 suites in the 

4: Unweighted average of 8 analyses of fmetamorphitesl in Ancient Gneiss Complex of 

5: Unweighted average of 9 metasedimentary unites from Chitaldrug schist belt of 

6: Sheba Formation of Barberton Mountain Land, S. Africa (Condie et al., 1970); 

TABLE 4: Comparison of compositions of Precambrian potassic granites 

1 2 3 4 5 
Si02 72.4 70.4 71.2 66.4 74.8 
Ti 02 0.4 0.4 0.3 0.6 0.1 

C Fe203 3.1 2.4 3.2 4.8 1.0 
%O 0.4 0.9 0.8 1.6 0.1 
CaO 1.3 1.8 1.8 2.8 0.6 
Na2 0 3.4 4.7 3.4 3.8 4.1 
K2 0 5.1 3.6 5.1 3.7 4.5 

A1203 13.7 14.8 13.7 15.8 12.7 

1: Average of post-tectonic Town Mountain Granites of central Texas, USA 

2: Young granite plutons of the Barberton region, Swaziland (average of F and G, 
(Johnson et al., 1976); 1030 my age. 

'older plutons' among the younger suite, Table VII, Viljoen and Viljoen, 
1969b); 2800-2900 my age. 

'younger plutonsf among the younger suite, Table VII, Viljoen and Viljoen, 
1969b); 2500-2600 my age. 

Archaean and Proterozoic. 

3: Young granite plutons of the Barberton region, Swaziland (average of H, 

4: High-level granite of Canadian shield (kit 10 of Eade and Fahrig, 1971); 

5: Younger Granites of Egypt (Rogers et al., 1978); 600 my age. 

NOTE: Values are as reported in original work without recalculation to 100%. 
c Fe 0 is total iron calculated as Fe 0 

2 3  2 3' 



Tables 1-4 show examples of the compositions of individual rock t y p e s  from 

shields of different a g e s .  The degree to which the cited analyses are repre- 

sentative of broad areas of the shields is highly variable. In Tables 1-4, the 
following values represent homogeneous suites or areally weighted averages of 

units based on grid sampling, point-counting of maps, stratigraphic sectionirg, 

etc.: 

Canadian shield); Table 2 - most suites a r e  sufficiently chemically homogeneous 

that the averages are satisfactory; Table 3 - column 1 (Packsadclle metasedimentary 
units), column 3 (paragneisses and paraschists of Canadian shield) and column 6 
(Sheba Formation) ; Table 4 - most suites are sufficiently chemically homogeneous 
that the averages are satisfactory. 

averages, commonly of small numbers of samples. 

Table 1 - column 1 (Valley Spring Gneiss) and column 3 (gneisses of 

Othsr values in the tables are unweighted 

Because of the sampling and mapping problems mentioned above, plus questions 

about the extent to which analyses are representative of rock types, it is difficult 

to draw specific conclusions from the data shown in Tables 1-4. It is clear that, 

within each suite, rocks of similar composition have been formed in shields of 

different ages. This conclusion does not prove, however, that the average compo- 

sition of a particular rock type (gneiss, metavolcanic rock, etc.) does not change 

from one shield to another; sampling is simply not adequate for such a general 

conclLision. There is, however, no evidence for a variation in composition of 

individual rock types with age. That is, Tables 1-4 do not show progressive 

changes in the composition of peisses, metavolcanic and metasedimentary rocks, 

and potassic granites related to their age of formation. Thus, it seems reasonable 

to investigate the possibility that variation in the bulk compositions of shields 

is related to changes in the proportions of rock types found in the shields rather 

than to changes in composition of individual rock types. 

Table 5 shows the abundances of rocks in four shield areas of greatly different 
age. Uncertainties in this table result from the same problems of mapping and 

classification of rock types discussed above. In contrast to Tables 1-4, in the 
four areas shown in Table 5 it has been possible to separate calcalkaline, late- 
tectonic, granite plutons from the general gneiss-migmatite-granite terranes; 

greenschist-type metasedimentary and metavolcanic rocks ,  however, have been 

grouped as one unit. D e s p i t e  uncertainties, the differences shown in Table 5 are 
sufficiently large that it is probably reasonable to draw three conclusions: 

1. Granulite facies rocks are not found in young shields. This conclusion 

does not apply to those areas of young dates that are clearly formed by remeta- 

morphism of older rocks. 

Edwards, 1972) is a 1000 my terrane that contains abundant evidence of older, 

including Archaean, dates and structures superimposed by a younger, including 

granulite facies, event. Neither the Llano uplift nor the Red Sea Hills contain 

such evidence of older crust. 

For example, the Grenvilie area of Canada (e.g. Wynne- 
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TABLE 5: Abundances of rock types in shields of different ages 

1 2 3 4 

young, potassic granite 0.4 30 13 
8 - 28 calcalkaline granite 24 

metasedimentary and 
metavolcanic rocks 

- 

8 18 17 34 

gneiss 52 65 35 8 

granulite 14 8 - - 
~~~ ~ 

1 : New Quebec area (Superior province), Canada. The terminology used in the 
table correlates as follows with the units of Eade and Fahrig (1971): 

young, potassic granite - Unit 10 (higher level granite, quartz monzonite, 
to monzonite) 

calcalkaline granite - Unit 9 (massive to slightly foliated deeper level 
granitic rocks) 

metasedimentary and metavolcanic rocks - Unit 5 (paragneiss, paraschist and 
minor amphibolite), and Unit 1 (volcanic and meta- 
volcanic rocks) 

amphibolitic inclusions) 

granulite). 

gneiss - Unit 7 (banded gneiss, migmatites, granitic gneisses and minor 

granulite - Unit 8 (pyroxene-bearing granite to granodiorite gneisses and 

Percentage outcrop areas are the average for all areas in the New Quebec map 
region, as shown in Table 2 of Eade and Fahrig (1971). 
province a r e  Archaean, with the last major event C. 2 5 O O ' m y  ago. 

2: Peninsular India. Stratigraphy is generalised from the 1949 Geological Map of 
India (in Wadia, 1961) and summaries of Indian Precambrian geology (e.g. 
Pichamuthu, 1967; Naqvi et al., 1974; Rogers, 1974). Percentages of outcrop 
areas are determined by grid counting by the present writer of the 1949 
Geological Map of India with the following assumptions: (a) charnockites and 
khondalites (on the map) are listed as granulite (in the table); (b) unclassified 

Rocks of the Superior 

crystalline rocks are listed as gneiss; Dharwarian system is listed as meta- 
sedimentary and metavolcanic rocks; and granites are listed as calcalkaline 
granite. Only the portion of India south of the Indo-Gangetic plain has been 
included in the study. All rocks are Archaean. 

3: Llano uplift, central Texas, USA (Johnson et al., 1976). 
local terminology with the table is: 

The correlation of 

young, potassic granite - Town Mt. Granites; metasedimentary and metavolcanic 
rocks - Packsaddle Schist; gneiss - Valley Spring Gneiss. 

Some 'fine-grained granites' are similar in composition to the Town Mt. Granites 
but are omitted from the tabulation. Ages of all rocks a r e  in the range 
1000-1100 my (Zartman, 1964, 1965). 

from point counting of E l  R m l ~ ~ r ~ Y ~ ~ ~  map. Correlation is as follows: 
4: Red Sea Hills, eastern Egypt. es are calculated by the present writer 

yo'ng, potassic granite - Younger Granites; calcalkaline granite - Older 
Granite; metasedimentary and metavolcanic rocks - metasediments and 
metavolcanics; gnelss - gneiss. 

Rocks listed as gabbro-diorite, Dokhan volcanics and serpentine are omitted 
from the tabulation. 
et al., 1972; El Shazly et al., 1973). The younger Granites form a consistent 
group with an age of c. 600 my (Rogers et al., 1978). 

Ages of all rocks are in the range 5OO-12OO my (Hashad 
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2. Gneiss ( i c c l u d i n g  gneiss-mignatite-granite cozplexes)  i s  prcbakly ncre  

ak.jr.dant i n  o lde r  s h i e l d s  t h a c  i n  younger ones. 

3. F c t a s s i c  g r a n i t e s  a r e  nuch rrcre common i n  younger sh i e lds .  A s  i n  t h e  case 

of t h e  gza:?.;.lites, t h i s  coccLusicn a l s o  does  r o t  apply t o  obviously r e s e t  

t e r r a s e s  such a s  t h e  G r e n v i l i e ,  which c c n t a i n s  no p o t a s s i c  g r a n i t e  p iu tons  of t h e  

type descr ibed here .  

Probably t h e  most s i g n i f i c a n t  v a r i a t i o n  with r ega rd  t o  average compositions 

o f  sh.-.ie;ds i s  7;h.e i nc rease  i n  abundu-ce of g o t a s s i c  g r a n i t e s  toward yo7mger 

sh i e lds .  Tinis inc rease  Ln abundance i s  caaable cf ca2sing v i r t u a l l y  a l l  of t he  

apparerit changes i n  composi-iion, i nc lud ing  t h e  inc rease  i n  abundances of iitho- 

2 h i l i o  e l e x e n t s  and riecrease i n  a b x d a n c e s  o f  xafic elements toward younger azeas .  

Present  i n f o m a t i o n  does not  prove that t h i s  v a r i a r i o n  i s  tk.e ocly s i p f i e a n t  

one, b u t  i t  i s  c l e a r l y  very i n a o r t a n t .  

DISCUSSIOY 

The f a c t  t h a t  y o ' ~ i g  s h i e l d s  c o n t a i c  an abundance of pos t - t ec ton ic  p o t a s s i c  

g r a n i t e s  r a i s e s  tlwo very i r t e r e s t i n g  ques t ions .  Tirs t  , aze th.e y0.x.g s h i e l d s  

s i n p l y  ;retanorphi.cally and a n a t e c t i c a l l y  reworked g o r t i o n s  of o ldez ,  poss i5 ly  

Arctaean s h i e l d s ?  Second, 60 young s h i e l d s  a9pear t o  ccn ta in  more a c t a s s i c  

g r a n i t e  t han  old s h i e l d s  merely because t h e  young s n i e i d s  have no t  been a s  

deepiy eroded? That i s ,  d id  Archaem s h i e l d s  i n i t i a l l y  con ta in  a s  high a 

p ropor t ion  o f  p o t a s s i c  g r a n i t e  as t h e  l a t e  Troteroxoic  s h i e l d s  do now, with t h e  

p o t a s s i c  6Tani tes  havicg been removed by e ros ion  from krchaean t e r r a n e s ?  

p o s s i b i l i t i e s  a r e  i n  7ig.  2 .  

The 

Several  l i c e s  or^ evidence t e e d  t o  f a v o u  t h e  concept of a n a t e c t i c  reworking 

c l  o lde r  s h i e l d s .  One i s  t h e  c l e a r  evidence of t e c t o n i c  o v e r p r i n t i n g  i n  a r e a s  

such a s  t h e  1CO3 my Grenv i l l e  arovince (Wpne-Edwards, 1972)  a r d  t h e  500-60C ny 

Pan-Africm b e l t s  of southern Af r i ca  ( f i b e r ,  1977). These s p e c i f i c  a r e a s ,  

however, do r o t  con ta in  s i g i i f i c a n t  amourits cf  g o s t - t e c t m i c ,  p o t a s s i c  g r a n i j e s .  

k second l i n e  of evidence i s  t h e  presux2t ion t h a t  t h e  p o t a s s i c  g r a n i t e s  s h o - ~ l d  

occ';?:- $he q q e r  Levels of  c r y s t a l i i n e  t e r r a n e s  because of r i s i n g  of t h e  icw- 

d e n s i t y  magmas t o  shallow depth.  O r  t h e  b a s i s  of t h i s  concept,  areas such as the  

Llano u p l i f t  and Red Sea H i l l s  a r e  t h e  iipper l e v e l s  of o l d e r  s h i e l d s  r e a c t i v a t e d  

i n  l a t e  P ro te rczp ic  t ime. 

p o t a s s i c  g r a n i t e s  and expose t e r r a n e s  sirrilar t o  those o f  p re sen t  krchaean 

s h i e l d s  (Fig.  2 k ) .  

Althcilgh t:ie concept d i scussed  i n  t h e  preceding paragraph t o  t h e  e f f e c t  t h a t  

Continued e ros ion  should aresunably remove t h e  zone' of 

appa ren t ly  younger s h i e l d s  a r e  merely upper l e v e l s  03 reworked o lde r  s h i e l d s  

seerrs p l a u s i b l e ,  i t  dces  not  f i t  a t  l e a s t  f o u r  obse rva t ions ,  some o f  which kave 

been mectioned previci is ly:  

1. The v z r i c u s  rock t s e s  ir. :he Xar.0 .;plif'. ar.2 Fed Sea X i l l s  kave no5 
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A 

EROSION LEVEL 

YOUNG SHIELDS 

OD SHIELDS 

B 

OLD SHIELSS 

YOUNG SHIELDS 

Fig. 2.  '-513 pcssible explw-a$ions for  tke differences i n  ucrer. t ly neasured 
abirndances of potassic granites i n  shields of different ages. 
(Potassic granites are show. with a ;ypical granite pattern of 
randoily oriented shrt lir.es; other shield rocks are snown by a 
gattern cf paral le l  short  lines.) 
ir. ercsior. level of Archaem an& younger shields. 
po5assic granites a t  shallow lovers p ~ z x i t s  ;heir removal by erosion 
of Aro'mem :errar.es t o  dee:, crustal  levels, B: Explareticr. based 
on bifferences ir. sonpostion of shields as i n i t i a l l g  fcrned, w i t %  
older skields containir4 only very nin6r w.cur,ts c? potassic granite. 
A s  discussed in  the toxf, the a3sence of grani t ic  debris f r o i  
Arckaea?. sedicmtary rocks favouns ir,terpre;a;ion 9. 

A: ExQlmstici based on differecoe 
Abundwce of 



simply been reset to the same age, as would be expected from a metamorphic and 

anatectic event, but show a sequence of ages similar to the sequence of ages 

shown by comparable rock types in Archaean shields. 

2. Areas that are clearly formed by reworking of older shield material, such 

as the Grenville province and the Pan-African belts of southern Africa, do not 

contain appreciable quantities of post-tectonic potassic granite. 

(not available for the Llano uplift) indicate initial Sr /Sr86 whole-rock ratios 

in the range 0.702-0.706. 

from average continental crust. 

by partial melting of the mantle or of crustal materials with Rb/Sr ratios nearly 

as low as those of the mantle. 

3 .  Limited strontium isotopic data for the potassic granites of eastern Egypt 
87 

These ratios are clearly too low for material derived 

Either the potassic granites have been obtained 

4. The erosion of the upper levels of Archaean shields does not appear to 
have produced the same kind of sedimentary debris that is now being formed by the 

erosion of the Llano uplift and Red Sea Hills. In particular, these younger 

shields are now providing large quantities of potassium feldspar for incorporation 

into sediments. A universal observation, however, of greywackes and other 

sedimentary rocks of Archaean greenschist belts is the virtual absence of potassium 

feldspar (e.g. Henderson, 1972). 

source terranes for Dharwar conglomerates were also devoid of true granites. 

Naqvi et al. (1978) have show that Archaean 

TABU 6; Comparison of predict_ed composition of earlv Archaean crust with 
compositions 0-f Archaean greWackes 

1 2 3 4 
Si02 64.0 66.2 61.7 61.6 

A1203 17.0 15.3 14.6 14.8 
Fez03 5.4 5.7 5.1 6.6 
Mgo 3.1 2.7 3.5 2.5 
CaO 3.9 1.7 5.7 3.9 
Na2 0 4.6 3.1 4.1 4.2 

K20 1.5 1 *9 1.9 1.9 

Ti02 0.5 0.6 0.4 0.5 

1. Predicted composition of early Archaean crust (from Fig. 1) 

2. Greywackes from Yellowknife area, Canada (Henderson, 1972) 

3. Greywackes from Chitaldrug schist belt, India (Naqvi, 1977) 

4. Knife Lake Slates (mostly greywacke) from Minnesota, USA (Rogers and 
McKay, 1972) 

Confirmation of the absence of granitic rocks from the exposed source terranes 

In Table 6 the estimated for Archaean greenschist belts may be found in Table 6. 

composition of 3500 my old crust (from Fig. 1 )  is compared with measured 

compositions of greywackes from three Archaean greenschist belts. The similarity 
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of the composition o f  the greywackes t c  the inferred conposition of the source 

area strcngly s q g e s t s  t ha t  the inferred composition of 3500 my old crust  i s  

approximately correct. 

In  S 'AT~ZY,  t i e  preponderance of evidence indicates that  the coinposition of 

Younger shieltt areas have greater cortrnental crust has changed through time. 

etounts  of 3otassic granite,  higher concenkrations of gotassiun: (ar-d preswnajly 

of:ier 1itcophi;i.c elenents), and lower contents of m f i c  elexents than older 

c r s s t s  (Fig. 2B). 

pki l ic  elenents upward w i t  of tke aar-tle through t h e .  

nay cause err ickmct  of older crusts  i n  l i t i o p h i l i c  elements, and some may r e su l t  

i n  the formation of Iiholly new conticental sial, but t i e  re la t ive proportions of 

these two nechanisns are aknow.. 

Tius, there apgerrs t o  be progressive fracticnation of l i tho- 

Some of t h i s  fractionation 

Ir t h i s  reg=&, it i s  ifiteresting t o  note tha5 the com3osition of more recent 

e-qeosynclinal s e d i x e n t q  debris i s  very similar t o  t i e  coxposition of Archaear. 

crust and sedirnects aerived fron it (Rogers m-d McKay, 1972). 

has t i e r e  been a s igc i f i cu l t  contri'wtion frox g ran i t i c  sol_nce rocks (cortainir4 

pc t a s s i - .  feldspar) , despite the proxirrity of many Phanerozoic eugeosynclines t o  

continental, sialic cratons. Nodern eugeosynclines, therefore, are  apparertly 

composttiorally sinilm t o  ancient Archaean crust an1 m y  be an effective 

cheinical nodel f o r  that  crus':. 

I n  neither case 
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APPLICATION OF U-PB Z I R C O N  AND OTHER ISOTOPZC STUDIES TO THE 
IDENTIFICATION OF ARCHAEAN ROCKS I N  THERMALLY AND TECTONICALLY 

OVERPRINTED TERRANES: L E W I S I A N  COMPLEX OF SCOTLAND 

D .  R .  Bowes 
Depariment o f  Geology,  U n i v e r s i t y  o f  Glasgow, 

Glasgow G 1 2  899 ,  S c o t l a n d  

A b s t r a c t  

I s o t o p i c  d a t a  are used  t o  i e s t  i h e  i n t e r p r e t a t i o n  t h a t  t h e  g n e i s s e s  

and a s s o c i a i e d  a m p h i b o l i t e  f a c i e s  r o c k s ,  which make up a l a r g e  

p r o p o r t i o n  of t h e  Lewis i an  complex, a r e  I-he r e s u l t  of ' r e w o r k i n g '  or 

' r e a c i i v a i i o n '  on a c r u s t a l  s c a l e .  The r e s u l t a n t  model i s  t h a t  of  a 

l a t e  Archaean c r u s t a l  p i l e ,  v a r i o u s l y  a f f e c t e d  by t h e r m a l  and t e c t o n i c  

o v e r p r i n t i n g  d u r i n g  e a r l y - m i d d l e  P r o t e r o z o i c  t imes ,  h u t  l a r g e l y  

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

Apar t  from younger  i g n e o u s  i n t r u s i o n s ,  some l o w e r  P r o i e r o z o i c  s e d i m e n i s  

and l o c a l i z e d  zones  of i n t e n s e  o v e r p r i n t i n g ,  i h e  c h a r a c t e r s  o f  t h e  

Lewis ian  complex can  be  used  as i n d i c a t i o n s  of i h e  n a i u r e  of m a t e r i a l s  

and p r o c e s s e s  of l a t e  Archaean  t i m e s .  

I NTRO DUCT I O N  

D e t e r m i n a i i o n  of t h e  e x t e n i  t o  which a s h i e l d  complex, formed i n  

Archaean t imes ,  r e t a i n s  i t s  o r i g i n a l  c h a r a c t e r i s t i c s  d e s p i t e  t h e r m a l  

and t e c t o n i c  o v e r p r i n t i n g ,  or whethe r  ii l a r g e l y  r e p r e s e n i s  t h e  

p roduc t  of younger  e p i s o d e s  r e s u l t i n g  from e x t e n s i v e  ' r e w o r k i n g '  or 

' r e a c t i v a t i o n '  o f  a p r e - e x i s t i n g  h i g h - g r a d e  g n e i s s  complex ( e . g .  

Watson, 1 9 7 3 )  a n d / o r  t h e  a d d i t i o n  of new c r u s t a l  m a t e r i a l ,  i s  a 

n e c e s s a r y  p r e r e q u i s i t e  f o r  t h e  e r e c t i o n  o f  a model for c r u s t a l  

e v o l u t i o n  as  w e l l  as for t h e  u t i l i z a t i o n  of geochemica l  d a t a  from 

t h e  r o c k  u n i t s  of t h e  s h i e l d  i n d i c a t i n g  t h e  n a t u r e  of p r o d u c t s  an6 

p r o c e s s e s  of Archaean  t imes.  An i m n o r t a n t  means of e l u c i d a t i n p  t h e  

e x t e n t  o f  o p e r a t i o n  of t h e  v a r i o u s  p r o c e s s e s  i s  p rov ided  by t h e  

b e h a v i o u r  of i s o t o p i c  s y s t e m s ,  b o t h  whole- rock  and m i n e r a l .  I n  t h e  

c a s e  of t h e  Lewis i an  complex o f  S c o t l a n d  U-Ph z i r c o n  s t u d i e s  p l a y  an  

i m p o r t a n t  r o l e ,  p a r i i c u l a r l y  b e c a u s e  of t h e  low Rb p r o p o r t i o n s  i n  

many of t h e  r o c k s  ( e . g .  Rowes e t  a l . ,  1971;  Lyon and Bower, 1 9 7 7 )  

which c o n s i d e r a b l y  i n h i b i t s  t h e  u s e  o f  t h e  Rb-Sr whole- rock  method. 

On t h e  b a s i s  of s t u d i e s  by S u t t o n  and  Watson ( 1 9 5 1 ,  1 9 6 2 ,  1 9 6 9 1 ,  

IJatson (1965)  and  o t h e r s ,  t h e  s h i e l d  area of S c o t l a n d  h a s  been  se t  up 

as an  example of t h e  o p e r a t i o n  of i n t e n s e  ' r e a c t i v a t i o n '  o v e r  l a r g e  
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c r u s t a l  segments  and t h e  c o n c e p t  a p p l i e d  t o  t h e  develoDmenP o f  o t h e r  

s h i e l d  a r e a s  (Watson, 1 9 7 3 ) ,  i n c l u d i n g  Greenland ( e . g .  P u l v e r t a f t ,  

1 9 6 8 ) .  The i n t e r p r e t a t i o n  p roposed  f o r  t h e  Lewisian complex of 

S c o t l a n d  i s  t h a t  t h e  g n e i s s e s  and a s s o c i a t e d  a m p h i h o l i t e  fac ies  r o c k s ,  

compr i s ing  a l a r g e  p r o p o r t i o n  o f  t h e  complex ( F i g .  11, were deve loped  

d u r i n g  t h e  e a r l y - m i d d l e  P r o t e r o z o i c  Laxfo rd ian  orogeny ( c .  1950-1700 

m.y.1 a s  t h e  r e s u l t  o f  mass ive  ' r e a c t i v a t i o n '  o f  h igh -g rade  g n e i s s e s  

and g r a n u l i t e s  t h a t  had  been formed i n  l a t e  Archaean t imes ( d u r i n g  t h e  

Scour i an  orogeny - c .  2800-2700 m.y.1 t o g e t h e r  w i t h  t h e  metamorphism 

and d e f o r m a t i o n  o f  e a r l y  P r o t e r o z o i c  d o l e r i t i c  minor  i n t r u s i o n s  

( ' S c o u r i e  d y k e s ' ) .  The model o f  c r u s t a l  e v o l u t i o n  p r e s e n t e d  i n v o l v e d  

t h e  a c t i v i t y  o f  m i g m a t i t e  f r o n t s  and t h e  development  o f  v i r t u a l l y  new 

f o l i a t e d  r o c k s  as t h e  r e s u l t  of i n t e n s e  metamorphic and s t ruc i - l i r a1  

m o d i f i c a t i o n ;  t h i s  l e d  t o  t h e  p r e s e n c e  o f  small r e l i c t  masses which 

r e t a i n e d  s t r u c t u r a l  p a t t e r n s  and t e x t u r e s  o f  Archaean t imes amongst a 

' r e a c t i v a t e d '  o r  ' r e g e n e r a t e d '  complex ( t h e  ' L a x f o r d i a n  complex ' )  

which showed r a p i d  v a r i a t i o n s  i n  t e c t o n i c  s t y l e s  ( S u t t o n  and \!atson, 

1 9 5 1 ,  F i g s .  2 ,  1 3 ) .  The t y p e  area i s  i n  t h e  v i c i n i t y  of Loch Laxford 

( F i g .  1) w i t h  l a r g e  a r e a s  from Loch Laxford t o  Durness ,  Gru ina rd  Ray 

t o  Loch T o r r i d o n ,  t h e  i s l a n d s  o f  Rona and Raasay i n  t h e  N.W. High lands ,  

and much o f  t h e  Ou te r  Hebr ides  showing t h e  e f f e c t s  o f  ' s t r o n g  

Laxfo rd ian  r ework ing '  ( S u t t o n  and Watson, 1 9 6 9 ,  F i g .  1; Watson, 1973,  

F i g .  3 ) .  A key f a c t o r  i n  t h i s  i n t e r p r e t a t i o n  i s  t h e  r e l a t i o n s h i p s  o f  

metamorphic and s t r u c t u r a l  f e a t u r e s  o f  t h e  g n e i s s e s  and r e l a t e d  r o c k s  

t o  b a s i c  minor  i n t r u s i o n s  which were assumed t o  b e l o n g  t o  one s i n g l e  

s e r i e s  ( ' S c o u r i e  d y k e s ' )  and t o  b e  a s t r a t i g r a p h i c  t ime  marker  ( S u t t o n  

and Watson, 1 9 5 1 ,  p .  2 9 2 ) .  I s o t o p i c  d a t i n g  h a s  been used as 

c o n f i r m a t i o n  of t h e  i n t e r p r e t a t i o n ,  b u t  t h e  d a t e s  a r e  from Rb-Sr and 

K-Ar m i n e r a l  s t u d i e s  ( S u t t o n  and Watson, 1 9 6 9 ,  pp.  1 1 9 ,  1 2 1 ) .  

However, s u b s e q u e n t  U-Pb z i r c o n  s t u d i e s  , t o g e t h e r  w i t h  Rb-Sr and Pb-Pb 

whole-rock s t u d i e s ,  p l a c e  s e v e r e  r e s t r a i n t s  on t h e  e x t e n t  t o  which t h e  

concep t  of ' r e a c t i v a t i o n '  can  be a p p l i e d  t o  t h e  Lewisian complex of 

S c o t l a n d  and p u t  i n t o  c o n t e x t  t h e  c o n c e p t  o f  t h e  ' i s o t o p i c  c l o c k '  

b e i n g  rese t  i n  p l a c e s  b u t  n o t  i n  o t h e r s  ( c f .  Watson, 1 9 7 3 ,  p .  4 4 6 ) .  

These f a c t o r s ,  i n  t u r n ,  b e a r  on t h e  i n t e r p r e t a t i o n  o f  c r u s t a l  e v o l u t i o n  

f o r  s h i e l d  areas b o r d e r i n g  t h e  e a s t e r n  p a r t  o f  t h e  North A t l a n t i c  

Ocean, t h e  u t i l i z a t i o n  o f  geochemical  d a t a  from rock  s u i t e s  o f  t h e  

complex, and r e g i o n a l  c o r r e l a t i o n s  such as t h o s e  t h a t  have  been made 

between S c o t l a n d  and Greenland.  
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Fig.  1. O u t l i n e  g e o l o g i c a l  map o f  NW S c o t l a n d  showing d i s t r i b u t i o n  of  
t h e  Lewisian complex and age  d e t e r m i n a t i o n s .  

EXTENT OF O V E R P R I N T I N G  D U R I N G  LAXFORDIAN OROGENY 

I n  t h e  a r e a  immedia t e ly  t o  t h e  n o r t h  o f  t h e  t y p e  a r e a  f o r  t h e  

Laxfordian orogeny ( i . e .  around Loch Laxford,  F i g .  1>, g n e i s s e s  o f  t h e  

Rhiconich group (Dash, 1 9 6 9 )  have been d a t e d  by t h e  Rb-Sr whole-rock 

method a t  1860 185 m.y. (Lambed  and Ho l l and ,  1 9 7 2 ;  age  r e c a l c u l a t e d ,  

l i k e  a l l  o t h e r  Rb-Sr a g e s  g i v e n  h e r e ,  u s i n g  

u n c e r t a i n l y  r e c a l c u l a t e d  from p u b l i s h e d  d a t a  u s i n g  t h e  computer 

program o f  McIntyre  e t  a l . ,  1966) .  T h i s  r e s u l t ,  which i s  h i g h l y  

dependent upon one specimen of a b i o t i t e - h o r n b l e n d e  rock  w i t h  a much 

more f a v o u r a b l e  Rb-Sr r a t i o  t h a n  t h e  o t h e r  a n a l y s e d  specimens,  i s  

concordan t ,  w i t h i n  t h e  e r r o r s ,  w i t h  t h a t  fo r  g n e i s s e s  from t h e  

Rhiconich g roup  i n  t h e  n e a r b y  Durness d i s t r i c t  (16952130 m.y. - Rb-Sr 

whole-rock, Lyon and Bowes, 1977). The age  i s  i n t e r p r e t e d  a s  t h e  

time of homogenizat ion of rubidium and s t r o n t i u m  i s o t o p e s  o v e r  a s c a l e  

g r e a t e r  t h a n  t h a t  of sample s i a e  ( c .  8-10 c m  ) .  The 'age co r re sponds  

A 87Rb 1.42 x 1 0 - l l y r  -I; 

3 



w i t h  t h a t  of  g r a n i t e  and pegmat i t e  emplacement (17202 30 m.y. from 

U-Pb z i r c o n  s t u d i e s )  which i s  v e r y  abundant  i n  t h i s  r e g i o n  and l e a d s  

t o  t h e  l o c a l  development of i n j e c t i o n  complexes,  T h i s  g r a n i t e  age i s  

c o n s i d e r a b l y  younger t h a n  t h e  1 9 3 5 2  50 m.y. Rb-Sr whole-rock age f o r  

t h e  dynamothermal metamorphism of  c o v e r  r o c k s  i n  an e a r l y  phase of t h e  

Laxfordian o r o g e n i c  e p i s o d e  ( c .  1950-1700 m.y.1 from e l sewhere  i n  t h e  

Lewisian complex (Bikerman e t  a l .  , 1 9 7 5 ) .  However it co r re snonds  w i t h  

t h a t  f o r  pegmat i t e  emplacement and abundant  g r a n i t e  emplacement i n  

o t h e r  p l a c e s  i n  t h e  complex ( c .  1700 m.y. from Rb-Sr muscovi te  

s t u d i e s  - Lyon e t  a l . ,  1 9 7 3 ;  1715220 m.y. from IJ-Pb z i r c o n  s t u d i e s  - 
van Breemen e t  a l . ,  1 9 7 1 ) .  I t  a l s o  g e n e r a l l y  co r re sponds  w i t h  t h e  

1700250 m.y. 4 o K / 4 0 A r  i s o c h r o n  d a t a  f o r  ho rnb lende  from a m p h i b o l i t e s  

i n  t h e  Durness d i s t r i c t  which Lyon e t  a l .  ( 1 9 7 7 )  i n t e r ? p r e t  a s  t h e  

t i m e  a t  which ho rnb lende  passed  th rough  i t s  b l o c k i n g  i e m p e r a t u r e  

(c.50O-55O0C a c c o r d i n g  t o  Hanson and Gas t ,  1967)  a t  t h e  end o f  t h e  

o rogen ic  e p i s o d e  or d u r i n g  t h e  beg inn ing  of  t h e  e p e i r o g e n i c  u p l i f t  

ep i sode  o f  t h e  Laxfo rd ian  o r o g e n i c  c y c l e ,  A younger c .1600 m.y. K-Ar 
b i o t i t e  age f o r  t h e  g n e i s s  i s  r e l a t e d  t o  t h e  t ime  when t h e  t e m p e r a t u r e  

pas sed  th rough  t h e  c .  300-350°C b l o c k i n g  t e m p e r a t u r e  (Hanson and Gast ) 

1 9 6 7 ) ,  a s s o c i a t e d  w i t h  u p l i f t .  

Hence t h e  v a r i o u s  l i n e s  o f  ev idence  p o i n t  t o  t h e  t y p e  a r e a  f o r  t h e  

Laxfordian orogeny,  and a d j a c e n t  r e g i o n s ,  hav ing  been s u b j e c t e d  t o  

i n t e n s e  metamorphism d u r i n g  e a r l y - m i d d l e  P r o t e r o z o i c  t imes.  On t h e  

b a s i s  o f  t h e  Rb-Sr and K - A r  d a t a ,  t h i s  cou ld  be  i n t e r p r e t e d  a s  t h e r m a l  

metamorphism a s s o c i a t e d  wi th  e x t e n s i v e  g r a n i t i c  i n j e c t i o n  towards t h e  

end of  t h e  Laxfo rd ian  o r o g e n i c  c y c l e ,  fo l lowed  by e p e i r o g e n i c  u p l i f t  

and c r u s t a l  c o o l i n g  (Lyon and Bowes, 1 9 7 7 ) .  A l t e r n a t i v e l y  it could be 

i n t e r p r e t e d  a s  t h e  r e s u l t  o f  dynamothermal metamorphism d u r i n g  t h e  

Laxfordian e p i s o d e  w i t h  g n e i s s  f o r m a t i o n  (Lambert  and Ho l l and ,  1 9 7 2 ) )  

p a r t i c u l a r l y  a s  t h e  r o c k s  o f  t h e  d i s t r i c t  show e v i d e n c e  o f  a po lyphase  

d e f o r m a t i o n a l  sequence ( e . g .  Chowdhary and Bowes, 1 9 7 2 ) .  However t h e  

U-Pb z i r c o n  i s o t o p i c  systems p r o v i d e  a d d i t i o n a l  e v i d e n c e  a s  n e a r  

Durness ( F i g .  1) systems p o i n t i n g  back t o  Archaean times a r e  shown f o r  

z i r c o n  from bo th  g r a n i t e  and g n e i s s .  The e x i s t e n c e  of z i r c o n  

x e n o c r y s t s  a t  l e a s t  2730 m.y. o l d  i n  a g r a n i t i c  v e i n  p o i n t  t o  t h e  

p re sence  of  Archaean r o c k s  a t  t h e  d e p t h  a t  which t h e  magma was d e r i v e d .  

I n  a d d i t i o n ,  an uppe r  i n t e r s e c t i o n  age o f  2850250 m.y. ( F i g .  2 )  f o r  

z i r c o n ,  from t h e  g n e i s s  d a t e d  by Rb-Sr whole-rock methods a t  c .  1700 

m.y., n o t  o n l y  i n d i c a t e s  an Archaean age f o r  t h e  g n e i s s ,  b u t  a l s o  

s u g g e s t s  t h a t  t h e  c .  1700 m.y. metamorphic o v e r p r i n t i n g  was n o t  

a s s o c i a t e d  w i t h  i n t e n s e  p e n e t r a t i v e  d e f o r m a t i o n ,  a s  t h i s  would have 



47 

r e s u l t e d  i n  t h e  removal  o f  l e a d  from t h e  z i r c o n s  and a comple t e  or 

n e a r l y  comple t e  r e s e t t i n g  of  t h e  i s o t o p i c  sys t ems  (Lyon and Bowes, 

1 9 7 7 ) .  However, a n n e a l i n g  o f  t h e  z i r c o n s  a s s o c i a t e d  w i t h  t h e  e l e v a t i o n  

of  t e m p e r a t u r e  i n  a l a r g e l y  p a s s i v e  mass of basemen t ,  a t  t h e  t i m e  o f  

t h e  c.1950-1900 m.y. dynamothermal metamorphism shown by c o v e r  r o c k s  

e l s e w h e r e  i n  t h e  N W  H igh lands  (Bikerman e t  a l . ,  1 9 7 5 ) ,  would have  made 

t h e  l a t t i c e  r e s i s t a n t  t o  t h e  movement o f  w a t e r ,  and so  t o  l e a d  loss 

(Mumpton and Roy, 1 9 6 1 ) ,  i n  t h e  same manner as d e m o n s t r a t e d  f o r  t h e r m a l  

a u r e o l e s  o f  i gneous  i n t r u s i o n s  (Zar tman and  S t e r n ,  1 9 6 7 ) .  N e i t h e r  

s u b s e q u e n t  t e c t o n i c  o v e r p r i n t i n g  w i t h o u t  p e n e t r a t i v e  m i n e r a l  g rowth ,  

a s  h a s  been d e m o n s t r a t e d  f o r  t h e  r e g i o n  (Bowes, 1 9 7 6 a ,  p .370-1 ;  Bowes 

and Hopgood, 1 9 7 6 ,  p . 6 5 - 9 ) ,  n o r  e l e v a t i o n  o f  t e m p e r a t u r e  a s s o c i a t e d  

w i t h  t h e  abundan t  c .1700  m.y. g r a n i t i c  i n t r u s i o n s ,  would t h e n  have  

caused  l e a d  lo s s  from t h e  z i r c o n s .  T h i s  i n t e r p r e t a t i o n  i s  c o n s i s t e n t  

w i t h  b o t h  t h e  d a t a  a v a i l a b l e  and  t h e  r ehomogen iza t ion  o f  t h e  Rb-Sr 

whole- rock  sys t ems  i n  t h e  g n e i s s e s ,  i n d i c a t i n g  t h a t  d i f f u s i o n  o f  some 

e l emen t s  was o v e r  d i s t a n c e s  of more t h a n  c .8-10  cm. The e x t e n t  o f  

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

r e - s e t t i n g  o f  m i n e r a l  sys t ems  i n  boi-h g n e i s s e s  and a m p h i b o l i t e s  i s  n o t ,  

by i t s e l f ,  e v i d e n c e  f o r  ‘ reac t iva1: ion’  on t h e  s c a l e  p roposed  by S u t t o n  

and Watson (1969). 

Elsewhere  i n  t h e  Lewis i an  complex of t h e  NW H igh lands  (Rona - F i g . 1 ;  

Lyon e t  a l . ,  1 9 7 3 ) ,  t h e  r e t e n t i o n  o f  i s o t o p i c  sys t ems  i n  g n e i s s e s  t h a t  

show t h e  e f f e c t s  o f  po lyphase  t e c t o n i c  o v e r p r i n t i n g  d u r i n g  t h e  

Laxfo rd ian  e p i s o d e  (Hopgood and Bowes, 1972a1 ,  b u t  o n l y  l o c a l i z e d  

c .1700 m.y. a c i d i c  and b a s i c  minor  i n t r u s i o n s ,  i s  indica‘ced by t h e  

agreemenc of LJ-Pb z i r c o n  (2710222 m.y. - F i g .  2 )  and Rb-Sr whole-rock 

(2703+205 m.y.)  a g e s .  The s a n e  i s  t h e  c a s e  for t h e  Ou te r  Hebr ides  

where U-Pb z i r c o n  (2770210 m.y. - F i g .  1; Pidgeon and A f t a l i o n ,  1 9 7 2 ) ,  

Rb-Sr whole- rock  (26402120 m.y . )  and Pb-Pb whole- rock  (26402120 m.y. - 
Moorbath e t  a l . ,  1 9 7 5 )  a g e s  have  been  d e t e r m i n e d  for t e c t o n i c a l l y  

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

This  i n d i c a t e s  t h a t  i n  t h o s e  r e g i o n s ,  r o c k s  forn?ed i n  t h e  S c o u r i a n  

e p i s o d e  were n o t  s u b s e q u e n t l y  s u b j e c t e d  t o  metamorphic and t e c t o n i c  

a c t i v i t y  o f  s u f f i c i e n t  i n t e n s i t y  t o  s i g n i f i c a n t l y  d i s t u r 3  whole- rock  

sys tems w i t h  r e g a r d  t o  Rb, Sr, U and Pb an? p r o b a b l y  most e l e m e n t s ,  

e x c e p t  for e l e m e n t s  such  as A r .  Mosir K-Ar n i n e r a l  d a t e s  f a l l  i n t o  

t h e  175C-15C0 n . y .  r a n g e  and t h i s  i s  c o n s i s t e n t  w i t h  them p a s s i n g  

th rough  t h e i r  r e s p e c t i v e  b l o c k i n g  t e m p e r a t u r e s  d u r i n g  c o o l i n g  and 

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

some K-Ar  m i n e r a l  ages  e x t e n d  t o  n e a r l y  2100 m.y. ( H o l l a n d  and  Lambert 

However 
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f i g .  2 .  U-Pb z i r c o n  d a t a  from t h e  Lewisian complex; s o u r c e s  g i v e n  
i n  t e x t .  

1 9 7 2 ;  Moorbath and Pa rk ,  1 9 7 2 ;  Lyon e t  a l . ,  1973;  Moorbath e t  a l . ,  

1 9 7 5 ) .  These a r e  i n t e r p r e t e d  as r e p r e s e n t i n g  incomple t e  o v e r p r i n t i n g  

of t h e  i s o t o p i c  systems of an e a r l i e r  e p i s o d e  d u r i n g  t h e  Laxfo rd ian  

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

e x c e s s  4 @ A r ,  produced by d e g a s s i n g  o f  d e e p e r  c r u s t a l  r o c k s  d u r i n g  t h e  

Laxfordian e p i s o d e ,  canno t  be e n t i r e l y  r u l e d  o u t  (Moorbath e t  a l . ,  

1 9 7 5 ,  p .  220) .  

Evidence f o r  v a r i a b l e  e x t e n t s  and t i m e s  o f  rehomogenizat ion o f  Rb-Sr 

whole-rock,  Rb-Sr m i n e r a l  and K-Ar m i n e r a l  i s o t o p i c  systems i s  g iven  

i n  t h e  d i s t r i c t  from s o u t h  of  Gru ina rd  Bay to Loch Maree ( F i g . 1 ) .  I n  

a p a r t  where t h e r e  are abundant  g r a n i t i c  and p e g m a t i t i c  v e i n s  emplaced 

l a t e  i n  t h e  s t r u c t u r a l  s equence ,  s m a l l  masses o f  b i o t i t e - r i c h  g n e i s s e s  

g i v e  a Rb-Sr whole-rock d a t e  of 1705255 m.y., i . e .  abou t  t h e  t i m e  o f  

abundant  emplacement o f  g r a n i t e s  e l sewhere  i n  t h e  complex. However 

w h i l e  t h e  widesp read  q u a r t z o f e l d s p a t h i c  g n e i s s ,  whose c r u s t a l  h i s t o r y  

goes back t o  2 . 8  t o  2 . 7  b . y .  ago ,  g i v e s  a computed d a t a  o f  2.321.3 b .y .  

from Rb-Sr whole-rock d a t a ,  i n c l u s i o n  o f  d a t a  from a micaceous v a r i e t y  

of g n e i s s  r e s u l t s  i n  an a p p a r e n t  a g e  of 1640+51@ m.y. (Bikerman e t  a l . ,  

1 9 7 5 ) .  Other  g n e i s s e s ,  whose c r u s t a l  h i s t o r y  can  a l s o  be  deduced t o  

go back t o  a t  l e a s t  2 . 7  b . y .  b u t  which have been b r o u g h t  i n t o  

s t r u c t u r a l  j u x t a p o s i t i o n  w i t h  a younger  sed imen ta ry  assemblage (Loch 

Maree Group) whose d e p o s i t i o n  i s  u n l i k e l y  t o  have  been b e f o r e  2 . 2  b .y .  

ago,  g i v e  a Rb-Sr whole-rock age of 19252100 m.y. 

co r re sponds  w i t h  t h e  1935-50 m.y. age f o r  dynamothermal metamorphism 

T h i s  g e n e r a l l y  
+ 
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of  t h e  metasediments  d u r i n g  an e a r l y  s t a g e  o f  t h e  Laxfo rd ian  o r o g e n i c  

e p i s o d e  (Bikerman e t  a l . ,  1975) .  The younger c.1700-1400 m.y. ranges 

of Rb-Sr and K - A r  m i n e r a l  d a t e s  i n  t h e  d i s t r i c t  ( G i l e t t i  e t  a l . ,  1 9 6 1 ;  

Evans and Pa rk ,  1 9 6 5 ;  Moorbath and Pa rk ,  1 9 7 2 )  a r e  r e l a t e d  t o  t h e  

c l o s u r e  of  d i f f e r e n t  m i n e r a l  systems a t  d i f f e r e n t  t imes d u r i n g  uneven 

c r u s t a l  u p l i f t .  Here t h e  c o n t r o l s  w e r e  t h e  f a l l  o f  geo - i so the rms ,  t h e  

composi t ion and s i z e  o f  t h e  m i n e r a l  g r a i n s  and t h e  i d e n t i t y  of t h e  

i s o t o p i c  sys t ems .  Likewise t h e  e x t e n t  o f  t h e  rehomogenizat ion of t h e  

whole-rock systems was c o n t r o l l e d  by t h e  m i n e r a l o g i c a l  cornposit ion o f  

t h e  r o c k s  and t h e  d i s p o s i t i o n  o f  t h e  geo-isotherms r e s u l t i n g  from 

c r u s t a l  p o s i t i o n  and p r o x i m i t y  t o  igneous  masses. Here,  a s  t h roughou t  

most o f  t h e  Lewisian complex, t h e  g r o s s  n a t u r e  o f  t h e  p r o d u c t s  of t h e  

c . 2 . 7  b .y .  e p i s o d e  a p p e a r s  t o  have been r e t a i n e d  w i t h  t h e  i s o t o p i c  

systems i n d i c a t i n g  t h e  dominance o f  t h e  e f f e c t s  of c.1700 m.y. 

o v e r p r i n t i n g  o v e r  p e n e t r a t i v e  d e f o r m a t i o n .  Hence t h e  ev idence  i s  

s t r o n g l y  a g a i n s t  t h e  o p e r a t i o n  o f  w h o l e s a l e  ' r ework ing '  or 

' r e a c t i v a t i o n '  o v e r  e x t e n s i v e  c r u s t a l  segments .  Whether t h e r e  was 

l o c a l  ' r e a c t i v a t i o n '  i n  p a r t i c u l a r  c r u s t a l  s i t u a t i o n s ,  e . g .  t h e  

g n e i s s e s  n e a r  Loch Maree d a t e d  a t  c.1900 m.y., r e q u i r e s  f u r t h e r  

i n v e s t i g a t i o n .  

The s t r o n g l y  f o l i a t e d  a m p h i b o l i t e  masses which o c c u r  w i t h i n  t h e  

g n e i s s o s e  t e r r a n e s  p l a y e d  an i m p o r t a n t  r o l e  i n  t h e  f o r m u l a t i o n  of t h e  

concep t  of ' r e a c t i v a t i o n '  r e l a t i n g  t o  t h e  Lewisian complex. I t  can 

commonly be demons t r a t ed  t h a t  t h e s e  l i t h o l o g i c a l  u n i t s  show a community 

of  s t r u c t u r a l  e l emen t s  w i t h  t h e  c.2800-2700 m.y. o l d  g n e i s s e s  ( e . g .  

Hopgood and Bowes, 1 9 7 2 a ) ;  a c c o r d i n g l y  t h e y  must be a t  l e a s t  a s  o l d  a s  

t h e  g n e i s s e s .  I n  f a c t  t h e y  more commonly e x h i b i t  t h e  o l d e s t  r e c o g n i z e d  

metamorphic f a b r i c  e l e m e n t s ,  deve loped  i n  t h e  e a r l y  s t a g e s  o f  t h e  

Scour i an  e p i s o d e  , t h a n  do t h e  q u a r t z o f e l d s p a t h i c  g n e i s s e s  (Chowdhary 

and Bowes, 1 9 7 2 ,  F ig .2 ,  Photo 2 ) .  On t h e s e  grounds t h e y  a r e  

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

and h a v i n g  a b u l k  chemica l  compos i t ion  r e p r e s e n t a t i v e  o f  a c t i v i t y  a t  

t h a t  t i m e :  t h e y  canno t  be t h e  metamorphosed e q u i v a l e n t s  o f  earll7 

P r o t e r o z o i c  d o l e r i t e  i n t r u s i o n s  ( ' S c o u r i e  d y k e s ' ) ,  a c o r r e l a t i o n  which 

was a key f a c t o r  i n  t h e  i n t e r p r e t a t i o n  o f  S u t t o n  and Watson ( 1 9 5 1 )  

t h a t  much o f  t h e  Lewisian complex was t h e  r e s u l t  o f  s t r o n g  

' r e g e n e r a t i o n '  i n  P r o t e r o z o i c  t i m e s .  Also c o r r e l a t e d  w i t h  t h e  e a r l y  

P r o t e r o z o i c  d o l e r i t e s  were py roxene -bea r ing  b a s i c  minor i n t r u s i o n s  

which c r o s s - c u t  f o l i a t e d  and l i n e a t e d  a m p h i b o l i t e s  (Rowes and Ghaly,  

1 9 6 4 ;  Ghaly,  1 9 6 6 )  and whose r e l a t i o n s h i p s  t o  i s o t o p i c a l l y  d a t e d  

m a t e r i a l  i n d i c a t e  t h e i r  emplacement r e l a t i v e l y  l a t e  i n  t h e  Laxfo rd ian  
I 



e p i s o d e  ( c f .  Hopgood and Bowes, 1 9 7 2 b ) .  L o c a t i o n  o f  such  r e l a t i v e l y  

young pyroxene -bea r ing  bas i c  masses ,  which were n o t  s t r o n g l y  a f f ec i - ed  

by metamorphism and t e c t o n i s m  d u r i n g  t h e  r e m a i n i n g  p a r t  o f  ehe  

Laxfo rd ian  e p i s o d e ,  c o r r e s p o n d s  w i t h  t h e  l o c a t i o n  o f  what S u t t o n  and 

Watson ( 1 9 5 1 ,  F i g . 1 3 )  mark o u t  as r e l i c t  m.asses o f  an  o l d e r  g n e i s s  

complex amongst g n e i s s e s  t h a t  were i n t e r p r e t e d  as t h e  p r o d u c t s  o f  

' s t r o n g  L a x f o r d i a n  r e w o r k i n g ' .  

and Pb-Pb whole- rock  and R b - S r  and  K - A r  m i n e r a l  i s o t o p i c  d a t a ,  now 

p e r m i t s  t h e  e r e c t i o n  o f  a crus 'cal  model i n  which t h e  p r o d u c t s  o f  t h e  

c.2800-2700 m.y. o l d  S c o u r i a n  o r o g e n i c  e p i s o d e  r e t a i n  t h e i r  e s s e n t i a l  

c h a r a c t e r i s t i c s ,  I t  a l s o  p e r m i t s  t h e  unambiguous d e t e r m i n a t i o n  of 

t ime  markers  wnich a l l o w  t h e  d e t e r m i n a t i o n  o f  a s t r a t i g r a p h y  n o t  b e s e t  

by t h e  p r e v i o u s  c o n f u s i o n .  

The a v a i l a b i l i t y  of U-Pb z i r c o n  d a t a ,  t o g e t h e r  w i t h  a s s o c i a t e d  Rb-Sr 

P rov ided  t h e  c o n s t r a i n t s  imposed by t h e  i s o t o p i c  e v i d e n c e  a r e  bo rne  

ir. z i > d ,  r?.-ch of t h e  r a c k  a s s e x b l a g e ,  ? r e v i o u s l y  i n t e - p r e t e d  by some 

worke r s  a s  r e p r e s e n t i n g  t h e  p r o d u c t s  o f  ' r e g e n e r a t i o n '  d u r i n g  

P r o t e r o z o i c  t imes ,  can  be used  a s  i n d i c a t i v e  o f  t h e  p r o c e s s e s  and 

p r o d u c t s  o f  l a t e  Archaean t i m e s .  Those i g n e o u s  masses  t h a t  c u t  t h e  

g n e i s s o s e  t e r r a n e ,  and  whose t i m e  o f  emplacement can  b e  e s t a b l i s h e d  

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

t h e  n a t u r e  o f  p r o c e s s e s  and p r o d u c t s  of t h e i r  r e s p e c t i v e  t i m e s  of 

development ( e . g .  iiopgood, 1 9 7 1 2 ;  EaFgo36 a26 3owes, 1 9 7 2 5 ) .  L'-P> 

z i r c o n  s t u d i e s  now i n  p r o g r e s s  s h o u l d  p r o v i d e  f u r t h e r  t i m e  marke r s  

for t h e  b a s i c  masses  ( c f .  K r a t z  e t  a l . ,  1 9 7 6 ) .  

._ 

I n  a d d i t i o n  t o  a m p h i b o l i t e  f a c i e s  g n e i s s o s e  t e r r a n e ,  t h e  Lewis i an  

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

from S c o u r i e  t o  t h e  s o u t h ,  i n  t h e  NW H i g h l a n d s .  There  l o c a l i z e d  nar row 

l i n e a r  b e l t s ,  i n  which t h e r e  h a s  been  i n t e n s e  t e c t o n i s m  a s s o c i a t e d  w i t h  

r e t r o g r e s s i v e  metamorphism, c u t  a c r o s s  t n e  g e n e r a l l y  f l a t - l y i n g  

g r a n u l i t e s  (Peach  e t  a l . ,  1907;  S u t t o n  and Watson, 1 9 5 1 ;  Rowes, 1 9 6 9 ) .  

The e x i s t e n c e  o f  two g e n e r a t i o n s  o f  t h e s e  zones  o f  ' r e a c t i v a t i o n '  

has  been d e m o n s t r a t e d  by a o u r y  ( 1 9 6 8 )  and Evans and Lambert ( 1 9 7 4 ) .  

One g e n e r a t i o n  i s  a s s o c i a t e d  w i t h  t h e  c.2400-2200 m.y. o l d  I n v e r i a n  

e p i s o d e  i n  which a m p h i b o l i t e  f a c i e s  g n e i s s e s  were formed a t  t h e  

expense  of pyroxene  g r a n u l i t e s ;  t h e  o t h e r  one i s  a s s o c i a t e d  w i t h  t h e  

Laxfo rd ian  e p i s o d e  i n  which s c h i s t s  on t h e  a m p h i b o l i t e - g r e e n s c h i s t  

f a c i e s  boundary  were deve loped  a t  t h e  expense  o f  t h e  e a r l i e r - f o r m e d  

g r a n u l i t e s  and g n e i s s e s  ( p r e - T o r r i d o n i a n  c r u s h  zones  o f  Peach e t  a l . ,  

1 9 0 7 ) .  These l o c a l i z e d  b e l t s  a c t e d  as channelways  f o r  t h e  u p r i s e  o f  

c o n n a t e  a n d / o r  j u v e n i l e  w a t e r s  t h r o u g h  deep  p a r t s  o f  t h e  basement  



dur i r .g  t h e  respective e p i s o r ' e s  ( ? a r n e y ,  1 ; "each, 19'6). In '.-he 
- ~ L d e  .- b e l t  ( c .  2.5 kz) wlhich ser;arai-es ' ~ : -~e  g r a ~ . , ~ 1 T < : i z  ' :errane aran-- '  

S c c u r i e  f r c r .  ':lie g n e i s s c s e  'zerrane around Loch Laxfo rd ,  laC-e A r c h a e m  

iso':oyic s::stens r e x a i n  i c  a t  l e a s t  s o x e  rocks ~viity-. ? k - S r  :r:ho:e-_oock 

data 0;: a x ~ s c s : ~ i ? e - S e z r i : ? ~  t) gneiss i n d i c a t i ? g  a n  2ge of 2 7 h 5 1 2 7 0  n . y .  

I 1.2s c o v i t e /,,.:hc 1 e - rock i s o c:? r on s y i e 13 s i gr. 1 f i c e n t  1 y yc un  g e r age s 

(c. 1 7 5 0  m.y.1 In l ic3 ' : ing  ~ i l d  r e t i s t r i b c t i o r .  of  r z d i c g e n i c  s t r o n t i u m  

ai: izhai: t ime  ( L y o n  er al, , 1 9 7 5  ) , ;.ihicr! g e n e r a l l y  corresponds : .?ith 

t h a t  o f  g r a r i t i c  i r i j  e c t i o r .  i n  t:ie Le:.:isian c o ~ . > l e x .  The i n t e r p r e t a t i o n  

of  t h i s  zorLe ( r e f e r r e t  to by  some authors as  t 5 e  ' L a x f o r d  f r o n t ' )  as  a 

g r a d a t i o n a l  zor.e,  a s s o c i a t e d  :.:ith z mignat i i -e  f r o n t ,  between ' n o r -  

r e  z c t i v st e d ' A- c?. a e ar. gr a n L 1 it a s , t o  g e the r i.1 F h e a r 1y P r o  t e r o  z o i c d Jr k e s 

to t h e  s o c t h  a n d  ' r e a c t i v a t e d '  g r - e i s s e s  and a m p h i b o l i t e s  to t h e  noj?i:k. 

( c f .  Sutton 2nd ':atsen, 1 3 E 2 ,  Fig. E ) ,  i s  n o t  s u p p o r t e d  b y  i s o t o p i c  

zr.2 s t r c c t u r a l  evidence, f e o $ ~ y s i c a l  e v i d e n c e  s u g g e s t s  t h e  

j u x t a p o s i t i o n  o f  d i f f e r e n t  levels of  basement  ( E o t t  et z ? .  , '9'2), 
:,?F.ile ':his ar? the c o r r e s p o n d i n g  zor-es I i z ~ ~ e  c h a r a c t e r i s t i c s  o f  zones 

OT baserent ' ; ec tonics  i n  other s h i e l d  areas. The ' r eac t iva ' : io r . '  t h e ~ 7  

e x k i b i t  i s  l o c z l i z e d  a n d  no? r'e,gion211;? exppessec?,  as i r . c ' i ca te r '  1-j' t t ' e  

n a t u r e  of  lJ-?5 i s o i - o p i c  sys tens  o f  z i r cc r .5  i n  '.-he 2 

grar.uli- 'zes o f  ':he K y l e S k U  grou; ( F i g .  2; Pidgeon 2nd I ;o i~es ,  10'2). 

-.:bile s c n e  o f  t?.ese shc?: s l i g h t  effec'Ls o f  t:?e L a x f o r d i a n  e p i s o d e  

( C . 1  r. y .  lo:.:er chord -concc rdLa  i n t e r s e c t i o n )  , ir. oizhers 

c o r r e s r c n 2 i r . g  effec ' ;s  a r e  aljparer.i;ly l a c k i n g ,  Iwith a lo:.rer 

inJcersec+:lon z g e  05 c.500 n . y .  s u g g e s t i n g  a Caledon izn  i s o t o p i c  

i n f l u e n c e ,  T h i s  does poi: n e c e s s i t a t e  s e r i o u s  disturbance even  o f  

b io t i ' ; e  Sb-Sr  and K - . k  ages, bud; t3.e ~ . o v e m e n t  of h y d r o t h e m . a l  

so1 ,L t i c r s  through rr.etam.ict z i r c o n s  d u r i n g  a r r i l d  C a l e d o n i m  re;-.eat<ng. 

.b.ccorf.Lngly t:ye n a t u r e  of  the g r a r - i i l i t e s  can  be  t2cer. 2s r e p r e s e n t a t i v e  

of t h e  ~ ~ o d u c t s  o f  t h e  c.2700 m.y. S c c u r i a r .  e 3 i s o d e  ( S h e r a t o n ,  1970; 

$owes et zl,, 1971). 

LEil",T;i 2F ARC :-I I s r 3 XY 
For "he Lewis ian  conclex, no': o n l y  hzs tl1.e cor.cept of -whclesale 

p e a c i i v a t i o n  been  p roposed  as  being o 7 e r a t i v e  i n  ':ke L a x f o r d i m  

e p i s o d e  (a Froposal not i n  accord .,,Tit-bi i s o t o p i c  e v i d e n c e  - s e e  a b o v e ) ,  

b u t  tke c o n c e r t  5as been  p roposed  as  h a v i n g  been  oce rz i - ive  i n  ':he 

Scouriari  e p i s o d e ,  ~:::-.ose ? r c d u c t s  S u t t o n  and k a r n l e y  ( 1 9 6 k )  suggesi-ec! 

uere  d e r i v e d  from, a ' ? r e - S c o a r i a n  c o n p l e x '  , r a k e n  together these 

~ p o ~ c s 2 l s  i n 9 l y  a rr.o?el o f  c r u s t z l  e v o l u t i o n  in which p a r t s  of  the 

Le:"risian ccnr;lex :i.ad been  1;;:ice ' r e a c t i v a t e d ' .  They  also i n l ; l y  a 
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r e l a t i v e l y  l o n g  Archaean c r u s t a l  h i s t o r y  and have been used a s  a b a s i s  

f o r  c o r r e l a t i o n s  between S c o t l a n d  and Greenland which imply an Archaean 

h i s t o r y  back t o  c.3800 m.y. f o r  t h e  Lewisian complex. ( c f .  Bridgwater 

e t  a l . ,  1 9 7 3 ) .  

b a s i c  minor i n t r u s i o n s  h a s  been an i m p o r t a n t  f a c t o r  i n  c o r r e l a t i o n s .  

For example, t h e  s u g g e s t i o n  of F r a n c i s  (1973,  p .  161) o f  a ve ry  o l d  

cove r  t o  basement r e l a t i o n s h i p  t h a t  was f i r s t  deformed i n  t h e  Scour i an  

orogeny,  and t h e n  a g a i n  i n  t h e  Laxfo rd ian  orogeny,  i s  dependent  upon 

c o r r e l a t i o n s ,  from p l a c e  t o  p l a c e ,  o f  b a s i c  minor i n t r u s i o n s  t h a t  were 

assumed t o  r e p r e s e n t  one g e n e r a t i o n  o f  i n t r u s i o n s  ( ' S c o u r i e  d y k e s ' )  

emplaced i n  e a r l y  P r o t e r o z o i c  times ( c f .  S u t t o n  and Watson, 1 9 5 1 ,  

1 9 6 9 ) .  On t h i s  b a s i s ,  t h e  l o n g  sequence o f  e v e n t s  p r i o r  t o  t h e  

emplacement o f  what Hopgood (1971a)  had p r e v i o u s l y  shown t o  be  much 

younger dykes (emplaced i n  midd le  P r o t e r o z o i c  t i m e s )  was t a k e n  a s  

r e p r e s e n t a t i v e  o f  a long  Archaean h i s t o r y ,  i n c l u d i n g  t h a t  of  an 

' o r i g i n a l  g n e i s s  complex' b e f o r e  t h e  S c o u r i a n  e p i s o d e .  Subsequen t ly  

Davies ( 1 9 7 5 )  proposed a pre-2800 m.y. h i s t o r y  o f  t h e  Lewisian complex 

which i s  d i r e c t l y  comparable w i t h  t h a t  o f  p a r t  o f  West Greenland where 

t h e  Archaean h i s t o r y  goes back t o  a t  l e a s t  c.3700 m.y. The key t o  

t h i s  proposed c o r r e l a t i o n  and l e n g t h y  Archaean h i s t o r y  i s  t h e  

assumption t h a t  b a s i c  minor  i n t r u s i o n s  , now a m p h i b o l i t e s  , i n  Nb7 

Sco t l and  co r re spond  w i t h  t h e  middle  Archaean Ameralik dykes o f  

Greenland. 

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

Chapman and Moorbath (1977)  have t e s t e d  t h i s  h y p o t h e s i s  t h a t  t h e  

Lewisian complex i n  t h e  Scourie-Loch Laxford d i s t r i c t  ( F i g .  11, a s  

d e s c r i b e d  by Davies ( 1 9 7 5 ) ,  h a s  a l ong  Archaean h i s t o r y .  

of Pb-Pb whole-rock s t u d i e s ,  t h e y  a rgue  s t r o n g l y  a g a i n s t  t h e  p r e s e n c e  

of a n c i e n t  s i a l i c  c r u s t ,  l i k e  t h a t  i n  West Greenland,  i n  t h i s  p a r t  of 

NW S c o t l a n d .  

Moorbath e t  a l .  ( 1 9 6 9 )  r e l a t i n g  t o  a more w i d e l y  d i s t r i b u t e d  c o l l e c t i o n  

of r o c k s  from t h e  Lewisian complex, a s  does t h e  p o s t u l a t i o n  t h a t  t h e  

presumed igneous  r o c k s ,  from which t h e  p r o d u c t s  o f  t h e  S c o u r i a n  

e p i s o d e  were d e r i v e d ,  s e p a r a t e d  from t h e  uppe r  man t l e  or b a s i c  

l i t h o s p h e r e  no e a r l i e r  t h a n  c.2800-2900 m.y. ago.  

On t h e  b a s i s  

A d a t e  o f  2680+60 m.y. a g r e e s  w i t h  ea r l i e r  work of 

Th i s  ev idence  from Pb-Pb i s o t o p i c  s t u d i e s  t h a t  t h e  Lewisian conp lex  

h a s  o n l y  a r e l a t i v e l y  s h o r t  Archaean h i s t o r y  acco rds  w i t h  o t h e r  

ev idence  from U-Pb z i r c o n ,  Rb-Sr whole-rock and Pb-Pb whole-rock 

i s o t o p i c  s t u d i e s  p r e s e n t e d  by Pidgeon and Rowes (19721,  Lyon e t  a l .  

(1973) and Moorbath e t  a l .  ( 1 9 7 5 ) .  Hence on p r e s e n t  ev idence  t h e  

v a r i o u s  l i t h o l o g i c a l  u n i t s  making up t h e  c r u s t a l  p i l e  which was 
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a f f e c t e d  d u r i n g  ?he  S c o u r i a n  o r o g e n i c  e p i s o d e  ( G a e l i c  Supe rg roup  - 
Bowes 1 9 7 6 b ) ,  can  o n l y  have  had  a r e l a t i v e l y  s h o r t  c r u s t a l  h i s t o r y  

b e f o r e  i n t e n s e  r .etamorphism and d e f o r m a t i o n .  I n t e r n r e t a t i o n s  t h a t  

invoke  ' r e a c t i v a t i o n '  o f  c r u s t  formed i n  e a r l y - t o - m i d d l e  Arch.aean 

t imes  a r e  u n s u b s t a n t i a t e d .  The o n l y  m a t e r i a l  y e t  shown t o  have  an 

age g r e a t e r  th.an c.2850-2900 m.y. i s  p a r t  o f  a n  inhomogeneous z i r c o n  

p o p u l a t i o n  from a bedded q u a r t z i t e  w i t h i n  some o f  t h e  c .2700 m.y. o l d  

g n e i s s e s  (Bowes e t  a l . ,  1976). 

g r a i n s  amongst t h i s  p o p u l a t i o n  i n d i c a t e  an  age  o f  a t  l e a s t  2840 m.y. 

and t h e r e  i s  t h e  p o s s i b i l i t y  t h a t  t h e y  have  a h i s t o r y  g o i n g  back  t o  

3250 m.y. ( F i g .  2 ) .  T h e i r  d e r i v a t i o n  must have  been  from c r u s t a l  

m a t e r i a l  i n  e x i s t e n c e  i n  t h e  c r u s t a l  segment b e f o r e  t h e  Lewis ian  

complex. However none o f  t h i s  m a t e r i a l ,  such  a s  t h a t  r e c o g n i z e d  i n  

North Horway ( T a y l o r ,  1 0 7 5 )  and  West Green land  ( E s c h e r  and  bJatt7 l 9 7 5 ) ,  

has  v e t  been  r e c o g n i z e d  by i s o t o p i c  means i n  t h e  P recambr ian  r o c k s  o f  

S c o t l a n d .  

207Pb /206Pb  d a t a  for round non-magnet ic  

D I S C U S S I O N  AND C O N C L U S I O N S  

I s o t o p i c  e v i d e n c e  from U-Pb z i r c o n  and r e l a t e d  s t u d i e s  p o i n t  t o  t h e  

developmen<: of t h e  Lewis i an  complex f rom c .2850 m.y. ago ,  w i t h  t h e  

dominant deve lopment  b e i n g  i n  t h e  2850-2700 m.y. p e r i o d ,  i . e .  i n  l a t e  

Archaean Times . s u b s e q u e n t  c r u s i - a l  a d d i t i o n s  which were g e n e r a l l y  

r e l a t i v e l y  s m a l l ,  o c c u r r e d  t h r o u g h  e a r l y  and r . i d d l e  P r o t e r o z o i c  t i m e s  

and t h e  h i s t o r y  o f  t h e  i e w i s i a n  complex ended w i t h  t h e  i n i t i a t i o n  o f  

t h e  G r e n v i l l e  c y c l e ,  p r o d u c t s  o f  which a r e  now r e c o g n i z e d  i n  w e s t e r n  

and n o r t h w e s t e r n  p a r t s  o f  t h e  B r i t i s h  I s l e s  (van  Breemen e t  al., 1 9 7 8 ) .  

Thermal and t e c t o n i c  o v e r p r i n t i n g  a s s o c i a t e d  w i t h  i g n e o u s  a d d i t i o n s  

and t e c t o n i c  a c t i v i t y  d u r i n g  P r o t e r o z o i c  t imes have  v a r i o u s l y  a f f e c t e d  

t h e  l a t e  Archaean a s semblage .  However o v e r  most o f  t h e  c r u s t a l  

segment t h e  ma jo r  c h e m i c a l ,  m i n e r a l o g i c a l  and f a b r i c  f e a t u r e s  have  

remained  e x t a n t .  Only i n  l o c a l i z e d  l i n e a r  b e l t s  which c u t  t h e  

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

E l sewhere ,  t h e  a m p h i b o l i t e  f a c i e s  g n e i s s e s  and r e l a t e d  r o c k s  which 

make up t h e  b u l k  o f  t h e  complex a r e  n o t  t h e  p r o d u c t s  of e x t e n s i v e  

' r ework ing  ' or ' r e a c t i v a t i o n  ' of e a r l i e r - f o r r e d  2rusi;al  m a t e r i a l  as 

has p r e v i o u s l y  been  DPOpOSed. According.'.y, p r o v i d e d  t h e  e x t e n t  of  

subsequeny movement i n d i c a t e d  by t h e  i s o t o p i c  sys t ems  i s  t a k e n  i n t o  

a c c o u n t ,  a l a r g e  p r o p o r t i o n  o f  t h i s  s h i e l d  complex can  be used  as 

r e p r e s e n t a t i v e  o f  t h e  p r o c e s s e s  and p r o d u c t s  o f  l a t e  Archaean t i m e s .  

The c o n f l i c t  o f  views c o n c e r n i n g  t h e  e x t e n t  o f  ' r e w o r k i n g '  or 

' r e g e n e r a t i o n '  i n  The Lewis i an  complex i s  p a r a l l e l e d  by a c o n f l i c t  o f  
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views c o n c e r n i n g  t h e  e x t e n t  t o  which c r y s t a l l i n e  r o c k s  i n  IJesi: 

Greenland r e p r e s e n t  t h e  ' r e w o r k i n g '  o f  e a r l i e r - f o r m e d  c r u s t a l  ma te r i a l  

( c f .  Chadwick e t  a l . ,  1974;  Moorbath,  1 9 7 7 ,  p .  1 6 6 - 1 7 1 1 .  I n  b o t h  

i n s t a n c e s  t h e  p o s i t i v e  n a t u r e  of t h e  e v i d e n c e  from i s o t o p i c  s t u d i e s  

h i g h l i g h t s  t h e  inadequacy  of t h e  g e o l o g i c a l  c r i t e r i a  used a s  a b a s i s  

f o r  p o s t u l a t i n g  ' r e a c t i v a t i o n '  as a ma jo r  c o n t r i b u t i n g  f a c t o r  t o  

shi.elc! e v o l u t i o n ;  i n  t h e  c a s e  of t h e  Lewisian comp1.e~ t h i s  r e l a t e s  

p a r t i c u l a r l y  t o  t h e  u s e  of b a s i c  minor  i n t r u s i o n s  a s  t ime-markers .  

These two examples also s i g g e s t  t h a t  i n  s h i e l d  areas  where 

' r e a c t i v a t i o n '  h a s  been proposed as a ma jo r  f a c t o r ,  w i t h o u t  c o n s t r a i n t s  

of i s o t o p i c  s t u d i e s ,  t h e  u s e  of  geochemica l  and o t h e r  d a t a  a.s 

r i e p r e s e n t a t i v e  o f  p a r t i c u l a r  ( and  even presumed) t i m e  p e r i o d s  needs  

t o  be t r e a t e d  w i t h  c a u t i o n .  However, i n  t h e  case of t h e  Lewisian 

complex of S c o t l a n d ,  i s o t o p i c  s t u d i e s  o f  U-Pb z i r c o n  and o t h e r  i s o t o p i c  

systems have shown t h a t  t h e r e  i s  a cons ide r l ab le  body o f  d a t a ,  

p a r t i c u l a r l y  g e o c h e n k a l  d a t a ,  t h a t  can be used w i t h  some c o n f i d e n c e  

as i n d i c a t i v e  of t h e  n a t u r e  of  p r o c e s s e s  and p r o d u c t s  o f  l a t e  Archaean 

t imes.  I n  t h i s  and o t h e r  ways,  t h e  Lewisian complex i s  s i m i l a r  t o  t h e  

p r o d u c t s  of the Presvecokarelian e p i s o d e  i n  t h e  B a . l t i c  S h i e l d  ( e . g .  i n  

F in l and  - Eowes, 1975,  1 9 7 6 ~ )  and t h e  c h a r a c t e r i s t i c s  o f  i t s  exposed 

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

seismic da. ta  r e l a t i n g  t o  t h e  d e e p e r  p a r t s  o f  t h e  c r u s t  below NW Europe. 
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GEOCHRONOLOGY AND GEOCHEMISTRY OF ARCHAEAN TONALITIC 

KARNATAKA STATE, INDIA 

M. N. Balasubrahmanyan 

Geological Survey of India, 29 Jawaharlal Nehru Road, 

GNEISSES AND GRANITES OF SOUTH KANARA DISTRICT, 

Calcutta: 700016 

Ab s tract 

The migmatised ancient gneissic complex and the south 

Kanara granitic suite form the basement to the greenstone belts 

on the western seaboard of Karnataka, as evidenced by the 

varying structural disposition and the occurrence of an 

oligomictic conglomerate between them. The gneissic complex is 

tonalitic to granodioritic in composition and is inferred to 

be as old as 3200 Ma, with a possibility of being even older 

than 3500 Ma on the basis of K/Ar and Pb/Pb dates on minerals 

from cross-cutting pegmatites. The south Kanara granitic suite, 

with a porphyritic phase is meso- to katazonal in aspect, 

composite in nature with consistent planar foliae,has concordant 

and discordant relationships with the gneissic complex and has 

cross-cutting pegmatite and aplite dykes. In composition it is 

granodioritic with a fine-grained tonalitic variant. 

Geochemically the transformation of the ancient gneisses 

to the 'granitic' suite was marked by decrease in Cr, and 

increase in Bay La, K/Rb, K/Pb, Ba/Sr, Ca/Sr and Ti/Nb. The 

porphyritic granite and pegmatite belong to a later phase of 

the granitic activity. They are granodioritic to adamellitic 

in composition and, being geochemically alike, represent a 

two-stage crystallisation trend of a granitic melt from a 

porphyritic to a pegmatitic stage, with decrease in Ba, Sr, 

Cry Zr, Pb and increase in Rb, La and Nb. The minimum K/Ar 

age of 2564 Ma of a biotite from a cross-cutting pegmatite is 

confirmed by a crude total rock Rb/Sr isochron age of 2669 2 60 
Ma, The high '?Sr/ 
reworked nature of the suite. It is therefore postulated that 

the granite complex of South Kanara evolved due to the partial 

melting of a tonalitic gneissic complex about 3600 Ma old to 

give rise to the plutonic tonalitic-granodioritic-adamellitic 

suite at c. 2700 Ma, which is similar to granitic rocks in 

8 6  Sr initial ratio of 0.7056 confirms the 



o t h e r  g ran i t e -g reens tone  complexes .  The s i m i l a r i t y  be tween 

t h e  age  o f  t h e  g r a n i t e  ( a n d  some g n e i s s e s  i n  t h e  r e g i o n )  and 

t h a t  o f  t h e  g r a n u l i t e  f a c i e s  metamorphism i s  s u g g e s t i v e  o f  a 

mode o f  o r i g i n  s i m i l a r  t o  t h a t  e n v i s a g e d  f o r  t h e  Rhodesian 

Craton-Limpopo b e l t ,  

I N T R O D U C T I O N  

The w e s t e r n  s e a b o a r d  of Sou th  Kanara ,  bounded by t h e  

\ !es te rn  Ghats and t h e  Arab ian  S e a ,  r e v e a l s  a g r a n o d i o r i t e -  

w i t h i n  a v a s t  r e g i o n a l  m i g m a t i t i c  g n e i s s i c  corrplex ( t h e  Kanara 

G n e i s s i c  Corr.plex) o v e r l a i n  by metamorphosed s e d i m e n t s  and 

v o l c a n i c s  w i t h  an  o l i g o m i c t i c  q u a r t z  cong lomera te  a t  t h e i r  b a s e  

b e i o n g i n g  t o  p a r x  of  r h e  Dharwar Supergroup (Ealasubrahmanyan 

e t  a l . ,  1 9 7 6 ,  P 1 .  1). The s t r u c t u r a l  t r e n d s  o f  t h e  g n e i s s i c  

complex and t h e  Dharwar s c h i s t s  are  d i s c o r d a n t .  The r e g i o n a l  

s t r u c t u r e  o f  t h e  g n e i s s i c  complex t r e n d s  NKE-SSW w i t h  an  

a n t i f o r m  p l u n g i n g  NNE i n  The n o r t h ,  swing ing  t o  NW-SE i n  t n e  

s o u t h ,  w i t h  t h e  b a t h o l i t h  l o c a t e d  a l o n g  t h e  a n t i c l i n a l  a x i s .  

The Dharwar s c h i s t  b e l t  h a s  i s o c l i n a l  f o l d s  t r e n d i n g  NNW-SSE. 

The s h e a r  zones  t r e n d i n g  NNU-SSE i n  t h e  g n e i s s e s  a d j o i n i n g  

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

basement t o  t h e  f o l d  movements a s s o c i a t e d  w i t h  t h e  deve lopment  

o f  t h e  s c h i s t  b e l t .  

Very s m a l l  ‘ g r a n i t i c ’  b o d i e s  a r e  s y n k i n e m a t i c  and l o c a t e d  

g r a n f t e  s.,:,- U L  Le o f  b a t h o l f l h i c  d h e n s i o n s  (The Kanara R a t h o l i i - h )  

i n  t h e  f o l d  c o r e s  o f  t h e  g n e i s s e s ,  L a t e  k i n e m a t i c  ’ g r a n i t e s ‘  

w i t h  i n t r u s i v e  c o n t a c t s  have  a wide e x t e n t ;  t h e y  v a r y  i n  

compos i t ion  from g r a n o d i o r i t e  t o  g r a n i t e .  Xeno l iphs  o f  

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

g n e i s s  ( w i t h  c o r d i e r i t e )  i n  t h e  p l u t o n  and c l i n o p y r o x e n e  

(hornblende)-plagioclase-magnetite and c a l c - s i l i c a t e  r o c k s  

i n  t h e  g n e i s s i c  complex i l l u s t r a t e  t h e  h i g h  g r a d e  o f  metamorphism. 

The f i r s t  two t y p e s  of x e n o l i t h s  are  abundan t  and commonly have  

a r i m  of B i o t i t e  a t  t h e i r  c o n t a c t  w i t h  t h e  g r a n i t e .  

The f o l l o w i n g  r o c k  sequence  i s  i n f e r r e d  : 
Sub- recen t  t o  Recent  - S a n d s ,  T i l e  c l a y s  

T e r t i a r y  - L a t e r i t e  

C r e t a c e o u s - T e r t i a r y  - Rhyodaci te -  Granophyre 

P r o t e r o z o i c  - ’ D o l e r i t e  Dykes ‘ Dharwar Supergroup 
I 
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? -  
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I 

I - 

1 -  

I 

1 

? 

I 

1 -  

1 -  

1 

? - 

Pegmatite, aplite, quartz 
veins 

Porphyritic biotite granite, 
biotite and hornblende 
granite - quartz monzonite, 
granodiorite, hybrid facies 

Pe gmat ites 
Granite gneiss 

Streaky biotite gneiss 

Banded gneiss 

Amphibolite, pyroxene - 
magnetite rock, calc silicate 
gneiss, sillimanite gneiss, 

PETROGRAPHY 

1. Gneissic Complex 

(a) Banded Biotite Gneiss 

This is the least migmatised unit with alternating biotite 

(often hornblendel-rich melanocratic layers with feldspar-quartz- 

rich leucocratic layers, The contrasting mineralogy of the bands 

is revealed by the alteration of the biotite (hornblende)-quartz 

association with rare micro-perthite and the microcline- 

plagioclase-quartz association. Rounded inclusions of zircon 

in biotite, calcic oligoclase, deformed quartz and microperthite 

characterise the former ; idiomorphic zircon, sodic albite, 

string and spindle microperthites the latter. 

(b) Streaky biotite gneiss 
This is a granodioritic biotite gneiss with nebulitic 

foliae with a tendency for the biotite to segregate into 
discontinuous streaks with drawn out feldspars often grading 

into augen gneiss and banded gneiss. The rock has a medium- 

grained texture with corroded atoll-like hornblendes and 

biotites in a matrix of clear microcline perthite associated 

with albite-oligoclase and deformed quartz. 

(c) Granitic Gneiss 

This is a noncoherent, diffuse type with a gneissic 

foliation, medium to coarse grained with microcline-perthite, 

altered oligoclase, deformed quartz and biotite. The perthite 

is often a replacement vein perthite enclosing grains of biotite, 



q u a r t z  and p l a g i o c l a s e .  The p l a g i o c l a s e  i s  s e r i c i t i s e d  and 

e p i d o t i s e d ,  whereas  t h e  b i o t i t e  i s  i n  p l a c e s  c o m p l e t e l y  a l t e r e d  

t o  c h l o r i t e .  T h i s  g n e i s s  i s  d i s t i n c t  from t h e  g r a n i t i c  r o c k s  o f  

t h e  Kanara b a t h o l i t h  i n  f a b r i c ,  lack o f  p r i m r y  f low t e x t u r e ,  

r e l a t e d  p r i m a r y  j o i n t s ,  p a r a g e n e s i s  and m i c e r a l o g y .  

2 .  Kanara B a t h o l i t h  

The Kanarz  B a t h o l i t h  c o n s i s t s  o f  g r a n o d i o r i t e ,  q u a r t z  

monzoni te  ( a d a n e l l i t e )  and g r a n i t e  fo rming  a c o i r p o s i t e  i n t r u s i v e  

w i t h  p e g m a t i t e  and aplite v e i n s .  S p e c i a l  fea lzures  o f  the 

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

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

a p r i m a r y  f l o w  t e x t u r e  and a h y b r i d  f a c i e s ,  which  i s  c o n f i n e d  

t o  t h e  c o n t a c t s  w i t h  a v a r i e t y  o f  r o c k s  r a n g i n g  f rom q u a r t z  

d i o r i t e  t o  g r a n i t e .  ?he n o n p o r p h y r i t i c  facies of  t h e  main body 

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

w i t h  pronounced  f o l i a e ,  t h r o u g h  a q u a r t z  r . onzon i t e  ( e d a m e l l i t e )  

t o  a g r a n i t e  s e n s u  stricto. 

( a )  Hybr id  f a c i e s  

T h i s  i s  c h a r a c t e r i s e d  by  t h e  abundance  o f  b a s i c  i n c l u s i o n s  

o f  a l l  s i z e s  and shapes i n  v a r i o u s  d e g r e e s  of  r e a c t i o n  w i t h  

t h e  g r a n i t e  and it i s  c u t  by g r a n i t i c  v e i n s .  

( b )  G r a n o d i o r i t e  

Abundant b i o t i t e  w i t h  small f e l d s p a r  c r y s t a l s  d e f i n i n g  

p l a t y  f l o w  layers a l i g n e d  p e r a l l e l  t o  t h e  s e g r e g a t i o n s  

c h a r a c t e r i s e  t h i s  t y p e  ~7hic:h i s  g e n e r e l l y  d e v e l o p e d  at t h e  

b o r d e r  o f  t h e  b a t h o l i t h ,  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  i s  

composed of dominznt  p l a g i o c l a s e  (Ar! 15-30), nodera te  m i c r o c l i n e -  

p e r t h i t e  , u n d u l o s e  q u a r t z  v7iC-h s t r e a k s  o f  b i o t i t e  w i t h  

s e r i c i t i s a t i o n  and r e p l a c e m e n t  o f  t 5 e  p l a g i o c l a s e  by  m i c r o c l i n e ,  

u b i q u i t o u s  s o d i c  a l b i t e  a t  p lag ioc lase- r r . i c roc l ine  b o u n d a r i e s  

i n d i c a t i n g  late s t a g e  a l t e r a t i o n .  B i o t i t e  i s  o f t e n  r e p l a c e d  by  

m u s c o v i t e .  The a p p r o x i m a t e  mode (vol. % )  i s  : p l a g i o c l a s e  3 3 . 3 ,  

. q u a r t z  44.,9, m i c r o c l i n e - p e r t h i t e  1 4 . 7 ,  b i o t i t e  6 . 2  and o t h e r s .  

0 . 9 .  

( c )  B i o t i t e  and h o r n b l e n d e  g r a n i t e  - q u a r t z  monzon i t e  

T h i s  i s  t h e  most c o m o n  t y p e  w i t h  2 medium- t o  coaL+se- 

g r a i n e d  t e x t u r e  w i t h  g r e y  f e l d s p a r s  ( r a r e l y  as p h e n o c r y s t s )  

and q u a r t z  w i t h  a s u b r e s i n o u s  t o  g r e a s y  l u s t r e .  a i o t i t e ,  

p l a g i o c l a s e  (An15-20) c o a r s e  m i c r o p e r t h i t e ,  a n t i p e r t h i t e ,  

m i c r o c l i n e  and q u a r t z  w i t h  a c c e s s o r y  z i r c o n ,  a p a t i t e ,  opaque  

o r e s ,  r a r e  sphene  and s e c o n d a r y  e p i d o t e  and c a l c i t e  a r e  t h e  
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Table 1. Mean chemical composi t ion  o f  g n e i s s e s  and g r a n i t e s  o f  South Kanara 

1 - Wt $ - 
S i 0 2  66.88 

T i  0 0.80 

A1 0 14.65 
2 3  

Fe203 1.64 

Ce 0 2-34 

CaO 2.79 

Y g  0 1-32 

I’i? C 0.C9 

2.24 

Xa 0 4.39 
0.21 

K2 O 

2 

’2 ‘5 

CIPW 
Xorn 1 2 

Q 24.4 20.8 

cr 17.8 12.9 

Ab 37-1 39-7 

-- - 

An 9.9 11.0 

co - - 
Di 5.1 0.9 

:Q 0.9 2.3 

Mt 2.4 1.9 

I1 1.5 1.5 
Ap 0.5 0.3 

1: 

2: 

3: 
4: 
5: 
6: 

7: 

0:  

2 

70.93 

0.80 

14-13 
1.28 

1.73 
2.59 
0.77 

- 

0.09 

2.19 

4-64 
0.79 

3 
33.8 
18. j 

34.2 
9-1 

0.3 

2.3 

- 

- 

1.8 

0.9 
- 

3 
73.30 

0. jC 

13.38 

1.22 

1.62 

1.90 

0.52 

C.06 

- 

3.12 

4.05 

0.14 

4 

37.L 

11.0 

54.2 

9.7 
1.6 

- 

- 
2.3 

1.8 

1.1 
- 

c 5 
73.L6 68.01 

0.60 c.42 

13.84 15.81 

1.72 2.25 

- - 

1.26 0.90 

1.95 5-48 

0.47 1.67 
0.06 0.Cj 

1.86 1.80 

4.05 4.77 

0.14 0. I3 

Ratios 1 

K/RS 286.1 
- -  
Ea/Rb 6.9 
Ba/Sr 0.7 

K/Pb 1437-7 
K/3a 49.2 

K/Sr 65.0 

Ca/Sr 74.7 
C a / Y  153.0 

Ti /Zr  34.5 
Ti/hrb 480.~ 

K/Ka  0.57 

6 
68.61 
- 
0.38 

14.42 
1.13 
1.10 

1.72 

4.22 

0.11 

2.41 

4-67 
0.06 

2 

449 9 
- 
8.2 

1.7 
1815.c 

131.2 

107.4 

111.3 

185.0 

31 S O  

510.0 

C.33 

8 - 7 - 
67.66 65.87 

0.64 0.82 

14.00 lj.23 

0 . j O j  5.98 
3-90 

2-79 3-98 
1.14 1.11 

0.06 0.08 

3.62 2.38 

4.36 4.22 

0.19 0.29 

4 - 3 

5.8 1.9 
1.8 1.2 

1726.0 1540.0 

- 
528.4 560.2 

74.0 154.0 

129.5 lj4,O 

66.C 139.0 

135.0 139.C 
20.0 12.0 

300.c 240.0 
C.86 c.51 

P.b/Sr 0.175 0.282 0.328 0.840 

D.I. 79.3 81.4 86.5 82.6 

Gnei s ses  (So.dth Kanara) 

G r a n i t e s  (Soutr. Kanara) 

Porphyritic granite (South bnara)  

P e g x a t i t e  (South  Kanara) (Analyst - D r  N.R. Sen Gupta)  

Gneiss  (Barbe r ton  Kountain Land) ( V i l j o e n  m d  Viljcer. ,  1969) 

Shirr.oga gr.eiss (Divakara  Rao e t  a l . ,  1974) 
Uvak I1 gr.eiss (Labrador)  ( C o l l e r s o n  e t  a l . ,  1975, .D. 249) 

iun?tsoq gneiss, Nornal S e r i e s ,  llC8j7 (Lambert and Hol land ,  1976, p .  192) 



c o n s t i t u e n t  m i n e r a l s .  Myrmekite,  q u a r t z - m u s c o v i t e  i n t e r p r o w t h s ,  

r ep lacemen t  o f  m i c r o c l i n e  by muscov i t e  a r e  sone  p a r a g e n e t i c  

f e a t u r e s .  The rrodal cornpos i t ion  ( v o l .  % )  i s  v a r i a b l e .  

M i c r o c l i n e  and m i c r o p e r t h i t e  3 4 . 4  - 40.8 

P l a g i o c l a s e  30.5 - 2 1 . 8  

Quar tz  3 0 . 0  - 3 3 . 4  

B i o t i t e  4. 6 - 2 . 1  

Hornblende  0 - 1 . 8  

O t h e r s  0, 5 - 0.1 

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

t y p e s .  P r o g r e s s i v e  p o t a s h  ( ?  e n r i c h m e n t )  i s  e v i d e n c e d  by t h e  

r ep lacemen t  of  h o r n b l e n d e  by b i o t i t e ,  abundance of p o t a s h  

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

p l a g i o c l a s e  by m i c r o c l i n e  and t h e  deve lopment  o f  myrmeki te .  

I n v e r s i o n  t o  m i c r o c l i n e  was f o l l o w e d  by l a t e  d e u t e r i c  deve lopment  

of  muscov i t e  and  c a l c i t e .  

( d )  P o r p h y r i t i c  b i o t i t e  p r a n i t e  

M i c r o c l i n e  - p e r t h i t e  p h e n o c r y s t s  are  a l i g n e d  p a r a l l e l  t o  

f low l a y e r s ,  and s e t  i n  a c o a r s e  m a t r i x  w i t h  b i o t i t e ,  o l i g o c l a s e  

and q u a r t z .  P h e n o c r y s t s  c o n t a i n  i n c l u s i o n s  of  b i o t i t e  an6 

p l a g i o c l a s e .  Deformat ion  h a s  g i v e n  r i s e  t o  undu lose  o u a r t z  and 

p e r t h i t i c  t e x t u r e .  

M A J O R  ELEMENT A B U N D A N C E S  

Tab le  1 d e t a i l s  t h e  ma jo r  e l emen t  abundances ,  norm and 

t r a c e  e l emen t  r a t i o s  g i v e n  as a mean for t h e  g n e i s s ,  ' g r a n i t e '  

p o r p h y r i t i c  g r a n i t e  and p e g m a t i t e ,  The a n a l y s e s  were k i n d l y  

made by D r .  N . R .  Sengup ta ,  Chemist  (Sr,), of  G S I  by o r t h o d o x  

we-c c h e m i c a i  methods .  

1. G n e i s s i c  Complex 

The mean c o m p o s i t i o n  o f  t h e  g n e i s s e s  c l o s e l y  r e s e m b l e s  

t h a t  of t h e  Uivak I1 Gnei s s  o f  Labrador  ( C o l l e r s o n  e t  a l . ,  1 9 7 5 ) ,  

t h e  B a r b e r t o n  Mountain g n e i s s  ( V i l j o e n  and V i l j o e n ,  1 9 6 9 1 ,  and 

t h e  Shimoga g n e i s s  ( D i v a k a r a  Rao e t  a l . ,  1 9 7 4 ) .  Compared w i t h  

t h e  Amitsoq Gne i s s  (hiormai S e r i e s )  t h e  Kanara g n e i s s  i s  p o o r e r  

i n  i r o n  and c a l c i u m ,  and it i s  p o o r e r  i n  magnesium. w i t h  r e s p e c t  

t o  t h e  Shimoga g n e i s s .  The K/Na r a t i o  o f  0 . 5 7  o f  t h e  Kanara 

g n e i s s  i s  comparable  w i t h  t h e  a n c i e n t  t o n a l i t i c  g n e i s s  o f  t h e  

B a r b e r t o n  g r a n i t e - g r e e n s t o n e  p r o v i n c e .  The r e c e n t  s u g g e s t i o n  

Tha t  t h e  ' P e n i n s u l a r  G n e i s s '  may, i n  p a r t  a t  l e a s t ,  r e p r e s e n t  

an a n c i e n t  t o n a l i t i c  g n e i s s  basement  ( R a d h a k r i s h n a ,  1374) i s  

A 



aided b y  the occurrence of tonalitic p e b b l e s  with a 3 2 5 0  >la 

age in the %aid.;rga conglomerate (Venka'casubramani-n and 

IIarayanaswamy, 1974). Yith regard to the K20 : tJa20 ratio 

(Pig. 1) the mean composition is granodioriTic, but individual 

4 

3 
0 
s 
8 2  

hl 

1 

0 I I I I I 

1 2 3 4 5 

% NazO 

Pig. 1 : Mean Composition in relation to K,O 
1. Gneiss ; 2. 'Granite'; 3. Pegmatite; 4.'Forphyritic Granite. 

: I.Ja20. 

Compositions are tonalitic to granodioritic (not plotted in 

Fig.1). The K 2 0  : CaO r a t i o s  (Fig. 2) also ii?dicate t h e  saxe 

composition with t h e  average nearer the tonalite/~ranodiorite 

boundary. The normative Q - Ab - O r  values (Fig.3) for the 

two gneisses plot close to the Archaear! anphibolite facies 

gneisses of Canada, Greenland and Scotland (Lamber t  et al., 

l9?6, p. 380, Fig. 3). K 2 0  : Ila20 : CaO ratios (Fig. 3 )  are 

similar to Na 0-rich gneisses (Lambert et a l . ,  1976, p .  379, 

Fig.1) , and conTrast wi?h K2C-rich Azchaean gfieisses  i f i  the 

USSR. VIith regard to FeO - Alk - MgO (weight % )  the Kanara 

gneiss p l o t s  closer to the Hlk end than gneisses from The 

Canadian Shield, the Lewisian and E .  Green]-and (Lambert et al., 

1976, p .  381, Fig. 4 ) .  

2 



F i g .  2 : Yean Composi t ion  i n  r e l a t i o n  t : CaO. 
1. Gnei s s  j 2 .  ' G r a n i t e '  ; 3 ,  P e g m a t i t e ;  4K2:orphyriric G r a n i t e .  

2 .  Kanara B a t h o l i t h  

The a v e r a g e  c o m p o s i t i o n  o f  t h e  n o n p o r p h y r i t i c  f a c i e s  o f  

g r a n o d i o r i t e  and i t s  f i n e - g r a i n e d  e q u i v a l e n t s ,  which form t h e  

b u l k  o f  t h e  a r e a ,  p l o t s  n e a r  t h e  t o n a l i t e / g r a n o d i o r i t e  boundary  

w i t h  r e s p e c t  t o  t h e  K20 : Na20 ( F i g . 1 )  and K20 : CaO r a t i o s  

( F i g . 2 ) .  The p o r p h y r i t i c  f a c i e s  i s  d i s t i n c t l y  a g r a n o d i o r i t e  

w i t h  an  a d a m e l l i t e  t r e n d .  The p e g m a t i t e  dyke i s  a l s o  

g r a n o d i o r i t i c ,  

TRACE ELEMENT CHEMISTRY 

The Rb and S r  v a l u e s  were e s t i m a r e d  by t h e  a u t h o r  u s i n g  

p e l l e t i s e d  whole- rock  powder w i t h  a b o r i c  a c i d  s k i r t  i n  a 

P h i l l i p s  Manual PWlZbO X-ray Vacuum S p e c t r o m e t e r  w i t h  th.e u s e  

of  a s i n g l e  s t a n d a r d  f o l l o w i n g  t h e  r a t i o  method o f  P a n k h u r s t  

(1969). Other  t r a c e  ele!'r.ents were  d e t e r m i n e d  by  H . B .  Das,  

D . K .  I n d r a  and T .  N. Das o f  GSI u s i n g  an  o n t i c a l  e m i s s i o n  

s p e c t r o g r a p h ,  



K l R b  

T i l L f  + 

La-% 

Bo/Rb 
no/ R b  1 10 

I \  / 

F i g .  3 : V a r i a t i o n  d i ag ram o f  t race  e l e m e n t s  and t r a c e  e l emen t  
r a t i o s  w i t h  r e s p e c t  t o  D .  I .  ( i . e .  no rma t ive  Q f Ab f O r ) ,  
1. Gnei s s  ; 2 .  G r a n i t e ;  3 .  P e g m a t i t e ;  4 .  P o r p h y r i t i c  G r a n i t e .  

The v a r i a t i o n  i n  t r a c e  e l emen t  c h a r a c t e r i s t i c s  i s  d e p i c t e d  

i r ?  F i g . 3 ,  where t h e  abundances  a s  we l l  as t h e  r e l e v a n t  r a t i o s  

a r e  p l o t t e d  a g a i n s t  t h e  n o r m a t i v e  Q f Ab f Or c o n t e n t .  The 
r e l e v a n t  r a t i o s  a r e  d e t a i l e d  i n  T a b l e  1 and F i g . 3 .  



TABLE 2: Trace element data on gneisses (ppm) 

Rock type Ba Sr Rb Cr co Zr La Y Nb Ni Pb 

1. Gneisses 
(South Kanara) 

2. Gneisses 
(Shimoga) 

3. Gneisses 
(Sivaganga) 

4. Gneisses 
(Sira) 

5.  Gneisses 
(Latahar) 

6. Gneisses 
(Yellandlapad) 

7. Granites and 
f eldspathic 
gneiss e s 
(Mo sabani ) 

(Crawford, 1969) 
8. Champion gneiss 

9 .  Peninsular gneiss 

World Average 
(for calcic granites) 

290.0 266.6 46.7 75.0 13.3 150.0 30.0 13.0 10.0 18.3 11.6 

9.1 5.0 121 .o 38 .O 10.7 

8 .o 4.0 195.0 48 .0 5.2 

9.0 5.0 5.0 

300 .O - 10.0-22.0 10.0 20.0-80.0 

30.0-100 .O 30.0 10.0 

15-7 20 50-356 1-39 10-24 18-76 

262.00 83.70 

494.03 133.56 

uo .oo 

Other data from Sankaran (1974) 



Rock type 

TABLh 3: Trace elcrnent daia on g r a n i t i c  rocks ( p p m )  

Pb __ Ba Sr Rb C r  CO Z r  La Y Nb Ni 
~~ ~ _ _ _ _ _ _ _ _ _  -~ ~- ~~~-~ 

1.  Grcmik(S.Kana-a) 
2. Por.Gr. (S.Kanara) 
3. G r .  pegmatite 

(S.Kanara) 
4. Granite I 

(Singhbhum) 
5. Granite I1 

(Singhbhum) 
6. Granite III 

(Singhbhum) 
7. Gmnodiorite 

(Singhbhum) 
8. Granite(Singhbhum) 
9. 'Soda grani te  
10 .Granodiorite 

(Seraikaela)  
11 .Grey granit,e 

12.Pink grani1,e 
(Closepet)  

I 

(Closepet) 
l j .Grani te(Chitaldmg) 

1 S.Granodiorit,e 
( L a t  ehar) 

16.Granitc (Latehar) 100-400 7 50 
(Crawford,l969) 
Closepet gr.anite 246.16 
Chi tadrug  grani te  17.32'; 

14.Granitc (Ho:idurga) 119-196 

360.0 187.5 
*316.6 183.3 
133.3 116.6 

83-3110 275-752 

1 ;o-720 350-1 260 

50-1 800 200-860 

130-570 520-1 175 

760-870 250-300 
560-7 30 170-210 
26-1 105 16-640 

80-1 ao 

110-125 

World average f o r  
high C a  g ran i tes  

440.00 

5?.9 
60.2 
98 .0 

50-1 65 

50-1 00 

50-250 

50-1 85 

73-05 
65-70 

129-21 1 

84-1 31 

60 

100.70 
406.42 

2 j . e  
18.3 
11.6 

1-13 

5-21 

4-1 4 

11 -8: 

18-27 
26- 35 
47-8o 

- 

- 

9 .0 
10.0 
8.1 

4-1 0 

4 -9 

4-7 

10-25 

5-8 
22-30 
3-20 

15 

10-32 

155 
210 
160 

50-265 

143- 120 

64-272 

120-256 

170-21 0 
170-240 
38-300 

73.8 10 
70.0 10 
96.6 10 

10-20 

18- 10 

10-53 

12-35 

13-82 

500 

40-66 

10 11.3 
11.5 13.0 
1'5.0 11.6 

4- 14 

10-4: 

)i-110 

14-56 

16-23 
65-78 
6-78 

50 

10 

11.9 
16.6 
10.0 

10-16 

10-19 

10-21 

10-il0 

45- 73 

10-55 
23- 32 

4s-50 

4 0 4 6  

40 

100 

55-80 

Other. data from Sankaran (1974) 



The mean v a l u e  f o r  t h e  Kanara g n e i s s  i s  shown i n  Table  2 ,  

and f o r  t h e  Kanara b a t h o l i t h  components i n  Table  3 compared 

w i t h  o t h e r  o c c u r r e n c e s  i n  t h e  I n d i a n  S h i e l d  as g iven  by Sankaran 

( 1 9 7 4 ) .  Bay Sr, Rb, Zr, Pb and N i  v a l u e s  compare w e l l  w i t h  t h e  

g n e i s s e s  o f  L a t e h a r ,  and of Mosabani ( C r  and Co are  e x c e p t i o n a l l y  

h i g h e r  - n e a r l y  e i g h t  f o l d ) .  Bay S r ,  Rb, C r ,  Coy Zr, Y and N i  

compare w e l l  w i t h  t h e  Singhbhum g r a n o d i o r i t e .  I n  r e l a t i o n  to 

t h e  younger  p l u t o n s  of Karnataka ( v i z .  C l o s e p e t ,  C h i t a l d u r g ,  

and Hosdurga) t h e  o l d e r  Kanara s u i t e  a s  a whole shows h i g h e r  

Sr, and lower Rb and Pb. 

The K/Rb r a t i o  o f  2 8 6  f o r  t h e  g n e i s s e s  i s  w e l l  w i t h i n  t h e  

c r u s t a l  r a n g e  (120 - 4 8 0 ,  T a y l o r ,  1 9 6 5 ) .  The K/Rb v a l u e s  f o r  

t h e  Kanara b a t h o l i t h  component a r e  modera t e ly  h i g h  (450 ,  5 2 8 ,  5 4 0 )  

and t h e y  are  h i g h e r  t h a n  t h e  normal  t r e n d .  T h i s  may re f lec t  t h e  

dep th  r ange  i n  which t h e  g n e i s s e s  and b a t h o l i t h  members 

c r y s t a l l i s e d .  

P o s i t i v e  c o r r e l a t i o n  of K/Rb, K / S r ,  K/Ba, K/Pb, Ba/Sr  

r a t i o s  w i t h  i n c r e a s i n g  Q + Ab + O r  from g n e i s s e s ,  t h rough  

n o n p o r p h y r i t i c  and p o r p h y r i t i c  g r a n i t e s ,  t o  p e g m a t i t e  i s  

i n d i c a t i v e  of  a c a l c - a l k a l i  t r e n d  (Nockolds and A l l e n ,  1953) .  

The n e g a t i v e  c o r r e l a t i o n  i n d i c a t e d  by Ti/Nb and T i / Z r  a l s o  

a p p e a r  t o  be normal.  Ba/Rb v a r i a t i o n  i s  n e g a t i v e  between 

g n e i s s ,  g r a n i t e  and p o r p h y r i t i c  g r a n i t e ,  and p o s i t i v e  between 

p o r p h y r i t i c  g r a n i t e  and p e g m a t i t e .  Ca/Sr r i ses  s t e e p l y  

between g n e i s s  t h rough  g r a n i t e  t o  p o r p h y r i t i c  g r a n i t e  and 

f a l l s  between g r a n i t e / p o r p h y r i t i c  g r a n i t e  and p e g m a t i t e .  

1. D i s c u s s i o n  

The c l o s e  geochemical  a f f i n i t y  between t h e  g r a n i t i c  

rocks  and t h e  g n e i s s e s  i s  v e r y  a p p a r e n t  ( T a b l e  1). D e b a s i f i c a t i o n  

of  t h e  g n e i s s  would r e s u l t  i n  t h e  compos i t ion  o f  t h e  grani- i - ic  

rocks .  With t h e  a v a i l a b l e  d a t a  it i s  p o s t u l a t e d  t h a t  p a r t i a l  

m e l t i n g  of t h e  t o n a l i t i c - g r a n o d i o r i t i c  South Kanara g n e i s s  

r e s u l t e d  i n  t h e  f o r m a t i o n  of t h e  g r a n i t e .  Comparison of  t race 

element  c h e m i s t r y  a l s o  s u p p o r t s  t h i s  h y p o t h e s i s .  South Kanara 

g n e i s s e s  have lower  Rb and h i g h e r  S r  c o n t e n t s  t h a n  t h e  l a t e r  

g r a n i t e .  S i m i l a r  geochemical  r e l a t i o n s  e x i s t  between t h e  

Ancient  T o n a l i t e  g n e i s s  and l a t e  g r a n i t e s  of  t h e  Barbe r ton  

a r e a  ( V i l j o e n  and V i l j o e n ,  1 9 6 9 ) .  I n  t h e  South Kanara a r e a ,  

t h e  t r a n s f o r m a t i o n  o f  g n e i s s  t o  g r a n i t e  w a s  marked by d e c r e a s e  

i n  Cry N i  and C o  and i n c r e a s e  i n  B a ,  L a ,  K/Rb, K/Pb, K / B a ,  

Ba /S r ,  K / S r ,  Ca/Sr  and Ti/Nb. I t  h a s  a l r e a d y  been obse rved  



t h a t  K/Ba, K/Pb and K/Rb and K / S r  r i s e  w i t h  t h e  K - f e l d s p a r  

phase .  The m o d e r a t e l y  h i g h  K/Rb f o r  t h e  g r a n i t e s  i m p l i e s  

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

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

A t  PH 0 = 2 Kb and a t e m p e r a t u r e  o f  7CC°C a n a t e x i s  o f  p e i s s e s  

s e t s  i n  (\,!inkier, 1 9 6 7 ,  p.  195) a t  t h e  h i g h  tem.pera ture  r a n g e  

o f  t h e  a n p h i b o l i t e  f a c i e s  o f  r e g i o n a l  metan.orphism. I f  t h e  

Q - Ab - Or v a l u e s  a r e  p l o t t e d  i n  a t e r r . a r y  diagram. a t  

2 Kb P 0 and w i t h  Ab/An 3 . 8  c o t e c t i c ,  t h e  t r e n d  o f  p a r t i a l  

m e l t i n g  and  c r y s t a l l i s a t i o n  i s  c l e a r ,  Such a t r e n d ,  s i n c e  

some a l k a l i  m i g r a t i o n  is i n d i c a t e d  f o r  t h e  Sou th  Kanara 

g r a n i t e s ,  would imply  some me tasomat i c  a l t e r a t i o n  (Lamber t  

and H o l l a n d ,  1 9 7 6 ,  p .  1 9 5 ) .  The p o r p h y r i t i c  g r a n i t e  and 

p e g m a t i t e  p o s s i b l y  r e p r e s e n t  a l a t e  phase  o f  g r a n i t i c  a c t i v i t y  

and p e r h a p s  r e p r e s e n t  two s t a g e s  o f  c r y s t a l l i s a t i o n  o f  a 

' g r a n i t e '  m e l t .  From t h e  p o r p h y r i t i c  t o  t h e  p e g m a t i t e  s t a g e  

t h e r e  i s  a d e c r e a s e  i n  Bay Sr, C r  and Pb and an  i n c r e a s e  i n  

Rb, La and Nb which i s  more o r  l ess  common (Goldschmid t ,  1 9 5 4 ) .  

F a l l  o f  Ba from p o r p h y r i t i c  g r a n i t e  t o  p e g m a t i t e  i s  c o m p a t i b l e  

w i t h  i t s  i n c o r p o r a t i o n  i n  K-bea r ing  m i n e r a l s  a t  h i g h e r  

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

of  t h e  change o f  env i ronmen t ,  i . e .  from an  e a r l y  magmatic t o  

a l a t e  p e g m a t i t i c  s t a g e .  

GE 0 CH RON 0 L O G Y  

2 

E2 

The geochrono logy  o f  t h e  a r e a  was i n v e s t i g a t e d  by U/?b ,  

Rb/Sr and K / A r  r e t h o d s .  Rb/Sr r a t i o s  were e s t i m a t e d  by  XRF. 

A Thompson - CSF THN 2 0 6  30 cm 60' s e c t o r  s o l i d  s o u r c e  mass 

s p e c t r o m e t e r  w i t h  c h a r t  r e c o r d i n g  and peak- swi t ch ing  d e v i c e  

was u s e d .  K was e s t i m a t e d  by t h e  L i  i n t e r n a l  s t a n d a r d  method 

u s i n g  a B a i r d  - Atomic Flame Pho tomete r  as w e l l  as by a 

P e r k i n  - E l m e r  503 Atomic A b s o r p t i o n  Spec t ropho to rne te r .  

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

VG-Micromass 600  gas  s o u r c e  mass s p e c t r o m e t e r  w i t h  6 2  mm 
r a d i u s  90' s e c t o r  t u b e  e v a c u a t e d  by an i o n  pump ( U . H . V .  b e t t e r  

t h a n  1 x lo-' t o m )  w i t h  2 K V  a c c e l l e r a t i o n  v o l t a g e  and  an  

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

The s y s t e m  had  an o n - l i n e  a l l  m e t a l  s t a i n l e s s  s t e e l  s p i k e  

sys t em (Argon 3 8 )  and a f u s i o n  s y s t e m  i n  a r e s i s t a n c e  f u r n a c e ,  

E x t r a p o l a t i o n  o f  t h e  i s o t o p e  r a t i o s  to z e r o  t i m e  ( t o  o b v i a t e  

t h e  s m a l l  memory) w i t h  n e c e s s a r y  c o r r e c t i o n  f o r  f r a c t i o n a t i o n  
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TABL9 L: K/kr a g a  d a t a  

Si Sample P i a t e r i a l  H o s t  K% v o l .  "Ar thm. Age Error 
Pro . KO . r o c k  ( rd /gm) A$ I4a T Pia 

1 1 9 3  B i  Peg. 7.h9 2353.825 c.65 3068 41 

* 

__. ~. . .____._l___-___l_ ____ 

2 23 B i  Peg. 7 . 1 8  2b40.12 3.33 319L 38 

3 23 w Peg.  0 .96  317.32 18.3 318s 5b 
4 105 3 i  Peg. 7.30 3157.17 3.L 3552 b2 

5 I.' -_ 9; ?cr."j. 7.12  2LL5.il 1 .o 3200 5L 

, 

5 9 B i  Peg. 7 .78  2979.13 '2.8 256b 

TABL3 5: Flb/Sr a n a l y t i c a l  d a t a  

1 7 A p i i t e  102.1 297.2 0.913 3 . 7 u  ) 

2 1 3 3  Grano- u.9 267.8 1 1.477 0.756 ) 

W.R. j I s o c h r o n  

5 i3rL5e  
W.R. i; 2669 5 6c 

3 1 3  Eorph. 153.8 235.9 1.961 0.785 $ 
Gr. W.Z. 1 

C o n s t a n t s  used: '?Rb = 1 . 4 2 .  lo-" a-' 



7 3  

was always c a r r i e d  o u t .  Routine a n a l y s i s  of I . G . S .  London 

s tandard  b i o t i t e  ( A  8 9  and Mo 40) was c a r r i e d  ou t  f o r  sp ike  

c a l i b r a t i o n  and use of c a l i b r a t e d  a i r  capsules  f o r  measuring 

the  b i a s  of  t h e  mass spec t rometer .  

The minimum age f o r  t h e  gne i s s -g ran i t e  complexes i s  given 

by t h e  whole-rock K - A r  age of t h e  youngest d o l e r i t e  dyke a t  

2 1 9 3  2 4 5  Ma (Balasubrahmanyan, 1 9 7 5 )  c u t t i n g  t h e  complex. 

1. Gneiss ic  Complex 

The K / A r  ages of b i o t i t e s  from d i f f e r e n t  s u i t e s  of 

pegmati tes  c u t t i n g  t h e  g n e i s s i c  complex i n d i c a t e  a probable  

minimum age of 3068 2 4 1  Ma (Table  4 ,  No.1). This  i s  supported 

by a h i g h e r  va lue  of 3 1 8 4  2 38 Ma f o r  t h e  hornblende f r a c t i o n  

(Table  4 ,  No. 2 )  and 3180 2 5 4  Ma f o r  a b i o t i t e  f r a c t i o n  

(Table  4 ,  No.33 from a pegmati te  c u t t i n g  t h e  l e a s t  migmatised 

t o n a l i t i c  hornblende - b i o t i t e  g n e i s s .  That t h e  gne i s ses  could 

be even o l d e r  t han  3 5 5 2  Ma i s  i n d i c a t e d  by a b i o t i t e  age of 
3 5 5 2  2 42 Ma f o r  ano the r  pegmati te  (Table  4 ,  No.4). This i s  

supported by d a t i n g  of an a l l a n i t e  from t h e  same pegmati te  

which i n d i c a t e s  3200 Ma by t h e  K / A r  method. The a n a l y t i c a l  

d a t a  f o r  a l l a n i t e  a r e  

U 3 1 3 . 6  

O 8  Pb / 06Pb 

07Pb / 2  O 6  Pb 

04Pb/2 06Pb 

a s  follows: 

PPm Pb 2 9 3 2  ppm. 

= 1 2 . 2 5 1  2 0.015 

0,27315 2 0.00027 

0,002842 2 0.00004 

Assuming common l e a d  model 3200 M a  wi th  = 8 . 9 9 ,  

t h e  ages w i l l  b e ,  

207Pb/206Pb 3 1 7 4  Ma 

1 3 5 5  Ma 2 07pb / 2  3 S U  

206Pb/238U = 5 1 4  Ma. 

The d iscrepancy  i s  due t o  l ead - los s  and i f  l ead - los s  i s  f a i r l y  

r e c e n t ,  t h e  207Pb/206Pb minimum age of  3 1 7 4  Ma may no t  be f a r  

from t h e  t r u t h .  A s  such i t  i s  reasonable  t o  assume t h a t  t h e  

K / A r  ages do no t  show excess argon i n  view of conf i rmat ion  by 

the  U/Pb minimum age ,  A s  such ,  it is reasonable  t o  assume t h a t  

t h e  g n e i s s i c  complex is a t  l e a s t  3200 Ma o l d  and i f  t h e  h i g h e s t  

K / A r  age o f  3 5 5 2  Ma i s  n o t  d i sca rded  c o J l d  be even o l d e r  than  

3550 Ma. 

2 .  Granodiorite-porphyritic g r a n i t e  - a p l i t e  s u i t e  

(Table  5 : Fig.  4 )  i s  2 6 6 9  2 60 Ma wi th  an i n i t i a l  8 7 S r / 8 6 S ~  

The whole-rock Rb-Sr i sochron  age of t h r e e  components 
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0'850 ' 

TOTAL ROCK ISOCHRON - KANARA GRANITE 
INITIAL RATIO = 0 7056 2 0.0015 

$'- 1-0.03932 

;i 

Fig. 4 : Total Rock Isochron - Kanara Granite. 

ratio of 0.7056 2 0.0015, This age is comparable with that of 
other granitic plutons in the Indian Shield such as the 

Arsikere and Banavara (2625 2 90 Ma, Venkatasubramanian and 
Narayanaswamy, 1974), and J. N. Kote granite (2575 - 2620 Ma, 
Crawford, 1969). The initial ratio is not typical for mantle 

derivation of rocks of this age (Faure and Powell, 1972). 

The higher ratio is slightly lower than the value for 

continental crust if these were due to reworking of the 

3200 Ma - 3600 Ma South Kanara gneissic complex (cf. Shaw, 
1976, p .  46, Fig. 5 ) .  It does not corroborate recent thinking 

that such reworking is impossible in view of low initial 

ratios as advocated by Moorbath et al. (1975). 
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With r e g a r d  t o  t h e  age o f  c h a r n o c k i t e s  i n  t h e  r e g i o n  t h i s  

age o f  2700 Ma i s  i n t e r e s t i n g  i n  r e l a t i o n  t o  t h e  p r o b a b l e  

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

f a c i e s  metamorphism i s  invoked f o r  e x p l a i n i n g  t h e  age and 

i n i t i a l  r a t i o  (Crawford,  1 9 6 9 ) .  T h i s  p a r t  o f  t h e  s h i e l d  was 

o r i g i n a l l y  i n c l u d e d  by Fermor ( 1 9 3 6 )  i n  t h e  c h a r n o c k i t i c  

p r o v i n c e  and t h e  p r e s e n c e  of s i l l i m a n i t e  g n e i s s ,  c a l c - s i l i c a t e  

r o c k ,  py roxene -magne t i t e  - q u a r t z  r o c k  and c h a r n o c k i t e  

conf i rms  such  a r e l a t i o n s h i p .  T h i s  does n o t  c o n f l i c t  w i t h  t h e  

age o f  t h e  c h a r n o c k i t e s  i n  as much as t h e  age o f  t h e  n e a r e s t  

c h a r n o c k i t i c  s u i t e  t o  t h e  South Kanara area p e r t a i n s  t o  i h e  

g r a n u l i t e  fac ies  metamorphism o f  t h e  Kusha lnaga r  c h a r n o c k i t e  

a t  2 6 1 8  2 4 6  Ma (Spooner  and F a i b a i r n ,  19701,which may be o f  

an o l d e r  i gneous  s o u r c e  rock  such  as t h e  2900 - 3100 Ma o l d  

d i o r i t e  (Balasundaram and Balasubrahmanyan, 1 9 7 3 )  i n  t h e  

3010 Ma o l d  k h o n d a l i t i c  t e r r a i n  ( P e r r a j u ,  p e r s .  comm.). I t  

i s  p e r t i n e n t  t o  r e c o r d  h e r e  t h a t  Fyfe ( 1 9 7 3 ,  p.  1 6 )  s u g g e s t e d  

t h a t  " i n  o t h e r  p a r t s  o f  Afr ica  where e x t e n s i v e  g r a n u l i t e  

t e r r a i n s  of s i m i l a r  age a r e  exposed ,  I would s u g g e s t  t h a t  

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

b e n e a t h  t h e  Rhodesian b a t h o l i t h  complex". The g r a n i t i c  p l u t o n s  

and t h e  younger  P e n i n s u l a r  g n e i s s e s ,  2600 - 2700 Ma o l d  i n  

t h i s  p a r t  o f  t h e  I n d i a n  S h i e l d ,  a p p e a r  t o  b e  s i m i l a r  t o  t h o s e  

of t h e  Rhodesian Archaean b a t h o l i t h  p a t t e r n  as e n v i s a g e d  by 

A.M. Macgregor.  

The s i m i l a r  age o f  g r a n u l i t e s ,  ' g r a n i t e s '  and some 

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

p roduc ing  t h e s e  r o c k  t y p e s  w i t h  s t e e p  t h e r m a l  g r a d i e n t s  

" i n  t h e  more r a d i o a c t i v e  Archaean" ( F y f e ,  1973 ,  p .  1 3 ) .  The 

mechanism o f  such  f u s i o n  b e i n g  t r i g g e r e d  by b a s i c  magmas h a s  

been s u g g e s t e d  by Fyfe (1973 ,  p.16),  e v i d e n c e  for which seems 

t o  r e s t  on p r o b a b l e  g a b b r o i c  complexes below t h e  p a r t i a l l y  

molten c r u s t ,  which can  be conf i rmed  i n  t h i s  r e g i o n  o n l y  a f t e r  

t h e  a b s o l u t e  d a t e s  f o r  t h e s e  are  known. 

C O N C L U S I O N S  

The model f o r  t h e  e v o l u t i o n  o f  t h e  g n e i s s - g r a n i t e  

complexes o f  South Kanara c o n c e r n s  t h e  ? p a r t i a l  m e l t i n g  of  

a t o n a l i t i c  g n e i s s i c  complex, c.  3600 Ma i n  age t o  g i v e  r i s e  

t o  a p l u t o n i c  t o n a l i t i c  - g r a n o d i o r i t i c  g r a n i t e  s u i t e  c .  2700 

Ma ago;  t h i s  i s  s i m i l a r  t o  g r a n u l i t e - g r a n i t e  complexes i n  



o t h e r  Archaean  t e r r a i n s .  It would be  u s e f u l  to t e s t  t h i s  t e n e t  

which i s  Sased on t h e  S r  i n i t i a l  r a t i o  by an e x t e n s i v e  s t u d y  

o f  t h e  area by R b / S r  me thods ,  Tne age 2nd o r i g i n  o f  t h e  g n e i s s i c  

complex i s  s t i l l  unknown ; U/Pb d a t i n g  o f  z i r c o n s  coul i ;  be 

u s e f c l  t o  r e v e a l  i t s  anc ier? . t  age. The study of REE pat 'zerns 

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

2 r c c e s s e s  ir. see?. sz .J.r:kaeac t e r r a i c .  
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Rb-Sr SEOCHRONOLOGY Or’ FtOCKS TtOIC 2-a 
KOLAR SCHIS2 BEELT, S3UTiI IhDIA 

9,s. B-mila, J.X. Gupta, Tikan Chebria a:& S.C. Vasdeva 

Atccir Xinerals DLvisFon, dtonic Er.ergy Depi,, FydenabaB- jO316, Ir.dia 

A t  st nac t 

This paper presen;s the r e su l t s  of whole-rcck age neas;relr.er.ts based or. the 

Rb-Sr r.e$kod of ore sgecicen of the lfCiampion gneiss” and two specimens of both 

t t e  llPakm granitet1 ar.6 bioti te-gmaites fron Bisacattax, Lcrdering the main 

Kola r  sckis; belt .  
86 an i n i t i a l  E7Sr/ Sr r a t i c  of 0.7C220.002. 

Sadashivaiak (1967) and Crawfcrd (1969) f o r  ?he Whw.pior? gneiss”. 

tone t o  the dates given by Verkatasubranaxiar. e t  a,. (1971) 

enplacesent of the Whanpioz p e i s s ”  and tke ((Patna g-=ani-;ef( was a very early 

geological event i n  the evoht ion of the ?enics’;lar gneissic ccn2lex. 

I!CCRCD5C?IOX 

The analysed specheris define aq iscchzon of 2866t96 ny with 

The ages ob;ained are  nucn older than those reported 3y Ramin thy  and 

%ley conform 

cocflrr. tb t  the 

The greecstose-gceissic corpplex of the cectral  paSt of the souther. Indim 

-Oer.insular Shield consists mostiy of large be l t s  of greenschists bounded by 

gr,eissic rocks. These gneissic rcoks, generally referred t o  as she Y?eninsular 

p.e1ss1*, appear t o  have been ezplaced over a lor4 period of geological histc-y. 

This is ir.dicated by the l i s i t e d  available geochrorolcgical data. 

An arkempt has been made ir. ;his paper t o  date the g rac i t i c  rocks asscciated 

wi?h one of the r c s t  inp0rtar.t greenstone bel ts ,  the V ~ l a r  schist  belt”. %his 

inclzdes the so-called tKkanpior. gneiss1I, whose age and origin is very nuch i n  

dispute, and t i e .  grexi t ic  rocks ‘$ordering t’ne western =gin of the Koler  bel t  

wnich axe considered t o  be part  of t i e  Peninsular gneiss. 

kene c c z f i n  the currer.t view of the polyorogenic evolution of the Peninmlar 

gr-eissic c c y l e x  a s  a whole. 

GEOLOGY 

The age data presented 

- 
The Kolar schis: be l t ,  about 100 km east of Bangalore i n  the s t a t e  of 

Karratalka, i s  traceable for  c. @O la. i n  the NS Btrecticn with a width of 4-6 km. 
It t a s  been recogr.ise8 as  the Keewatin-tne and shows clcse s i n i l a r i t y  t o  the 

classioal greenstone be l t s  of the worlb. 

an& hornblende schis ts  with d n o r  acid volcanics, graphitic scnis ts ,  conglomerates, 

ironstones and cherts, .are the l i tnqlogical units associated with t h i s  formation. 

,3ce inprint  of several periods cf defoxat ion kas given r i s e  t c  t igkt  folds with 

3asic voicar-ics, occurring as e?lphibolites 
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N-S axes and several faiilts. The rocks show considerable evidence of invasion by 

later tonalites, resulting in the widespread development of migmatitic gneiss 

(Radhakrishna, 1974). 
There are two distinct granitic bodies associated with the Kolar schist belt: 

one borders both sides of the schist belt and the other occurs as a small linear 

body, the "Champion gneiss". The latter has long been of special interest on 

account of its association with gold mineralisation. Recently, however, it has 

been proposed that it is a group of metamorphosed rhyolites, rhyodacites, tuffs 

and agglomerates (Ziauddin and Narayanaswamy, 1976). The granites bordering the 

schist belt are classified as part of the Peninsular gneiss and Ramakrishna et 

al. (1974) suggest that they are the products of granitisation of the pre- 

existing rocks, although there is clear field evidence to indicate that they 

are later than the greenschists. 

LOCATION OF THE SAMPLES 

Rb-Sr ages have been determined for five granites from three localities. One 

represents the Champion gneiss from the type area in the Kolar gold fields (AG-64) 

(Lat. 12O56' N, Long. 78'17' E) and the other four samples are from two localities, 

one near Patna village on th.e Kolar-Betmangala road (AG-89 and 9 2 )  (Lat. 13'4' N, 

Long. 78'16' E), and the other from the area of the Bisanattam railway station 

(AG-96, 96A) (Lat. 12°50' N, Long. 7S015' E). 

Fig. 1. 

PET'R'ROGRAPHY 

The sample locations are shown in 

The Champion gneiss (AG-64) from the vicinity of the Kolar gold fields is a 

fine-grained porphyritic microgranite transformed into augen gneiss. Porphyro- 

blasts of blue opalescent quartz in a fine-grained mesostasis of quartz and 

altered feldspars (oligoclase and microcline) are the major constituents. 

Muscovite, garnet, biotite, chlorite, calcite, apatite, opaques and zircon are 

the accessories. The feldspars are sericitised and the biotite shows alteration 

to chlorite and calcite (cf. Rama Rao, 1940, 1962). 

The granites from the vicinity of Patna village (AG-89, 92) and those from 

near the Bisanattam railway station (AG-96, 96A) are identical. 

grained, and major constituents are strained quartz, sericitised orthoclase, 

albite and microcline perthite. Blue-green hornblende, biotite, chlorite, 

epidote and sphene are the accessories. Hornblende is altered to biotite and 

chlorite. 

They are medium 

ANALYTICAL TECHNIQUE 

The Rb-Sr isotopic data have been obtained on a Nier-type mass spectrometer 

with 60' deflection magnetic analyser of 6" radius of curvature. The equipment, 

constructed earlier, employs a therpal ionisation source using rhenium filaments 

for the production of positive ions. Rubidium and strontium for the analyses 
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have been used in chloride and nitrate forms respectively, obtained by chemical 

extraction from the whole-rock samples. The standard isotope dilution technique 

has been employed for the quantitative determination of Rb and Sr using enriched 

87Rb and 84Sr tracers. 

on an ion exchange column with Dowex 5OW resin. The procedure followed is 

similar to that described by Compston et al. (1965). 

The separation of the respective elements was carried out 

DISCUSSION 

The Rb-Sr data are given in Table 1. 

Table 1. Rb-Sr data 

0.775 +_ 0.002 

AG-89 173.9 5 1.1 749.4 +_ 5.0 1.45 5 0.02 0.764 0.005 

AG-9 2 180.8 1.1 329.1 3.3 1.60 0.02 0.768 0.001 

AG-96 135.4 f_ 0.7 500.5 f_ 4.7 0.785 0.009 0.773 f_ 0.002 

AG-96A 118.5 5 0.7 629.0 5.5 0.546 2 0.007 0.725 0.001 

+ 
AG-64 172.5 - 1.5 224.4 +_ 2.2 1.72 - 0.03 + 

88 
Observed strontium isotopic ratios have been normalised taking 86Sr/ Sr = 0.1194 

for any mass discrimination in the run. The errors quoted with each analysis are 

the standard errors. 

1.42 x lo-" y-' , as recommended by the Subcommission on Geochronology (Steiger 
and Jager, 1977). The isochron for the samples has been drawn by the method of 

least squares fitting of a straight line following the treatment of Williamson 

(1968). 
ordinates and minimises the weighted sum of the squared residuals. The errors 

associated with the age and initial 87Sr/ 

variance obtained for the slope and intercept respectively. 

Age calculations are based on an 87Rb decay constant of 

The method takes into account the statistical errors in both the co- 

86 Sr have been computed from the 

Fig. 2 shows the plotted data points and the best-fit line through them. The 
+ 

isochron defines an age of 2866 - 96 my with an initial ratio of 0.702 +_ 0.002. 

This agrees, within the limits of experimental error, with the age of 2820-100 my 

determined by Venkatasubramanian et al. (1971) for the Peninsular gneisses 

occurring on the eastern and western borders of the Kolar schist belt. 

+ 

One sample of the analysed Champion gneiss also falls on the same isochron, 

suggesting that it is of the same age as the bordering granites. This age is not 

in agreement with that reported by Rarnamurthy and Sadashivaish (1967) at 2480 my 

and Crawford (1969) at 2650 my. 

age suggests that the Champion gneiss is no older than the surrounding granites. 

This also implies that both the Champion gneiss and the bordering granitic bodies, 

which are part of the Peninsular gneisses in the area, belong to the same epoch, 

though petrologically they appear different. 

In spite of the discrepancy, however, the indicated 



KOLAR SCHIST BELT 
Rb-Sr ISOCHRON FOR GRANITES AND GNEISSES 

0.775 

0 , 7 6 0  
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Fig. 2 .  Rb-Sr isochron Tor g r a n i t e s  and. g n e i s s e s  of t h e  Kolar schist b e l t .  

The p o s i t i o n  o f  t k e  Cherrpior. gne i s s  i t s e l f  i n  t he  Precmbr ian  geology of 

South I n d i a  i s  cor.srcversia1.  

she e a r l i e s t  grar . i? ic  r a c k  of t h e  Pen insu la r  s h i e l d ;  Pichmuth.; (1971), kowever, 

equated It ,witl-. t?.e . ?en i r s i l a r  gneiss. 

wizh r e s s e c t  s c  t he  grar . i tes  bordering t h e  Kolar b e l t :  t hey  were co r s ide red  as 

seaarase granitic bodies  by e a r l i e r  workers but l a t e r  ecpased t o  tke P e n i n s i l a r  

g r e i s s  (Raza ?ko, 1 9 6 2 ) .  ?.ecent workers (Ramakr i sha  e t  a l . ,  1976)  sugges? ?ha? 

t hese  g r a n i t e s  are t h e  prodiict o f  g r s r i i t i s a t i o n  of pre -ex i s t ing  rocks .  

Fraa P.ao (IgjC, 1962) considered i t  t o  r ep resen t  

D i f f e r e c t  views kave been expressed 

7ron ;he data presented ir. t h i s  paae r  it can be seer. That t h e  g r a n i t e s  

within and borclerirg t h e  Kolar s c h i s t  b e l t  a r e  s l i g h z l y  o l d e r  than the P e n i n m l a r  

gne i s s  xtich has ar. age of e .  260C ry; t k i s  c o n f i r m  t k e  3olycrogenic  cka rac t e r  

o f  3.e P e n I n s d a r  gne i s s .  

study o f  T.ore sanp les  ,;iAich i s  l i k e l y  'uo b r i n g  out a possicrie ckronological  

zcnasicn wit:.in $k.e ?er.insi;lar g n e i s s  i n  r e l a 5 i o n  t o  she s c h i s t o s e  f c r m t i o n s .  

The res; . l ts  a l s o  po in t  t o  the  zeed f o r  2 sys5enztic 
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C e n t r e  Geologique  e t  Geophys ique ,  U.S.T.L. , 
J.M. B e r t r a n d  
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A b s t r a c t  

The g e o l o g i c a l  and geochemical.  f e a t u r e s  of  t h r e e  g r e e n s t o n e  

b e l t s  o f  E a s t e r n  F i n l a n d  (Suomussa lmi ,  Kuhno and T i p a s j a r v i )  kave  

been  s t u d i e d .  k!e have  a n a l y s e d  a b o u t  70 m e t a v o l c a n i c  r o c k s  from 

t h e  l o w  g r e e n s t o n e  sequence  f o r  t h e i r  ma jo r  and  t r a c e  e l emen t  

c o m p o s i t i o n s .  The f i e l d  r e l a t i o n s h i p s  be tween v a r i o u s  v o l c a n i c  

r o c k s  a r e  r a t h e r  o b s c u r e ;  b u t  t h e  c h e m i c a l  d a t a  a l l o w  u s  t o  

d i s t i n g u i s h  two g e n e r a l  magmatic s e r i e s ,  namely, t h e  k o m a t i i t i c  

and t h e  t h o l e i i t i c  se r ies .  We have  conc luded  f rom t h i s  p r e l i m i n a r y  

geochemica l  s t u d y  t h a t  most v o l c a n i c  r o c k s  i n  e a c h  may have  been  

d e r i v e d  f r o m  f r a c t i o n a l  c r y s t a l l i z a t i o n  o f  some p a r e n t a l  magma. 

The REC d a t a ,  m a i n l y  p r e s e n t e d  f o r  t h e  r o c k s  from t h e  T i p a s j a r v i  

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

a f e a t y r e  v e r y  s i m i l a r  t o  t h a t  of A b i t i b i ,  Canada. The REE d a t a  

a l s o  s u g g e s t  t h a t  n o t  a l l  r o c k s  are formed by f r a c t i o n a l  

c r y s t a l l i z a t i o n ;  a mechanism of d i f f e r e n t  d e g r e e  o f  p a r t i a l  

m e l t i n g  i s  c a l l e d  t o  a c c o u n t  for some r o c k  t y p e s .  

Al though t h e  B a l t i c  S h i e l d  i s  one o f  t h e  f i r s t  r e g i o n s  i n  

which t h e  Archaean r o c k s  were  d e s c r i b e d  (Sede rho lm,  1897 ,  1 9 3 2 ) ,  

it i s  o n l y  r e c e n t l y  t h a t  t h e  e x i s t e n c e  of g r e e n s t o n e  b e l t s  h a s  

been  c l e a r l y  d e m o n s t r a t e d  ( R l a i s  e t  al., 1.976, 1 9 7 7  a n d  i.n p r i n t  

a and b j Dowes, 1 9 7 6  ; Gaal  e t  a l . ,  1 9 7 6  and i n  p r i n t ;  Lohach- 

Zhuckenko e t  a l . ,  1 9 7 6  ; Mutanen, 1 9 7 6 ;  S u s l o v a ,  1 9 7 6 ) .  

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

b e l t s ,  which w e  have  s t u d i e d  i n  F i n l a n d ,  are  b r i e f l y  d e s c r i b e d  

and w e  expose  t h e  p r e s e n t  s t a t e  of o u r  p e t r o l o g i c a l  and geochemica l  

r e s e a r c h  i n  t h i s  c o n t e x t .  



GEOLOGICAL SETTING 

The Archaean rocks crop out widely in northern and central 

Finland (Simonen, 1971). In this latter region, the Archaean crust 

comprises a gneissic basement, largely migmatised, and supacrustal 

formations which constitute the greenstone belts. The gneissic 

basement and the cover of metasediments and greenstones have 

undergone a common tectonometamorphic history during the time range 

2.6 to 2.7 b.y. (Kuvo and Tilton, 1966 ; 3lais et al., in press a). 

The greenstone belts for which we presently have the most 

information are those of Suomussalmi, Kuhmo and Tipasjarvi, located 

in eastern Finland. The Suomussalmi and Kuhmo belts lie al-ong the 

same approximately north-south line, extending lengthwise over 

200 km, and never wider than 20 km. They were mapped by Wilkrnan 

( 1 9 2 4 1 ,  Matisto (19581, Vartiainen (1970) and Hypponen (1973; 1976) 

(Fig. 1). 

29' E 

Fig. 1. Geological sketch-map of eastern Finland. 1= Karelian 
formations; 2 =  Greenstone belts; 3 =  High-grade metamorphic 
terrains (basement). 

The principal characteristics of these belts are as follows: 



1. Lithostratigraphy 

The most complete stratigraphic column which we have found 

to date corresponds to the section in the northern p a r t  of the 

Suomussalmi belt. Its thickness is estimated at between 3000 m 

and 5000 m. We have distinguished three lithostratigraphic units, 

passing from bottom to top : 

(a) An early magmatic cycle, composed initially of ul.trabasic 

lava flows and small-scale intrusions, massive basaltic lava flows 

and pillow lavas flows, volcanic breccias and basic sheets. 

(b) An essentially metasedimentary formation represented by 

pelitic mica schists, graphitic schists and greywackes, sometimes 

associated with quartzites, conglomerates, and volcanic rocks 

(mostiy acidic tuffs and some minor basic lavas). The clasi-s of 

the netasediments are of nixed origin; some are derived from the 

greenstone belt volcariics while others s h m  a:: adjacent basement 

provenance. 

(c) A second volcanic cycle, composed of feldspathic tuffaceous 

rocks of intermediate conposition, associated with subordinate 

lavas, 

The members of this succession have a tectonic contact with 

the gneissic basement. This latter is principally composed of fine- 

to medium-grained grey gneisses, augen orthogneisses and migmatites, 

ma in 1 y h e 1: e r o ge .? e o u s d i a t e xi 3: e s , 

2. Volcanism 

The volcanism is, to a first approximation, at least bimodal 

in nature, 

(a) The Lower volcanic sequence comprises : 

cumulates; picritic komatiites (?O%> MgO>20%) in which quench and 

spinifex textures are sometimes preserved; picritic basalts or 

gabbros (20% < MgO<lZ%) and basaltic komatiites (MgO < 12%). 

sometime's accompanied by clino-pyroxene-bearing cumulates. 

(b) The Upper volcanic sequence comprises calc-alkaline felsitic 

rocks, all highly sodic and of andesite to rhyolite composition. 

The two sequences, tholeiitic sensu-lato and calc-alkaline, 

i) Peridotitic komatiites (MgO > 30%) which are olivine-rich 

ii) Tholeiitic basalt sensu-stricto, depleted in potassium, 

are well distinguished in the classical diagrams of Figs. 2 and 

3 .  Their respective emplacements are clearly separated in time 

by the deposition of sediments. 



Fig .  2 .  L o c a t i o n  o f  t h e  two v o l c a n i c  sequepces  i n  a t e r n a r y  AFY 
d iag ram;  f i l l e d  c i r c l e s  = t h o l e i i t i c  (s.1,) s e a u e n c e ;  open c i r c l e s  
c a l c - a l k a l i n e  s e q u e n c e ,  

3 .  S t r u c t u r a l  e v o l u t i o n  

The g n e i s s i c  basement  and g r e e n s t o n e  b e l t s  o f  e a s t e r n  F i n l a n d  

underwent a comm.on s t r u c t u r a l  e v o l u t i o n ,  t h e  sequence  o f  which i n  

c h r o n o l o g i c a l  o r d e r  i s  a s  f o l l o w s :  

Phase 1 : Development o f  i s o c l i n a l  f o l d s  de fo rming  t h e  vo lcano-  

s e d i m e n t a r y  bedd ing  of t h e  b e l t s  and  t h e  f i r s t  metamorphic band ing  

o f  t h e  basement .  

Phase 2 : Thi.s i s  t h e  most e v i d e n t  d e f o r m a t i o n  i n  b o t h  t h e  b e l t s  

and t h e  basement  and i s  r e s p o n s i b l e  f o r  t h e  g e n e r a l  g e o g r a p h i c a l  

d i s t r i b u t i o n  o f  t h e  b e l t s .  Fo lds  w i t h  s u b v e r t i c a l  a x i a l  p l a n e s  and 

s t e e p l y  p l u n g i n g  a x e s ,  o f t e n  c a r r y  an  a x i a l  p l a n a r  f o l i a t i o n  and  a 

we l l -deve loped  m i n e r a l  l i n e a t i o n .  Minor s h e a r - z o n e s  f r e q u e n t l y  

d e v e l o p  i n  t h e  l imbs  o f  asymmetrical f o l d s .  

Phase 3 : T h i s  i s  a complex e v e n t ,  n o n - p e n e t r a t i v e  on t h e  r e g i o n a l  

s c a l e .  I t  p r i n c i p a l l y  compr i se s  e a r l y  e a s t w a r d  t h r u s t s ,  w e l l  s e e n  

i n  t h e  g n e i s s i c  basemen t ,  f o l l o w e d  by n a j o r  f a u l t s  whose h o r i z o n t a l  

d i s p l a c e m e n t  components a r e  g e n e r a l l y  s i n i s t r a l .  The phase  3 

s t r u c t u r e s  a f f e c t  t h e  P r o t e r o z o i c  K a r e l i a n  s c h i s t s  and t h e r e f o r e  

a r e  pos t -Archaean .  

t h e  g n e i s s i c  basement  and g r e e n s t o n e  b e l t s .  The t ec tonometamorph ic  

Phases  1 and 2 c o r r e s p o n d  t o  t h e  end  o f  Archaean h i s t o r y  o f  



banding of the basement, deformed during phase 1, corresponds to 

a structural evolution which predates the formation of the belts. 

72- 

6 8- 

64-  
0 

t . . 
441: 

[P , F e O Y M g O  
1 2 3 4 5  

Fig. 3. L,ocation of the two volcanic sequences in the diagrams of 
Miyashiro (1975); same symbols as in Fig. 2. 

4. Metamorphism 

All the members of the belts are affected by a regional 

metamorphism of weak to intermediate intensity. The most frequent 

paragenesis are : 

(a) Quartz + biotite + muscovite + albite or oligoclase 2 chlorite 
- + garnet in the metapelites. 
(b) Chlorite + epidote + actinolite + plagioclase L biotite 2 
hornblende L garnet 2 diopside in the metabasites. 
(c) 

meta-ultrabasites. 

Antigorite L tremolite L chlorite 2 talc 2 carbonates in the 

The rocks of the belts are all metamorphosed to at least 

biotite grade. According to location, they correspond to the upper 

greenschist facies or lower garnet amphibolite facies. This 

metamorphism is apparently of intermediate pressure. 

of deformation/blastesis relations shows that the metamorphism 

commences with phase 1 and reaches a maximum during phase 2. 

5. Important acid and intermediate magmatic emplacement is 

The analysis 
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related to orogenic evolution of the greenstone belts. It consists 

of : 

(a) early granodiorites, emplaced post-phase 1 and pre-phase 2. 

These are principally phenocrystic granodiorites, with biotite or 

biotite and amphibole, relatively enriched in CaO and Na20 and 

poor in K20. 

(b) late events, post-phase 2 and pre-phase 3, amongst which can 

be distinguished : 

i) medium-grained, biotite and amphibole granodiorites and 

tonalites, rich in CaO and MgO and poor in Si02 and K20; 

ii) fine- or medium-grained, biotite muscovite leucogranites 

and leucogranodiorites of a pink colour, rich in Si02 and poor in 

CaO and relatively poor in K20. 

iii) large bodies of biotite muscovite pegmatites. 

The different plutonic bodies appear either in the greenstone 

belt or at Che greenstone belthasement boundary or within the 

basement, close to this last. It is of note that all these plutonic 

rocks are allochtonous and are poor in potassium. 

6. Conclusions 

The geological characteristics of the greenstone belts of 

Eastern Finland show that they correspond to the classical model 

of Archaean belts. From a geodynamic point of view two fundamental 

stages in Cheir evolution can be distinguished : 

i) an early stage of opening of proto-oceanic rifts, during 

which the komatiitic and tholeiitic rocks of the Lower volcanic 

sequence were erupted and the sediments were deposited. 

ii) a later stage of closing, during which the calc-alkaline 

rocks were erupted, followed by the orogeny. 

Before deformation, the belts studied here may therefore have 

corresponded to ensimatic island-arcs, adjacent to continental 

areas. 

DATA ON KOMATIITIC AND THOLEIITIC SERIES OF EASTERN FINLAND 

The following section presents data on the komatiitic and 

tholeiitic components of the Lower volcanic sequence of the East 

Finland greenstone belts : 

1. Occurrence 

The following lithologicalunits have been distinguished : 

(a) Slices of schistose ultrabasites, highly serpentinized 

("soapstones"). 

(b) Massive ultrabasites, some with magmatic layering. 
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(c) Massive, generally gabbroic, sometimes ultrabasic rocks with 

relict igneous (gabbroic), intersertal or quench (spinifex) 

textures, most commonly as sills, more rarely as originally 

discordant veins or as lava flows with occasionally scoriaceous 

surfaces. 

(d) Fine-grained amphibolites without relict textures, 

corresponding to lava flows or tuff horizons. 

(e) Metabasalts sensu-lato in which the most characteristic 

texture is defined by radiating tufts of fine amphibole fibres, 

with local relicts of vacuole structures. These represent pillow 

lavas whose original form is often well preserved. 

The isolation of outcrops and absence of normal contacts 

renders the interpretation of the relationships between these 

various rock types difficult. 

2. Petrology and geochemistry 

As indicated above, the basic and ultrabasic rocks of the 

Lower volcanic sequence have been metamorphosed in the upper 

greenschist facies to lower garnet-amphibolite facies. Elsewhere, 

certain ultrabasic rocks have undergone metasomatic modification, 

some "soapstones" containing up to 20% volatiles. 

Under these conditions, most of the primary minerals and 

glasses are no longer directly visible and this study of the 

magmatic evolution is rendered that much more difficult. Indeed, we 

are restricted to the study of a few relict minerals and the 

geochemistry of immobile major and trace elements of the rocks. 

(a) Relict minerals : only relict minerals in rocks of cumulate 

texture have been observed. 

The ultrabasic cumulates of the komatiitic series frequently 

contain residual, partially serpentinized, olivines and occasionally, 

clinopyroxenes and chromite. These minerals are at present the 

object of study. 

The picritic cumulates of the tholeiitic series frequently 

contain clinopyroxene, the microprobe analysis of which identifies 

them as salite. In certain olivine-bearing cumulates of the same 

series, microprobe analysis shows a relative enrichment in iron 

( F o B 4 ) .  

(b) Mineral assemblages : according to their composition and 

degree of metamorphism, the various rock types have the following 

assemblages: 

stichtite) -t magnetite with, in minor amounts, Mg - chlorite, 
i) Soapstones : antigorite + talc + carbonates (breunnerite, 



pennin i te ,  tremolite and graphite. 

ii) Massive metaperidotites : residual olivine and 

clinopyroxene in variable proportions + antigorite + tremolite + 
sulphides , and, in minor amounts , Mg - chlorite , pennin i te ,  magnesite 

and - + chromite 2 opaques L chrysotile in cross-cutting veinlets. 
These rocks often contain olivine cumulate texture and have 

the normative compositions of harzburgites or lherzolites of 

dunite affinity. 

iii) Metapicrites : tremolite + Mg-chlorite 2 talc 2 opaques 2 
carbonates Lpennin i te .  The observed spinifex textures in these rocks 

demonstrate the replacement of olivine by fibrous ME-chlorite; the 

spaces between the network formed by the Mg-chlorite is filled by 

acicular tremolite, chlorites and carbonates. 

iv) Metagabbros and metadolerites: the most common assemblages 

are : a) a c t i n o l i t e  + albite o r  oligoclase + epidote L chlorite L 
biotite 2 quartz. 

b) green hornblende + oligoclase or andesine 2 chlorite 
epiaote 2 biotite L a c t i n o l i t e  2 garnet. In some samples, actinolite 
and hornblende have been observed together. Exceptionally, 

metamorphic associations with clinopyroxene or scapolites occur. 

Certain metagabbros contain residual clinopyroxene in 

amphibole cores. Their chemical composition shows that, in these 

instances, the rocks are probably former tholeiitic clinopyroxene 

cumulates. 

v) Fine-grained amphibolites : these present the same 

assemblages as the metagabbros but withoui relict textures. 

Furthermope, their plagioclase proportions are highly variable 

from one rock to the next; compositionally, they correspond to 

picritic basalts, olivine tholeiites (the most abundant) and 

mildly saturated tholeiites. 

vi) The pillow lavas : these generally comprise fine-grained 

tremolite, epidote and chlorite, lack any plagioclase and have a 

picritic basalt composition. 

(c) Major element geochemistry : the major element composition 

has been measured for seventy samples, representative of the 

observed rock types. The average compositions are given in Table 1. 

i) Classification adopted : the content of MgO, being the 

most variable of the oxides (4% < MgO < 46%), has been chosen as 
the basis for initial subdivision. The peridotites and "soapstones" 

have MgO contents falling between 33% and 46%. The massive 

peridotites divide into two groups whose MgO contents vary aboui 



TABLE 1: Average compositions (anhydrous) of t h e  m a i n  rock types i n  t h e  Suomussalmi, t h e  Kuhmo and t h e  
Tipas ja rv i  greenstone b e l t s  

No. of 
analyses  

Si02 

&2’3 

F eO 

MnO 

MgO 

C a O  

Na20 

2O 

p2°5 

T i 0 2  

a 

3 %  - 
44.1 2 

2.27 

8.86 

0.14 

4 4 - 2 7  

0.13 

- 

- 

0.18 

- 

b 

4 

43.25 

3.93 

14.08 

0.25 

34.23 

3.08 

- 

- 
0.06 

0.32 

- 

C 

9 

43.74 

2.66 

- 

10.56 

0.09 

40.89 

1.90 

- 

- 

0.16 

- 

d 

1 

e 

5 

47.84 

6.86 

10.73 

0.20 

26.67 

7.21 

0.01 

0.10 

0.29 

0.11 

46.85 

8.08 

10.75 

0.17 

26.01 

7.45 

0.18 

0.03 

0.40 

0.07 

f 

6 

50.21 

11.77 

10.74 

0.22 

13.91 

I ?  .01 

1.23 

- 

0.33 

0.54 

0.07 

g 

19 

50.54 

14.80 

11.87 

0.20 

8.06 

11.21 

2.14 

0.23 

0.84 

0.09 

- 

h 

2 

i 

2 

51 . I 5  

6.29 

11.90 

0.27 

11.84 

15.28 

1.65 

0.32 

1.22 

0.10 

48 .OO 

10.84 

12.59 

0.21 

14.77 

10.11 

1 .00 

0.88 

1.44 

O.l.!l 

j 

11 

5’0.90 

14.04 

14.94 

0.24 

5.63 

- 

8.90 

2.81 

0.37 

1.98 

0.19 

a: p e r i d o t i t e s  (cumulate) with MgO 7 40%; b: p e r i d o t i t e s  (cumulate) with MgO = 30-40%; c: soapstones; 

d: p i c r i t i c  komati i te  with sp in i fex  tex ture  ($833); e: p i c r i t i c  komati i tes  (MgO = 20-30%); f: p i c r i t i c  

b a s a l t i c  komati i tes  (MgO = 12-20%); g: b a s a l t i c  komati i tes  (MgO < 12%); h: t h o l e i i t e s  with clinopyroxene 

cumulates; i: t h o l e i i t e s  with possible  o l i v i n e  cumulates; j: t h o l e i i t e s .  Total  i r o n  oxides a s  FeO. 

Analyst: F. Vidal, Centre Armoricain dlEtude S t ruc tura le  des Socles, Univ. de Rennes. 

W 
u 



4 4 %  and 3 4 % ,  c o r r e s p o n d i n g  t o  two t y p e s  o f  cumulates  o f  d i f f e r e n t  

o l i v i n e  p r o p o r t i o n s .  The MgO c o n t e n t  of t h e  p i c r i t e s  f a l l s  between 

21% and 28%, w i t h  an a v e r a g e  close t o  2 6 % .  We have grouped t h e  

b a s a l t s  and p i c r i t i c  gabbros whose MgO conten-t  i s  between 1 2 %  and 

1 6 % .  Some o f  t h e s e  r o c k s  are c l inopyroxene  cumula t e s ,  o t h e r s  a r e  

gabbros p robab ly  e n r i c h e d  i n  o l i v i n e .  F i n a l l y ,  w e  have c o n s i d e r e d  

a ve ry  e x t e n s i v e  group o f  r o c k s ,  whose MgO c o n t e n t  l i e s  between 

4 %  and 12%, t o  be b a s a l t s .  

i t )  Magmatic se r ies  : t h e  b a s a l t i c  r o c k s  have compos i t ions  of  

o c e a n i c  a f f i n i t i e s .  These a r e  o c e a n - f l o o r  b a s a l t s  and low-K 

t h o l e i i t e s ;  however, it i s  n o t  p o s s i b l e  a t  p r e s e n t  t o  d i s c r i m i n a t e  

between t h o s e  r o c k s  o f  r i d g e  and t h o s e  o f  i s l a n d - a r c  t y o e s .  As is 

o f t e n  t h e  c a s e  i n  t h e  Archaean b e l t s  (Arndt  e t  a l . ,  1 9 7 7 )  and 

r e c e n t  o c e a n i c  environments  ( C l a r k e ,  1970 ; D i e t r i c h  e t  a l . ,  19 -17) ,  

t h e  rocks  s t u d i e d  co r re spond  t o  two ser ies  of  d i s t i n c t  compos i t ion  

and e v o l u t i o n  c h a r a c t e r i z e d  i n  p a r t i c u l a r  by d i f f e r e n t  T i 0 2  

c o n c e n t r a t i o n .  Thus, t h e  components o f  t h e  Lower v o l c a n i c  sequence 

of t h e  b e l t s  i n  K a r e l i a  can  be s u b d i v i d e d  i n t o  a k o m a t i i t i c  se r ies  

and a t h o l e i i t i c  s e r i e s .  
The k o m a t i i t i c  ser ies  i n c l u d e s  a f a i r l y  c o n t i n u o u s  s e r i e s  o f  

rocks  p a s s i n g  from p e r i d o t i t e s  t o  b a s a l t s ,  c h a r a c t e r i z e d  by h i g h  

CaO/A1203 r a t i o  a t  c o n s t a n t  MgO and low a l k a l i s  and t i t a n i u m  

c o n t e n t s ,  

The t h o l e i i t i c  se r ies  i s ,  a l b e i t ,  e x c l u s i v e l y  composed o f  

b a s a l t s  w i t h  a s s o c i a t e d  r a r e  c l i n o p y r o x e n e  and pe rhaps  o l i v i n e  

cumulates .  Compared w i t h  t h e  p r e v i o u s  s e r i e s ,  t h e  t h o l e i i t i c  

s e r i e s ,  though r e l a t i v e l y  poor  i n  po ta s s ium,  i s  r i c h e r  i n  a l k a l i s ,  

r e l a t i v e l y  d e p l e t e d  i n  CaO and MgO and i s  e s p e c i a l l y  c h a r a c t e r i z e d  

by a g r e a t  i r o n  and t i t a n i u m  abundance. 

Fig.  4 shows t h e  d i s c r i m i n a t i o n  between t h e s e  two s e r i e s  on a 

Ti02  v e r s u s  A1203 diagram. Except  for minor d e t a i l s ,  t h e s e  series 

a r e  v e r y  s i m i l a r  t o  t h o s e  of South A f r i c a  ( V i l j o e n  and V i l j o e n ,  

1 9 6 9  a , b ) ,  O n t a r i o  (Arnd t  e t  a l . ,  1 9 7 7 )  and Western A u s t r a l i a  

( N a l d r e t t  and Turne r ,  1977) which a r e  w e l l  known. 

iii) Trend o f  c r y s t a l l i z a t i o n  : t h e  r e p r e s e n t a t i v e  p o i n t s  of 

t h e  rock  compos i t ions  o f  t h e  two se r i e s  p l o t t e d  on o x i d e  v e r s u s  

o x i d e  diagrams show t r e n d s  a t t r i b u t a b l e  t o  magma f r a c t i o n a t i o n .  

Taking accoun t  o f  t h e s e  t r e n d s  and o f  t h e  measured o r  e s t i m a t e d  

compos i t ion  o f  t h e  r e s i d u a l  m i n e r a l s ,  w e  can  make t h e  f o l l o w i n g  

o b s e r v a t i o n s .  

T h o l e i i t i c  ser ies  ( F i g .  5 )  : t h e  p r i n c i p a l  diagrams i n  t e r m s  
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Fig. 4. Ti02 vs A 1 2 0 3  diagram showing the opposition between 

tholeiites ( s . s . )  and komatiites; filled circles = tholeiites, 
open circles komatiites. 

of MgO and Si02 show that, except for the cumulates, rocks of the 

tholeiitic series present a unique linear differentiation trend. 

This trend is characterized by the regular decrease of A1203, FeO, 

MgO and CaO and the increase of Si02 and Na20 during the 

crystallization. 

Si02 are close to the primary liquid composition, this magmatic 

evolution is therefore mainly controlled by plagioclase and 

clinopyroxene fractionation. However, the primary liquid being 

relatively depleted in Si02 compared to the plagioclase- 

clinopyroxene mixtures, some small quantities of olivine and 

opaque minerals must also have played a role, at least in the 

early stages of the differentiation. ?he role of an opaque mineral 

rich in iron is confirmed by the fact that all of the tholeiitic 

series rocks are richer in total iron than mixtures plagioclase + 

clinopyroxene + olivine. 

with evident clinopyroxene, their chemical composition confirming 

the textural and mineralogical observations; others are probably 

early cumulates, lightly enriched in olivine and clinopyroxene, as 

deduced from their chemical composition, but without microscopic 

evidence. 

If we consider that the rocks richest in MgO and poorest in 

The observed cumulates belong to two types. Some are cumulates 
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Fig.  5 .  D i f f e r e n t  o x i d e s  vs  MgO and S i 0 2  diagrams i n  t h e  t h o l e i i t i c  

s e r i e s .  F i l l e d  c i r c l e s  = t h o l e i i t e s  w i t h o u t  cumulate  t e x t u r e s ;  
open c i r c l e s  = cumula t e s .  

K G m a t i i t i C  se r ies  ( F i g .  6 )  : t h e  c r y s t a l l i z a t i o n  t r e n d  o f  t h e  

k o m a t i i t i c  s'eries i s  much more complex. Here,  t h e  diagrams i n c l u d e  

a l l  t h e  r o c k s  o f  Suomussalmi, Kuhmo and T i p a s j a r v i  b e l t s  whereas  

t h e  t r e n d s  s p e c i f i c  to each  b e l t  may p r e s e n t  s o m e s l i g h t  d i f f e r e n c e s .  

For t h e  moment, our o b s e r v a t i o n s  o n l y  c o n s t i t u t e  a f i r s t  

approx ima t ion .  

The d i ag rams ,  o x i d e  v e r s u s  MgO, show c o n t i n u o u s  and r e g u l a r  

en r i chmen t  i n  S i 0 2 ,  A 1 2 0 3  and CaO for  MgO v a l u e s  between 45 and 

1 5 % .  This  en r i chmen t  s u g g e s t s  t h a t  t h e  f r a c t i o n a t i o n  o f  t h i s  p a r t  
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Fig. 6. Different oxides vs MgO in the komatiitic series. 
Cumulates are not distinguished in these diagrams. 

of the suite was essentially conrrolled by olivine, starting from 

a primary liquid situated at about 26-27% MgO, a composition that 

corresponds to the micro-spinifex rocks .  The FeO content being 

quite stable during the early crystallization, described above, it 

is possible that a small quantity of opaque iron ores crystallized 

at the same time as the olivine. 

Betw'een 15% and 10% of MgO, the contents of Si02, A1203, FeO 

and Na20 are generally constant, while the CaO content increases 

somewhat, corresponding to a concomitant fractionation of olivine 

and clinopyroxene. 

From about 11% MgO the general trend splits, principally into 

three micro-trends, mainly corresponding to liquids depleted in 

clinopyroxene and plagioclase and to liquids lightly enriched in 

clinopyroxene or clinopyroxene and plagioclase. 



As may be seen, the major element geochemistry in the 

komatiitic series of eastern Finland is compatible with simple 

mechanisms of fractional crystallization. The trends agree with the 

experimental data of Arndt (1976). 

(d) Geochemistry of some transition elements : only fragmentary 

data f o r  trace elements is available (Ni, CO, V, Cry Zr, Y?, the 

only systematic study being that 05 the Tipasjarvi belt. 
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Fig. 7. Transition-elements (Ni, CO, V, Cr? vs XgO diagrams in 
t h e  volcarites of Tipas  jarvi greenstone belt. Filled circles = 
tho1eii-t-es ; open circles = kcmatiites. 

In. Fig. ?, the Ni, Co, if 2nd C r  values have been plotted vs 

the MgO content, this latter being considered as an index of degree 

of differentiation. Concerning the komatiitic rocks, Ni, Co and Cr 

show a good positive correlation with P:gO, and this seems to 

indicate that they are mainly concentrated (especially Ni and Ci.) 

during the first stages of crystallization (incorporation in 

olivine and perhaps, also, in opaque phases, oxides or sulphides). 

On the other hand, V shows a strong negative correlation; it seems 
to be concentrated in the residual liquid with advancing fractional 

crystallization. From this point of view V appears to be a more 

incompatible element than Ni, Co or Cr. 



C o r r e l a t i o n s  a r e  l ess  c l e a r  c u t  for t h e  r o c k s  b e l o n g i n g  t o  

t h e  t h o l e i i t i c  s e r i e s ,  and t h i s  can be  e x p l a i n e d  by t h e  concomi tan t  

c r y s t a l l i z a t i o n  of s e v e r a l  phases  ( c l i n o p y r o x e n e ,  p l a g i o c l a s e ,  

o l i v i n e  and opaques ) .  
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Fig .  8 .  T i  v s  Z r  and T i  vs Y diagrams i n  t h e  v o l c a n i t e s  o f  
T i p a s j a r v i  g r e e n s t o n e  b e l t .  Same symbols a s  i n  F ig .  7 .  

F i g .  8 d e m o n s t r a t e s  t h e  good c o r r e l a t i o n ,  for t h e  k o m a t i i t i c  

r o c k s ,  b o t h  between T i  vs Z r  and T i  v s  Y ; t h i s  i s  a g e n e r a l  

f e a t u r e  of  Archaean k o m a t i i t e s  ( N e s b i t t  and Sun, 1 9 7 6 ) .  Another  

common c h a r a c t e r i s t i c  o f  t h e  Archaean r o c k s  i s  t h e  s c a t t e r i n g  of 

t h e  p l o t s  o f  t h o l e i i t i c  r o c k s  i n  such  diagrams and t h i s  i s  w e l l  

observed for T i p a s j a r v i .  N e s b i t t  and Sun ( o p .  c i t . )  e x p l a i n e d  t h i s  

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

c l inopyroxene  and t h e  opaque m i n e r a l s ;  it i s  l i k e l y  t h a t  t h e  same 

i n t e r p r e t a t i o n  a p p l i e s  e q u a l l y  t o  t h e  c a s e  s t u d i e d  h e r e .  Lacking 

a c c u r a t e  d a t a  on t h e  c o n t e n t  of t r a c e  e l emen t s  o f  m i n e r a l s  i nvo lved  

i n  t h e  e v o l u t i o n  o f  k o m a t i i t i c  and t h o l e i i t i c  se r ies ,  it i s ,  for 

t h e  momknt, i m p o s s i b l e  t o  i d e n t i f y  more a c c u r a t e l y  t h e  mechanisms 

of b e h a v i o u r  o f  t r a c e  e l emen t s  d u r i n g  f r a c t i o n a l  c r y s t a l l i z a t i o n  of  

t h e  two se r i e s .  However, i n  r e s p e c t  o f  t h e i r  amount and t r e n d s  of 

e v o l u t i o n ,  t r a c e  e l emen t s  i n  t h e  T i p a s j a r v i  g r e e n s t o n e  b e l t  show 

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

Archaean g r e e n s t o n e  b e l t s  (for example,  see N e s b i t t  and Sun, op. 

c i t . ;  Arndt e t  a l . ,  1 9 7 7 ;  N a l d r e t t  and T u r n e r ,  1977) .  

( e )  Ra re -ea r th  e l emen t  c h a r a c t e r i s t i c s  : t h e  REF abundances i n  35  

b a s a l t i c  r o c k s  from t h e  t h r e e  b e l t s  ( T i p a s j a r v i ,  Kuhmo and 
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Suomussalmi) were de te rmined  by t h e  i s o t o p i c  d i l u t i o n  method a t  

TJnivers i te  de Rennes. Because t h e  r o c k s  from t h e  T i p a s j a r v i  b e l t  

p o s s e s s  most o f  t h e  f e a t u r e s  c h a r a c t e r i z i n g  t h e  e v o l u t i o n a r y  

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

t h i s  b e l t  a r e  d i s c u s s e d .  A more d e t a i l e d  accoun t  f o r  t h e  REE 

geochemistry on a l l  t h r e e  b e l t s  w i l l  b e  r e p o r t e d  e l sewhere  ( J a h n  

e t  a l . ,  i n  p r e p . ) .  I n  t h e  f o l l o w i n g ,  t h e  REE c o n c e n t r a t i o n s  have 

been normalized a g a i n s t  t h e  c h o n d r i t i c  v a l u e s  de t e rmined  by Masuda 

e t  a l .  ( 1 9 7 3 ) )  b u t  f u r t h e r  d i v i d e d  by a f a c t o r  o f  1 . 2  and t h e  

r e s u l t s  a r e  p l o t t e d  i n  t h e  c o n v e n t i o n a l  REE v a r i a t i o n  diagrams 

( F i g .  9 ) .  

of  REE p a t t e r n s  a r e  r ecogn ized  : 

0.68,  b u t  e s s e n t i a l l y  f l a t  HREE,  (Ga/YbIN-1.0;  HREE a r e  4 t o  1 2  

t imes  c h o n d r i t i c  abundances.  Th i s  t y p e  of p a t t e r n  h a s  been found 

for some Archaean v o l c a n i c  r o c k s  from t h e  Munro Township, O n t a r i o  

(Ar th  e t  al., 1 9 7 7 )  and from Noranda, O n t a r i o  ( J a h n ,  u n p u b l i s h e d ) .  

ii) REE p a t t e r n s  w i t h  s l i g h t  t o  moderate  LREE d e D l e t i o n  b u t  

w i t h  s l o p i n g  HREE,  (Ga/YbIEJ 1 . 2  t o  2.0.  These two t y p e s  may be 

r e l a t e d  t o  each  o t h e r  w i t h  a s i m i l a r  man t l e  s o u r c e  c h a r a c t e r i s t i c ,  

i . e .  t h e  s o u r c e  h a s  p r e v i o u s l y  undergone a s e v e r e  LREE d e p l e t i o n .  

However, t y p e  ( i )  r o c k s ,  w i t h  f l a t  H R E E ,  seem t o  be  d e r i v e d  by 

p a r t i a l  m e l t i n g  o f  t h e  s o u r c e  i n  which no g a r n e t  remained i n  t h e  

r e s i d u e .  I n  c o n t r a s t ,  t y p e  (ii) r o c k s ,  w i t h  s l o p i n g  HREE and 

s m a l l e r  d e g r e e  o f  LREE d e p l e t i o n ,  r e q u i r e  t h a t  t h e y  be d e r i v e d  

from a s imilar  s o u r c e  b u t  w i t h  g a r n e t  i n  t h e  r e s i d u e .  F o r  t y p e  (i) 

r o c k s ,  t h e  f o u r  p a t t e r n s  may be  d e r i v e d  by v a r i o u s  d e g r e e s  of  

p a r t i a l  m e l t i n g .  However a c r y s t a l  f r a c t i o n a t i o n  model can  e q u a l l y  

be a p p l i e d .  Using p r o p e r  d i s t r i b u t i o n  c o e f f i c i e n t s  for REE i n  

b a s a l t i c  m e l t ,  it can  be  e s t i m a t e d  t h a t  30% o f  o l i v i n e  removal i s  

r e q u i r e d  t o  produce rock  S 831 from a m e l t  of  compos i t ion  e q u i v a l e n t  

t o  rock S 8 4 7 .  I n  t u r n ,  60% o f  f r a c t i o n a t i o n  o f  o l i v i n e  and pyroxene 

(1:l r a t i o )  i s  r e q u i r e d  t o  produce r o c k s  S 818 and S 828 from S 8 3 1 .  

P l a g i o c l a s e  s e p a r a t i o n ,  i f  any,  i s  r a t h e r  i n s e n s i t i v e  i n  i n c r e a s i n g  

t h e  HREE abundances.  Moreover, t h e  r o l e  o f  p l a g i o c l a s e  i s  p robab ly  

i n s i g n i f i c a n t  because  b o t h  S 818 and S 8 2 8  have s m a l l e r  n e g a t i v e  Fu 

anomalies  t h a n  b o t h  S 831  and S 8 4 7 .  For t y p e  ( i i )  r o c k s ,  because  

of  t h e i r  s i m i l a r  MgO c o n t e n t s  ( 1 3 . 5  and 1 2 . 5 % )  b u t  v e r y  d i f f e r e n t  

REE abundances,  a model o f  d i f f e r e n t  d e g r e e  o f  p a r t i a l  m e l t i n g  can 

b e t t e r  e x p l a i n  t h e  r e s u l t s .  

I n  t h e  k o m a t i i t i c  s e r i e s  o f  t h e  T i p a s j a r v i  b e l t ,  t h r e e  t y p e s  

i )  REE p a t t e r n s  w i t h  s t r o n g  LREE d e p l e t i o n ,  (La/SmIN 0.27 - 



Fig. 9 ,  Chor .d r i t e  nornalizec rare earth d i s t r i ' u t i o n  gatterns f o r  
k o m . a t l i t i c  ar.d ' z h o l e i i t i c  r o c k s  fro-. 1::l.e "pas j  s r v i  g r e e n s t o n e  belts. 

(iii? IiEE p a t t e r n s  o f  &out 4-10 x c k o n d r i t e s  w i t h  v e r y  s l i g h t  

L,REr d e p l e t i o f i ,  (La/Sm?,, 0.75 t o  0.90, and e s s e n t i a l l y  ':.at VRFE 

(Ga/ ' fb)pI-I ,O ; i n c l u d e d  in. t h i s  p o u r  i s  t h e  r o c k  7 i n  1,717-ch 

a a i c r o s p i n i f e x  t e x t u r e  i s  f o u n d .  i n  a c r v s t a l  f r ac+ : io r . a t ion  noee l ,  

t o  produce  rock S 8 2 4  from S 8 2 9 ,  49% o f  f r a c ' z i o n a t i o n  of  o l i v i n e  t 

c l i n o p y r o x e n e  (1:l r a t i o )  i s  i ? e q u i r e d ,  and f rom S 8 3 3  To 8 2 9 ,  404 

o f  o l i v i n e  f r a c t i o n a t i o n .  A s  i n  t h e  c a s e  o f  t y p e s  ( i )  and ( i i ) ,  

t y p e  (iii? r o c k s  c o u l d  also b e  d e r i v e d  frov. d i f f e r e n t  d e g r e e s  o f  

pa r ' i i a l  mel'zing from a m a n t l e  sou-~ce  with s l i g h t  L E E  d e p l e t i o n ;  

f u r t h e r ,  garnet h a s  n o t  r e n a i n e d  i n  t h e  r e s i d u e .  

I n  7:F.e ~ h o l e i i u i c  s e r i e s ,  i-he REE pa t i ze rns  are charac'cerized 

by t h e  e n r i c h e d  LRZE and s l o p i n g  FIRE: ( L a ) I J  25-52 x, 

14-15x. These are comparab le  t o  t h e  r e s u l t s  o f  A b i t i b i  t h o l e i i t e s  

( A r t h  e t  a l . ,  1 9 7 7 ) .  i f  t h e  two rocks a r e  relaized by c r y s t a l  

f r a c t i o r . a t i o n ,  c l i n o p y r o x e n e  p r o b a b l y  p l a y e d  t h e  dominant role. 

e l i ~ i n e  f r z c t i c n a t i o n  i s  not i m p o r t a n t  because t h e  !.lgO c o n t e n t s  

o f  t h e  l i q u i d s  are lor,? (IlgO h . 7  and 5.84); p l a g i o c l a s e  s e p a r a t i o n  

i s  n o t  p o s s i b l e  becaEse it would c a u s e  t h e  ( L a / L u ) I T  r a t i o  t o  

d e c r e a s e  f rom S 8 6 0  t o  S 8 1 9 ,  bihereas ?he  o p p o s i t e  i s  observed. 

Th.e p r o d u c t i o n  o f  t h o l e i i t i c  3.elt  coulc' be l-hroug?. the ?a r i - i a l  

n e l t i n g  05 a x a n t l e  s o u r c e  o f  r e l a t i v e l y  u n d e p l e t e c '  n a t u r e .  

( L U ) ; ~  = 

Arth e t  al. (1277) for r r .u lz ted  a u n i f i e d  p.o.jel i n  w5~ich  tl1.e 



t h o l e i i t i c  and  t h e  k o m a t i i t i c  s e r i e s  o f  Munro Toownship are t h o u g h t  

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

r e l a t i o c s h i p ,  Almost e x a c t l y  t h e  sar.e c o n c l u s i o n  h a s  Seen o b t a i n e d  

from t h e  p r e s e n t  work .  The g r e e n s t o n e  b e l t  of T i p a s j a r v i  has a l o n g  

d imens ion  o f  a b o u t  1 0  krr. and a l l  s amples  were c o l l e c t e d  ~ w i t 3 i n  a 

d i s t a n c e  o f  a b o u t  5 km. Plost o f  t h e  t h o l e i i t i c  r o c k s  frov. 1 : f . i ~  and 

t h e  Kuhmo b e l t  h a v e  (La/Sm)ic and  ( G a / Y S ) I J  r a t i o s  g r e a t e r  t h a n  1 . 0 .  

~ a r l y  e x i - r a c t i m  3F t h o l e i i t i c  l i q u i d s  from a m a n t l e  s o u r c e  

c : h a r a c t e r i z e d  by a flit c n o n d r i c i c  ZEE pa t - cem wouid i e a v e  uh.e 

r e s i d u e  s t r o n g l y  d e p l e t e d  i n  L R E E  2nd (Gd/YbIlq s l i g h t l y  less t h a  

1 . 0 .  T h i s  r e s i d u a l  m.antle nay  s e r v e  as t h e  s o u r c e  for son7.e 

kom.a l ; i i t i c  r o c k s  o f  t y p e s  ( i )  and ( i t )  d e s c r i b e d  e a r l i e r .  S u b s e q u e n t  

m e l t i n g  of  t h i s  r e s i d u e ,  i n v o l v i n g  g a r n e t  o r  not i n  t h e  second  

g e n e r a t i o n  r e s i d u e ,  p r o d u c e s  t h e  v a r i a n c e  in t h e  RE? p i t t e r n s  o f  

t y p e s  ( i )  and ( i i ) .  

7 

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  h i g h l y  LXEE-depleted n a t u r e  

o f  t h e  r r a n t l e  s o u r c e  i s  found  f o r  o n l y  t h e  second  t i m e  i n  Archaean  

g r e e n s t o n e  belts, t h e  f i r s t  c a s e  b e i n g  t h e  A b i t i b i  ( A r t h  e t  a l .  , 
1 9 7 7 ;  Sun arLd : iesb iC- t ,  1 9 7 7  ; J a h n ,  u n p u b l i s h e d ) .  Whether t 3 i s  t y p e  

of  d e p l e t i o n  is world-wide  r e m a i n s  t o  be  e x p l o r e d .  

i-Iowever, t h e  s i g n i f i c a n c e  o f  t h i s  d e p l e t i o n  must b e  emphas ized .  

If t h e  d e p l e t i o n  i s  wor ld-wide  and  large s c a l e ,  t h i s  phenomenon may 

have  t o  be  r e l a t e d  w i t h  t h e  known and t ren .en6ous  p r o d u c t i o n  o f  

g r a n i t i c  l i q u i d  fi-om t h e  m a n t l e  s o u m e s .  The g r a n i t i c  hasemep t  

r o c k s  s u r r o u n d i n g  t h e  greenstone b e l t s  a r e  e n p l a c e d  pene- 

con temporaneous ly  ( \ . ' ida l  and  B l a i s ,  1977). I f  tl-.e 5 e l t s  and  g r a n i t i c  

basement  a r e  g e n e c i c a l l y  r e l a t e d ,  t h e  d e p l e t i o n  n a t u r e  i s  t h e n  due  

t o  i:he e a r l i e r  s e p a r a t i o n  o f  g r a n i t i c  l i q u i d s ,  r a t h e r  t h a n  from t h e  

e x t r a c t i o n  o f  ' c h o l e i i t i c  l i q u i d s  as  men t ioned  b e f o r e .  

The d e p l e t i o n  n a t u r e  of t h e  mantle s o u r c e  h a s  a n o t h e r  a s p e c t  

of i m p o r t a n c e  , I t  c l e a r l y  i n d i c a t e s  t h a t  t h e  n a n t l e  h e t e r o g e n e i t y  

;?as e x i s t e d  e v e r  s i n c e  a t  l e a s t  2 . 7  bey. ago.  The a v a i l a b l e  Sr 
i s o t o p i c  da!:a S ; T ~ T , ~  i:;>ai: t h e  i n i i ; i a l  S L - ~ ~ / S ~ ~ ~  r a t i o s  i n  <:he 2.7. b.y. 

~-~~ _ _ _  _ -  c;i.3 - - - ape ~ ~ a _ c i z > l e ,  r::<s sI2gges';s ' - - -s - -  ._.- - -:I:e .__=.. - - - - -  ~e i e - :e rcgere i ty  

cas a l r e a d y  c r e a t e d  a r  l e a s t  3 . 5  b .y .  a g c  ( s e e  J a h n  and  Nyquis-c ,  

1 9 7 6 ) .  

c O!IC LUS 1011s 

- .  

The s t u d y  of  Archaean  g r e e n s t o n e  belts i n  eas i - e rn  F i n l a n d ,  

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

c o n p a r i s o n  be tween  t h e  i n t e r p r e t a t i o n s  b a s e d  on t l i e  major e l e l r e n t  



g e o c h e m i s t r y  and t h e  r a r e  e a r t h  e l emen t  geochemis t ry  may o c c a s i o n a l l y  

be c o n t r a d i c t o r y ,  a s  i n  t h e  c a s e  of t h e  t h o l e i i t i c  s e r i e s .  

However, even  a t  t h i s  e a r l y  s t a g e ,  it i s  p o s s i b l e  t o  p r e s e n t  

c e r t a i n  c o n c l u s i o n s  : t h e  Archaean g r e e n s t o n e  b e l t s  r e p o r t e d  a s  

such  i n  t h e  B a l t i c  S h i e l d  i n  1 9 7 6  a r e  t h e  f i r s t  so i d e n t i f i e d  i n  

E u r o h ;  t h e y  a r e  v e r y  s i m i l a r  i n  many r e s p e c t s  t o  t h e  o t h e r  Archaean 

g r e e n s t o n e  b e l t s  d e s c r i b e d  i n  A f r i c a ,  Nor th  America,  A u s t r a l i a  and 

I n d i a  ( V i n d l e y ,  1973 ;  H u n t e r ,  1974;  Anhaeusse r ,  1 9 7 5 ;  G l i k s o n ,  1 9 7 6  

and o t h e r s ) .  The f o r m a t i o n  o f  t h e  F i n n i s h  g r e e n s t o n e  b e l t s  a p p e a r s  

t o  be c o m p a t i b l e  w i t h  a model combining  t h e  p r o t o - o c e a n l c  r i f t  model 

of  Windley ( 1 9 7 3 )  and t h e  e n s i m a t i c  i s l a n d - a r c  model o f  Anhaeusser  

( 1 9 7 3 ) .  However t h e y  show f e a t u r e s  which d i s t i n g u i s h  them from more 

c l a s s i c a l  greensirone b e l t s  : t h e  r e g i o n a l  metamorphism i s  o f  h i g h e r  

g r a d e  t h a n  i n  t h e  o t h e r  b e l t s ,  and  t h e  e r o s i o n  seems t o  have  been 

d e e p e r  t h a n  i n  o t h e r  g r e e n s t o n e  b e l t s  because  t h e  lower  sequence  

c o n s t i t u t e s  t h e  e s s e n t i a l  p a r t  of t h e  o u t c r o p s .  I n  ccnsequence ,  t h e  

F i n n i s h  g r e e n s t o n e  b e l t s  may p r o v i d e  a b e t t e r  chance  f o r  t h e  s t u d y  

o f  d e e p e r  l e v e l s  o f  t h e  Archaean g r e e n s t o n e  b e l t s .  

Another  i m p o r t a n t  c h a r a c t e r i s t i c  i s  t h a t  t h e s e  b e l t s  a r e  t h e  

s u p e r - s t r u c t u r e  o f  v a s t  o r o g e n s ,  a t  l e a s t  on t h e  s c a l e  of t h e  

Ba l t i c  S h i e l d .  The f a c t  t h a t  t h e  g n e i s s i c  basement and t h e  b e l t s  

t hemse lves  a l l  formed w i t h i n  a b o u t  100  m. y .  o f  each  o t h e r  i s  

e v i d e n c e  f o r  t h e  ex t r eme  r a p i d i t y  o f  geodynamic p r o c e s s e s .  F i n a l l y ,  

it i s  c l e a r  t h a t  i n  F i n l a n d  t h e  m a n t l e  showed an  i m p o r t a n t  

h e t e r o g e n e i t y ,  a t  l e a s t  2 . 7  b .  y .  ago  or e a r l i e r ,  
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Ab s t rac t 

The Holenarasipur schist belt is one of the most critical, complicated and 

oldest(3.2-3.5 by) supracrustal belts in the Dharwar craton of India. 

lithostratigraphic groups, the Sargur and Dharwar, are separated by an angular 

unconformity. The Sargur group starts with a basic-ultrabasic base which is 

overlain by metasediments of various compositions, whereas the Dharwar group 

develops upward from a basal conglomerate into a sequence of amphibolites, 

quartzites and banded magnetite quartzites. 

metamorphosed to an amphibolite facies grade, but the Sargur group shows a higher 

grade (kyanite zone). Recumbent, isoclinal, doubly plunging folds are commcn, 

but a regional northward plunge is dominant. Unlike the Dharwars there is no 

conglomerate at the base or anywhere in the succession of the Sargur group. 

meta-ultramafics/mafics of the Sargur group are in places interbedded with fuchsite 

quartzite and show deformed pillow lavas and microspinifex textures. 

composition is similar to peridotitic, pyroxenitic and basaltic komatiites. The 

anorthosites in the ultramafites are highly calcic (An 97%) and resemble lunar 
anorthosites in many respects. Metapelites are enriched in Al, M g ,  Fe, Ti, Ca, 

Ni, Cr and depleted in Si, K, Rb and Sr. The quartzites of the Sargur group 

are mature sandstones. 

tholeiitic. 

younger formations, we suggest that the Sargur group of the Holenarasipur schist 

belt consists of a volcano-sedimentary sequence which was probably not repeated 

in subsequent geological periods. 

sedimentary complex as a platformal or geosynclinal sequence; instead, the belt 

probably formed in a ffnuclear stage" of the Dharwar craton. Platforms and geo- 

synclines appear to be phenomean common in the Proterozoic of the Indian Shield, 

when the sialic crust had matured and stabilised. 

activity appears to have provided sufficient moderate stability to generate thin 

Two 

The Dharwar belt as a whole is 

The 

Their 

The basic rocks (amphibolites) of the Dharwar group are 

From our geochemical data and from a comparison with those of 

It is difficult to consider this volcano- 

The vast post-Sargur tonalitic 
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and small platformal sediments at the top of the "nuclear stage" formations. 

These tonalites together with later granites and pegmatites appear to have added 

Si, K, Rb and Sr to other rocks. 

INTRODUCTION 

Among the lower members of the greenschists of the Dharwar craton the Holenara- 

sipur schist belt is one of the best exposed, most critical and relatively well 

studied. For various geological reasons it is considered to represent one of the 

oldest (3.2-3.5 by?) greenschists of the craton. Though radioactive ages are 

still not available, it is inferred that the schist belt is older than 3.2 by 

from the 3.2 by age of the tonalitic pebbles in the Kaldurga conglomerate 

(Venkatasubramanian and Narayanaswamy, 1974) in the Chitradurga group of the 

Bababudan schist belt, and from the intrusive relationship of similar tonalites 

with the Holenarasipur schist belt (Naqvi et al., 1978a). 

consists of two sequences separated by a break: the lower sequence is considered 

to be a member of the Sargur group, the upper is thought to belong to the Dharwar 

group (Viswanatha and Ramakrishnan, 1975). Both groups are highly deformed, 

metamorphosed to amphibolite facies and are made up of ultramafics-mafics, 

anorthosites, metasediments and gneisses. Though the area concerned has been 

studied for the past 80 years by different workers (Rama Rao, 1962), many problems 

are unsolved and it still remains a very critical and controversial area in the 

Dharwar craton. Because it contains a varied rock assemblage of great antiquity 

and geochemical interest and because quite considerable geological data are 

available, the area was taken up by the working groups of the GSI, NGRI and AM2 

for detailed geological and geochemical studies in order to find out (a) the 

nature, composition and origin of the constituent rock types, (b) their similarities 

and dissimilarities with those of younger formations, (c) the relationship with 

the gneisses, and (d) to elucidate the nature and composition of the Archaean 

crust of the Dharwar craton. 77 samples were chosen for petrological and geo- 
chemical studies. 

GEOLOGY OF THE HOLENARASIPUR SCHIST BELT 

1. Stratigraphy and structure 

The schist belt 

The cusp-shaped schist belt is surrounded by tonalitic and trondhjemitic 

gneisses which contain ultramafic and mafic enclaves of various shapes and sizes. 

The stratigraphic succession envisaged by Viswanatha and Ramakrishnan (1975) is 
given in Table 1. The lower sequence (viz. the Sargur group of rocks) consists 

mainly of tremolite-actinolite-talc schists, chlorite schists, chloritoid- 

magnetite schists, serpentinites, dunites, peridotites, anorthosites, staurolite- 

kyanite-garnet schists, mica-quartz schist, quartzites (? ) ,  garnetiferous and 

non-garnetiferous amphibolites and garnet-grunerite-magnetite-hornblende-quartzites. 



TABLE 1 .  Stratigraphic column for the Hoienarasipur schist belt 

L I T H O L O G Y  GENETIC DESCRIPTION 
_ _ _ _ _ _ _ _ - - - - - - _ - - - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - -  
cn 
W 

cn 
Dolerite and gabbro amphibolites Acid and basic intrusives 
Pegmatites and schorl veins (Post to late tectonic igneous activity) 

R 

3 Maliappan-Betta Meta-ultramfics, ironstones, Ultramafic intrusives 
E Formation chlorite-biotite-garnet schist with Exhalative sediments 
n Dodgudda and Sannenahalli conglomerate Ultramafic activity 
2 

ffi 8 Satnahhalli 8 %  Formation 

2 8  

Metavolcanic rocks with associated Contemporaneous volcanism and sedimentation 
quartzites, pelitic schists and 
ultramafics, Kunkuma Hosur conglomerates Oligomict quartz-pebble conglomerate (basal) 

Peninsular 
Gneissic Complex Migmatite and granite Pantectogenesis 

Yenneholerangan- Serpentinite, metaperidotite, 
betta ultramafic pyroxenite and dunite 

Biranahalli iron Garnet-grunerite quartzite aid 
Formation hornblende quartz garnet rock 

Met am0 rpho sed ult rab asic s 

Metasediments 

Karali amphibolite Para-amphibolite and calc silicate Ortho- and para-amphibolites 
rocks, amphibolites, garnet 
amphibolites and meta-anorthosites 

Tivadahalli Tattekere conglomerate, kyanite- Oligomict conglomerate with associated 
Formation staurolite-garnet-biotite-muscovite psammites, pelites and psammo-pelites 

schist 

~~ ~~ ~~ ~ ~~ ~ 

Base possibly gneissic complex (migmatite and granitoids) 
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Tte upper seq.ier.ce, r.m.ely the Dharwer grcup (Babahudon g roup) ,  c o n s i s t s  cf 

airphibcli te and interbedded ri3ple-marked q u a r t z i t e s ,  e e r i c i t i c  p h y l i i s e s  and 

banded n a g c e t i t e  q u a r t z i t e s .  'These two gro' ips a r e  separated by a basa l  ccn- 

g lcnera te  ( ? )  made .;> cI' quartziTe 7eSSles 2nd a f u c k i t e  c-.iortzi-,e n a t r i x  

(Viswanatha anC Eamkrishrar . ,  1 9 7 5 ) .  
%-reed bethreen the  d i f f e r e n t  wcrkers C Z  t%e working p c ' d ~ .  Viswar-a?ha ar.d 

F.anakrisi?en (1971) consider  t k a t  the  n e t a s e d i n e r t s  a r e  the  Ic:ierrr.cst rerr.bers 

o f  the Sargdr grc';? ar.d t h a t  t h  r raf ic -u l t ranaf ic  x i t s  ir.+rude in?c  therr.. We 

u l t r u r a f i c  u n i t s  i n  nost  g laces  a r e  d i r e c t l y  ir. ccn tec t  Kith the g r e i s s i c  

t o n a l i t e s .  The eL%ibi t  deformed p i l low s t r u c t u r e s ,  a r e  -Colmd interbedded with 

f u c h s i t e  Q u a r t z i t e ,  and show micro-spinifex tex tures .  There a r e  p i l i c i j  l a v e s  i n  

the same horizon i n  ;%e XuggihaLli scl i is t  be:;, another  aerr.5er cf tke  Sarg i r  

gl*c'~.? about 50 r r i les  hTE o f  t h i s  bel; (Sr in ivas  a26 Sreer.ives, 1972) ,  and i n  t?.e 

The s t ra t igra?hy  of th.e s c t i s t  b e l t  i s  not 

A B 

- .  :ig. I k .  Sckenafic 'hree-dieensionel ;rodel cf Y e ~ e ~ c l e r a r g a r ~ a S e t t e  311. T%e 
node; skovs  kc.+; the  lcwerrrcst u l t r m e f i c  re23er  i s  n i s i n t e r p e t e d  as m 
i r . t rusion i n  tke  a n t i c l i n a l  cores ,  

13. TjTe o f  fo ld ing  predcninent ir. the  a rea .  

Same horieor. c: t:ie Sargur gro.23 t h e r e  ere s p i n i l e x  t e x t u r e s  a t  Fi-inanghata i n  the  

Ghat t i  Ecsaha l l i  band near  Chi t radurga (ViswanaTha, 1977; Viswar.at%a e t  ale, 1977) 

Tkerefore the  u l t ra r ra f ics  (Sergur grcua)  of t h e  Ecler.arasipur s c h i s t  b e l t  a re  

ncs t  probably sitbaquecus f:ows ar.d not i n t r u s i v e  (Saqvi,  1978; Yao-vi e t  a l . ,  1978'3). 

The a r e a  e x k i t i t s  i s o c l i n a l  recumbent do-'sly p1.mgir.g f c l d s  (7ig.  1 )  i n  the  c o r e s  

of wP.icl: mefic and u l t r a n a f i c  flows a r e  exposed, these  flows tkis being the  



lowernos; mmbers o f  t%e S a r 0 . r  group o f  t h e  3olenarasipu.r s c h i s t  b e l t .  

f a c t  t h a t  these m a f i c - u l t r m a f i c  w i t s  a r e  exposed i n  a n t i c l i n a l  cores '::as 

i d e n t i f i e d  by Viswanatha (1968) and l a t e r  by Ranakrishnan and Viswanatha (1972) .  

Arcund Ver-~eholerang.anabetta Hill Vislanatha (1968) recognised two major anti- 

c1 i r .e~  w i t k  2. syncl ixe i n  between. Ue I'ound t h a t  the  western a n t i c l i n e  was over- 

turned t c  t%e west with serper-tine i n  the  co re ,  while the  eas te rn  a n t i c l i n e  had 

mcsher  a l t i c l l n a l  f lexare  along which serpeni,Lne vas  a l s c  explaced; f u k h e r  

e a s t  tl-.ere i s  ano5i.er overturned sjnc1fr.e Twit?. a core of basded magxetite. Since 

zke ul5r&~.afic-Ii.eELc rccks are  no-+^ ?roved t o  be s.ibaq.iec.Js f icws tkeg c a u l 0 5  be 

ex?osed ir. -,he a n t i c l i r , a l  cores  unless  they represen5 the  lowerncss o r  the  o ldes t  

rnesjers o f  the  s c h i s s  b e l t  (Xaqvi, 1978; Neqvi e t  a l . ,  197%). 

s t r a t i g r a p h i c  successior. of i'iswanatka ard. Sanakrisl-man (1975,  -3.53) r.eeds t c  'ce 

revised.  

Group, 1977) i s  given i n  Table 2 .  

Che 

Therefore the  

The s t r a t i g r a p h i c  succession g ropcseb  3)- H-.msair. and k q v i  (Geochemistry 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TABLE 2. keological  s.;ccession o f  the  3 c l e n a r a s i p x -  s c h i s t  -:~el; 

11. m k e s  

10.  F e g r a t i t e  

9. 'Ilcnalixes 

3 .  I ronstones @ar.ded nagset ize  q u a r t z i t e )  

7. 3aeFc ae tavolcanics  and interbedded q u a r t z i t e s  

6. 3asa l  cor.glomerate 

Uncorfornity - - - - - - - - - - - - - - - - -  
j. P e g t a t i t e  

4. l c n a l i t e s  and t rondfi jeni tes  

3. 
2. 

q .  BasFc-.dtrabasic s'i3aqueoi;s Slows incluriing a rs r thos i tes  vi%% 

I ronstone s ( game t - g r m e r i  t e-magme sit e guar-, z i  t e ) 
Ke t a sedimen t s ( kyani t e-s t aur  oli t e-garne t - m i  ca quart  z s chi  s t a n d  

f ie tacherts ,  i .e. fuchsi5e-q-~.artzi;e) 

interbebbea netacher;s ( f u c h s i t e  o:;.arr;zite) 

. . . . . . . . . . . . . . . . . . . . . .  
3asic-1iltraSasic p r i m o r b i e l  e m s t  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
The e z t i r e  area including the  s l r rounding gneisses  has been subjected t o  a 

phase oi' deforxa t icn  (2.6 by) which prodiced a K-S s t ruct .cel  grair. i n  a lnos t  

every rock unit i n  the sou.th and norsh; however, tke  western p a r t  of the  a r e a  

has escaped t h i s  t rend  and. ever. the  gneisses here show a swirz i n  t k e i r  wend t o  

Z-W a t  the  xargin o f  t h i s  -cart of the  s c h i s t  b e l t .  The gare l le l i s r r  between The 

s t r e s s  direct ior .  an6 dif lerer ices  of physical  p roger t ies  acd response t o  the  

s t r e s s  'ce;ween gne isses  and sediixentp nay exs la in  t h i s  swing, 



1 l A  

2. ;,letmorp:lisn 

2P.e stz-;.cs.;ral corr?lexities of tke area a r e  re?iecsed ir 3 . e  c e k v o r p h i c  ,grade. 

Tke T.e:ar;orp%ic r.inere1 garageneses indica',e t h a t  the S e r g L r  grcug has a higker  

re ' ,mcr>hic  grede ;?..en 5F.e Dham;:ar g.rou? (Viswanethe, 196E; F.m.akrishrar. a72 

171 b-awa?a$ha, I 19:i). Ihe Sargur gr3v.p 3elcr.g-s ;o 5k.e stauro:ite-kya-.ite z o r e  of 

sk.e anphi'soiite f a c i e s ,  vinereas the  D:-arwar seo-uer.ce does  not contein s t a u r o l i t e  

and kyenite. ?,:ass assenblages a re  s:able i n  the alrr.er.2ine zone c? she a@.ibclise 

~ac :ss  ES we-- a s  7;r.e greenschist-a-r..p~.it;oiise t r e n s i t i c r .  f a c i e s .  The ax3P. ibclFte  

f a c i e s  rocks occupy the  major por t ion  o f  the  b e l t ,  whereas the  cent re  o f  the b e l t  

adjoining the  Muddaisdda Hiiis t h e  rocks show greenschis t  f a c i e s  metamorphism. 

":iere?Qre, Visitranatha (:968) suggesfed $hat Lhe ne'aaorpkic isogzads YL? parallel 

t o  tho masgins of the  s c h i s t  beiT. Tne mineral paragenesis  i s  a high pressure ,  

low temperature type which probably i n d i c a t e s  t h a t  compression has been higher  

a t  the margins. R.ecent s t u d i e s  have ind ica ted  t h a t  serper i t inisat ion r e s u l t s  i n  

6C$ ir-crease i n  rozk  vo19me ( :* icessDjs ,  1377). k zougk calc.;latior. iridicases -ckt 

t h i s  i s s r e e s e  i n  vo1.AT.e ,,:.ill exer t  J KO 2ress';re %t -,he nergtrs o? a 3-6-. ckich 

has xdergone  serpen5inisatiori. l n i s  sho.23 be considered t c  be e nears  of 

.roducir.g The high > r e s s u r e ,  lo,,.: f e x g e r a h r e  ninezalcgy a t  tke  nargins  of 5F.e 

s c h i s t  b e l t .  

3. PecrcLcz; e r d  n i n e r d o g y  

* ,  -.. 

_. 

Since nost  of she rocks  a r e  s c h t s t o s e ,  nodal a z a l y s i s  was car r ied  OU? on 2 5  

sa?.gles of granoblasf ic  ar.cr?:losi5es ard t o n a i i % s ,  e t c .  P e t r o l o g i c a l l y ,  %he 

rocks c: :?.e Sergn gzm? cxq be divided i n t o  u l s r a x e f i c s ,  a n o r t k o s i t e s ,  c a f i c s ,  

g e i F t e s ,  quersz i tes  and i r o n s t o r e s ,  and those o f  ske DAar-xar gro-cp in5o > e l i t e s ,  

quar:zites, T.a?ics ar.d irons?ones. '?he 3ece-uifrar.afics a r e  ser?erisir.ises, 

d.;nises cad s c : i n o l i ~ e - t r e c c l i t e - t e L c  sch isss .  The r e l i c s  o f  rricro-sgisifex 

zexture xe re  i d e n t i f i e d  by Eussais  and baqvi (1973) ir  tke  serpenf in i fes  of 5P.e 

S a r L s  grc.;p f r c n  Foler.aresipur. ?he acsinoiite-tzerrolise--calc sc?.isTs 

cccesioriallj- exhib i t  r e l i c s  or' cl ino-  and orthc-pyroxeres. Serper,tine, a e g r e t i t e ,  
-,. bG:c, cl-.Torite, treT.olFte, ansh.ophj-iiite, cwr.irg-cor.ite, c a l c i t e ,  grepkife a n  

c?..lsri-ce ere found ir vezious asse?.jlages i n  3 . e  A . ~ , r a ~ . a f i c  x i t .  ike ancrt?..csi-ce, 

ar .or thcsi t ic  gab3rc and gabjroic enortkosise  shee t s  i n  ti-.ese AtraT.af ics  a r e  T.ede 

113 o f  a r .c rs t t te~ '3~soc : . ,~ . i se ,  korn.Dlerde, garne t ,  i h e n i t e ,  m g n e t i t e  and chrocife .  

'2hese anorY-.csi<es shc-,:. a netacor>hFc granobles t ic  s e x x r e  c ? d  exhib i t  extreixe 

ver ies ton  i n  g r a i n  s i z e ;  cms?.ing erd r e c r y s t e l l i s a t i c r  of she iarger 3Lagiociase 

g r a i s s  ere evident i r  nany sec t ions .  

and reserr.bles tkaz ir tke  1mer aiqcrskosites ir. i t s  REE d i s t r i b u t i o n  and several  

o ther  e s j e c t s  (Seochecis t ry  Sroug, 1977; Drury e t  a i . ,  t h i s  vci.). 

esscciased w i 5  the anor thos i tes  and c e t a m f i c s  elso ccy-tain c a i c i c  p iag icc lase  

(Ar. 65-7C) and ccr ta i r .  ?lg-rich a7.gk.iF;oles. 
containing ir.cl.;sions 35 7 iag icc lase .  

T%e p lag ioc lese  i s  highly c a i c i c  ( ~ r .  9 7 )  

The m g h i b o i i t e s  

The garnet  i n  t h e s e  rocks i s  al;r.a?&ine 
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The metasedirnents (pelites, quartzites) are made up of different layers of 

minerals in varying proportions. The dominant assemblages contain kyanite, 

staurolite, amphibole, chlorite, biotite, corundum and quartz (Naqvi, this vol.). 

In these metasedimentary layers there are some thin-layered, medium- to fine- 

grained amphibolites which may be part of the sedimentary unit of the Sargur 

group. The quartzites form minor constituents of the metasediments and are 

mostly made up of quartz, fuohsite or serioite; field and laboratory evidence 

suggests that they are cherts or secondary quartzites (Naqvi, this vol.). 

ironstones comprise garnet, quartz, grunerite and magnetite. 

The 

The amphibolites of the Dharwar group are medium to coarse grained, contain 

amygdules of calcite and quartz and consist of hornblende, plagioolase and 

epidote. Some amphibolite layers are garnetiferous and contain big crystals of 

garnet. The interbedded quartzites show relict sandstone textures and consist 

of quartz and serioite. The ironstones of the Dharwar group show the typical 

morphology, mineralogy and texture of banded magnetite quartzites. The gneisses 

show a great variation in abundance of constituent minerals; modal analysis 

shows they contain quartz,oligoolase, hornblende, epidote, biotite, K-feldspar, 

garnet (occasionally), apatite, sphene and zircon. 

gneisses which has not developed a migmatitic appearance but which still exhibits 

a gneissic texture; they are regarded as granites by Ramakrishnan and Viswanatha 

(1972) and have been named by them as the Holekate granite. 

undoubted intrusive relationship with the schist belt and are made up of quartz, 

highly sodic plagioclase, amphibole, biotite, minor K-feldspar and zircon. 

3. Geochemistry 

There is another group of 

They show an 

The averages of the different petrographic groups found in the Holenarasipur 

schist belt are given in Table 3. The complete analytical data are illustrated 

in different figures and are discussed below. The details of the analytical 

technique and precision of the data are given by Naqvi and Hussain (1972) and 

the Geochemistry Group (1977). 
that most of them are undersaturated (Fig. 2). 

anorthosites are found. Anorthosites are anorthite rich whereas gabbroio 

anorthosites and anorthositic gabbros have relatively lower An contents. 

samples of actinolite-tremolite-schist (metapyroxenite) 

this may be the result of addition of SiO 

Metapelites, amphibolites and chlorite schists also show both quartz and olivine 

normative compositions (Fig. 2). The normative Or-Ab-An ratios indicate that 

metapelites and gneisses have relatively higher K-feldspar abundances than the 

other rock types (Fig. 2). However, the petrological and modal studies of the 

metapelites do not indicate the presence of any K-feldspar. 

the K content of these rooks is mos% probably present in the micas and amphiboles. 

The normative composition of the rocks shows 

Both quartz and olivine normative 

A few 

are quartz normative; 

during later pegmatitio activities. 2 

This suggests that 
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TABLE 5. Average chemical composition of rocks from the Holenarasipur 
schist belt 

1 2 3 4 5 6 7 8 9 
N* 15 9 2 a 10 6 8 7 12 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - _ - - - - - - - - - -  
Si02 

Ti02 

A1 0 

Mg0 

CaO 

Fe 0 

Fe 0 

Na2 0 

2 3  

2 3  

K2 O 
MnO 

P O  
2 5  

O 
TOTAL 

42.85 

0.15 

3.22 

50.18 

7.38 

4.43 
5.61 

1.17 
0.07 

0.13 

0.09 

101.58 

6.30 

49.58 
0.14 

7.54 
15-85 

9.35 
2.58 

7-52 

7-79 
0.27 

0.04 

3.08 

97.72 

0.20 

51.17 
0.76 

11.87 

7.91 
11.25 

2.38 

9.18 

3.35 
0.29 

0.22 

0.02 

0.80 

99 * 20 

48.32 

21 .a6 

5.47 
73-78 

0.74 

0.60 

6.28 

2.23 

0.11 

0.22 

0.04 

0.41 

99.95 

51-17 
1 .30 

74-70 

5.64 
9.79 
2.26 

10.47 
2.36 

0.18 

0.29 

0.07 

0.93 

100.06 

52. 86 

0.98 

16.95 

4.69 

7.85 

1.33 

5.65 

8.12 

2.02 

0.19 

0.06 

1.23 

99.93 

44.86 

1.73 
18.67 

14.42 

2.65 

2.78 

6.91 

1.56 

0.09 

0.11 

0.06 

4.96 
98.80 

52.01 

0.80 

14-71 
5.77 
10.57 

2.06 

9-90 

7.91 
0.42 

0.24 

0.03 

101 .oa 
0.78 

68.28 

12.52 

3.10 

5.18 

0.98 

4.85 

0.34 

3.26 

1.40 

0.16 

0.04 

0.24 

100.35 

co 93 68 55 31 53 44 95 52 25 
Cr 4788 1964 815 275 148 232 549 160 53 
cu 23 1 7  42 122 109 55 40 107 13 
Ni 429 249 131 227 118 119 191 150 29 
v 69 122 25 281 272 192 238 245 117 
Rb 10 10 10 10 10 44 11  18 54 
Sr 10 52 95 159 166 162 19 166 388 

* N = number of samples 

1. Av. of peridotitic (serpentinite) komatiites 
2. Av. of pyroxenitic komatiites (Sargur) 6. Av. of metapelites 
3.  Av. of basaltic komatiites 7. Av. of chlorite schists 
4. Av. of anorthosites 8. Av. of amphibolites (Dharwar) 
5. Av. of amphibolites (Sargur) 9. Av. of gneisses 

The ratios of the different chemical constituents (Fig. 3) and the abundances of 

MgO (Fig. 4) indicate that the metavolcanics of this schist belt, following 

Arndt et al. (1977), can be grouped into peridotitic, pyroxenitic and basaltic 
komatiites. HoMever, some of the amphibolites (metavolcanics) associated with 

these komatiites are found to be tholeiitic (Fig. 2), while the anorthosites have 

both komatiitic and tholeiitic affinities (Figs. 2 and 3 ) .  
a wide variation in composition (Naqvi, this vol.). 

made up of Si02, A1 0 

ironstone of the Sargur group is entirely different, especially in A1203,  M g O  

and Ti02 content, from that of the banded magnetite quartzite. 

of the Dharwar group are low-K tholeiites. 

The metapelites show 

Chloritic schist is mainly 

and Mg0 and is depleted in CaO. The composition of the 
2 3  

The amphibolites 

The Mg Wo (Mg/Mg+Fe atomic ratio) of 
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- .  
iig. 2 .  AcrrraTive c s n p o s i t i o r  of  she a d y s e c i  sar.?les 

Fig. 3. Terraqr  oxide r a t i c s  cf c%e analysed sanples  sh0wir.g the  p e r i d c s i t i c  
kcrna t i i t i c  na ture  o f  ske s e r ? e c s i n i t e ,  pyroxec is ic  k o n a t i i s i c  c c x ~ c -  
s i t i o r ,  of a c t i x o l i t e  t r e r r o l i t e  (amphibol i te)  s c h i s t s  2nd b a s a l t i c  
k c ~ z t i i t i c  n e t w e  cf scme o f  t h e  kcrnblendic  ax?ni'3cli-,es. Dherwar 
a x g h i b c l i t e s  a r e  t h c l e i i $ i c .  Wote she p o s i t i c n  o f  a r c r s h c s i s e s  
(same legerd  as ir. Fig  2 ) .  
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2ot 

rn AMPHIBOLITES 
# AMPHIBOLITES 

@ AMPHIBOLITES 

o AMPHIBOLITES 

ULTRAMAFICS 

2l I K20z 0 

(HORNBLENDE) SARGURGROUP A 

(HORNBLENDE) DHARWAR GROUP + 

(ACTINOLITE) SARGUR GROUP a 

(ACTINOLITE) DHARWAR GROUP d 

ANORTHOSITES 

GNEISSES 

METAPELITES 

CHLORITE SCHISTS 

Fig. 4. Distribution of major elements of the igneous member of the 
Holenarasipur against their Mg No (Mg/M@Fe ratio). 

the metavolcanics of the Holenarasipur schist belt decreases from 0.95 to 0.3. 

The Mg No of the peridotitic komatiites is equivalent to that generally known in 

cumulates, while that of the anorthosites is equivalent to that of the amphibolites 

(Fig. 4). 
decreases with the increase of Mg No (Fig. 5). 
distribution. Its maximum concentration is in anorthosite; therefore it increases 

up to the Mg No of anorthosite separation (?) and decreases at higher M g  No, which 

denotes olivine separation (Fig. 5). While M n O  shows a scatter, P 0 is more 

abundant in metaserpentinites and pyroxenites (Fig. 3). 
increase from 0.7 to 0.95 with Mg No, but  their abundance remains almost 

unchanged at lower levels (Fig. 5). 
M g  No rocks. Rb and Sr remain low, especially in metaserpentinites and pyroxenites, 

The abundance of A 1 2 0 j ,  Si02, Ti0 and K 0 in the metavclcanics 2 2 
CaO seems to have a bimodal 

2 5  
Co, Cr and Ni show an 

Copper appears to be more abundant in lower 
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but Sr is high in anphibolites, anorthosites (Fig. 5) and gneisses. 

form a different group with respect to K/Rb, Rb/Sr, Ca/Sr and Na/Ca (Fig. 6) 

and these ratios show no relationship to similar ratios in the netapelites. 

M&e, K/Na and CaO/Al 0 

ship between the gneisses and metasedinents in the Holenarasipur schist belt 

(Fig. 7 ) .  

The gneisses 

ratios also indicate that there is no genetic relation- 
2 7  

I b P 

Fig. 5. Distribution of trace elements in the metavolcanics of the 
Holenarasipur schist belt (same legend as in Fig. 4). 

-- GEOCHElYISTKY OF THE HOLENARASIPUR VOLCANO-SEDIMENTARY ROCKS COMpAFXDAL!H 
__I_ YOUNGER .I..-_I_- F O m Q & .  

The meta-ultramafics and mafics of the Sargur group are significantly different 

from those of the younger Uababudan and Chitradurga groups (Table 4). The 



PPM 
70-  - 5 Z t  

60-  

50 

40 

30 

20 e + 

Rb 

- 

- 

- z 

- 
b + 

u +  t 
'$ 400 

K % -  
0 

+ 

Sr ppm- Ca % - . AMPHlBOLmS (HORNBLENOE) SIIRGUR GROUP ANORTHOSI'TES 
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Fig. 6. K-Rb, Rb-Sr, Na-Ca and Sr-Ca plots of rocks from the Holenarasipur 
schist belt. Note the position of gneisses and pelites. 

Bababudan rnetavolcanics (Bhaskar Rao and Naqvi, this vol. ) vary in composition 

from olivine tholeiites to rhyodaoites, whereas those of Chitrad-nga vary from 

olivine tholeiites to andesites (Naqvi and Hussain, 1971a,b). 

the younger belts is much more evolved and fractionated than that of the Arohaean 

(Naqvi, 1976a,b), though the southern part of the Holenarasipur schist belt is 

correlated with the Sargur (Viswanatha et al. ,pers. corn.). The metasediments 

of the lower parts of the younger belts like Chitradurga consist of ourrent- 

bedded and ripple-marked quartzites and arkoses, whereas those of the upper 

parts are made up of greywzckes (Naqvi and Hussain, 1972). These differences 

between the volcano-sedimentary constituents of the Holenarasipur schist belt 

and younger belts probably reflect different stages in the evolution of the 

crust. 

The volcanism of 



TABLE 4. Composition of metavolcanics of other schist  bel ts  of the Dharwar craton and other shields 

1 2 3 4 5 6 7 8 9 10 11 12 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
Si02 49.04 50.17 50.62 51.78 51.40 52.70 45.11 45.26 51.99 44.72 52.73 43.70 

Ti02 1.12 0.86 1.16 1.40 0.69 0.40 0.31 0.29 0.51 0.52 0.85 0.28 

14.01 14.17 15.16 14.17 14.85 13.13 5.96 5.80 15.27 3-25 9-83 6.10 
A1203 
Mgo 8.81 6.59 6.90 5.76 6.36 7.98 31.50 27.96 9.68 25.25 10.10 27.85 

CaO 9.89 11.92 8.08 8.64 12.16 10.70 5.83 7.57 11.65 6.97 9.99 6.25 

2.88 2.92 2.45 2.05 1.26 1.20 11.50 8.43 9.33 6.02 1.23 2.94 

FeO 9-19 8.32 8.45 8.80 8.55 9.16 - - - 5-52 9.70 5.27 
Fe203 

Na20 2.84 2.09 3.60 2.86 2.19 2.38 0.35 0.37 2-07 0.49 2-65 0.19 

0.36 0.18 0.31 0.62 0.51 0.16 0.03 0.02 0.19 0.05 0.46 0.02 

MnO 0.34 0.42 0.37 0.38 0.53 0.13 0.19 0.19 0.16 0.19 0.22 0.20 
K20 

p205 0.49 0.52 0.17 0.24 0.14 0.77 - - - - - - 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1. Av. of 8 01 normative meta-tholeiites from Sargur schist be l t  (Geochemistry Group, 1977) 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. Av. of per idot i t ic  komatiites (Viljoen and Viljoen, 1969) 
11. Av. of basal t ic  komatiites (Viljoen and Viljoen, 1969) 
12.  Spinifex peridotites, W. Australia (Nesbitt, 1971 ) 

Av. of 4 Q normative meta-tholeiites from Sargur schist bel t  
Av. of 10 01 normative meta-tholeiites from Bababudan schist be l t  (Bhaskar Ebo and Naqvi, 1977) 
Av. of 11 01 normative meta-tholeiites from Bababudan schist be l t  (Bhaskar Rao and Naqvi, 1977) 
Av. of 50 Chitradurga metabasalts (Naqvi and Hussain, 1973) 
Av. of 7 ortho-amphibolites from Chitradurga schist  be l t  (Satyanarayana, 1974) 
Spinifex per idot i t ic  komatiite, Yakbindie, W. Australia (Naldrett and Turner, 1977) 
Spinifex pyroxenite komatiite, Yakbindie, W. Australia (Naldrett and Turner, 1977) 
Basaltic komatiites, Yakbindie, W. Australia (Naldrett and Turner, 1977) 
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Ma X 

6 0' 

.L 

K % -  A12 03% - 
Fig. 7 .  k-K, Kg-Fo, Ca0-kl30 and IT-% p l o t s  o f  t h e  r o c k s  of Y o l e c a r a s i p r .  

Xcte tb.e $ o s i t i o n  o r  J r e i s s e s  and c e s a p e l i t e s  (sax legend a s  i n  
3 g .  6). 

H C X > L U S P J ? .  SCHIST 3ELT AXE ITS PUCE I:: THE GEOLOGICAL 3IS2ORII GF T33 
DEARW-KR CFWON 

4 s  already d iscJssed ,  5b.e rr.eta-xisranafics and ~2fics represent  :he Icxerncst  

z e l b e r s  c l  tke  Sarg-Jr g roup ,  S i l l l ~ a c i ~ e ,  coru?dm. aid. osher kigh pressJre-high 

e l u n i r a  7.ineral.s a re  found i n  the lo;.!er sUCCessi3:iS o f  graecszcne SeLts i n  

Barberton, the kldan Shield and elsewhere (Salop, '1968; viljoen and Viljoen, 1969; 

knl~.ae;;sser, 1971, 1972;  'G1uk;lcvskiy a?& Iav icvskiy ,  1973) .  ?h.e ccnzcs i t loc  :? 

t h e  sibaqueous volcenics o: Hclenarasip-r i s  also s i r . i l a r  t o  tkas  o f  kcras  

(Table i) of greenstone ':elts, 

d i f f e r e n t  f r o m  t h e  lower green,-,tone b e l s s  of aarber ton ,  kldan o r  h s t r a l i a ,  

except p rokab iy  f c r  a. s l i g h t i y  higher  grade or" netaxorphisr.. 

Therefore t h i s  sc?.ist b e l t  i s  perhaps r o s  

The b o s t o s  o f  the  ictls ':  bel; has n o  cocglonere5e. ?lie so-czlled. ?a t takere  

conglomerase has  been stuaied. 3)- xany w r k e r s  s ince 1898, ~ . o s s  of 7;i~crr. I'c-lrd 

t h a t  it i s  nozhing more than a roddea P x h s i t e  q u a r t z i t e  (&ma Rao, 1924, 1952; 

Sreenivas ar.6. S r i n i v a s m ,  '1968; Yagvi e t  a l . ,  1978b). Conditiocs during t h e  
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e a r l y  hio;orjr of tk.e e a r t h  a r e  cc:nr.cnly rezarded a s  nore casas t roph ic  with r a p i d  

c'?erges wi tk in  end ovez t h e  ee r sh .  3 e s e  ccrd ons s:?ould generate  prod.;cts of 

ragi.? 7~aaz'?ering and depcs i+ ion ,  i i k e  conglomerates m5. a rkeses .  Therefore ,  i f  

t he re  were a pre -ex i s t ing  t x d i t i c  c r  s i a l i c  c r u s t ,  conglcr.eretes con ta in ing  

t o n a l l t i c  ?eSbles should be deposize6 a; t he  base o r  a ry# i i e re  i n  t k e  Sa rg i r  groug 

s u c c e s s i c r ,  3,s the>- a r e  ?,n %he e r  greensto:ie b e l t s  of Chi t radurga,  Shimoga 2nd 

else,;;F.ere (ITac-vi e t  el. , 19783). Alternetivel; . ,  r-;.daceox ard aren2ceous s e d i n e r t s  

right cccuz at t!?e base o f  t h e  bei . t ,  but  t h e i r  absenc? from t h e  Sargur Supergroup 

ts nc'ced 3y Ra~akris? . r~an and VFs~;:enet?.z (1972) :.:rrc sze t ed  t?.at ?he no rne l  

a s s o c i a t i o n  o f  rudaceous and arenaceous rocks ,  which shwdid have m d e r l a i n  t h i s  

( p e i i s e )  l j l l i j  i n  5F.e geo log ica l  mi l i eu  i s  c e t  found i n  t h i s  b e l t  a?..? nay kxve t o  

be looked  for elsewhere i n  t h e  v i c i n i t y "  (Ramakrishan and Viswanatha, 1972; 

zam,krisknan e t  el. , 1975). 
been beiow t h e  rnetapel i tes .  

be ro ge:ietic re le t ionslqip betxeer. t k e  e e i s s e s  mii s e s i n e x s  o f  t'ne Sergur p c u ? ; ,  

t he re fo re  i t  j.s xcre  Logical t o  i n f e r  ; t a t  t h e  t cna ' i i z i c  gne i s ses  and t h e i r  

s r e c w e c r  ; o n a l i t e s  e r e ,  es 2 w h l e ,  a p o s t - S a ~ g - ~ r  pkencnencn 2nd +ha: t k e y  pre- 

da t e  ske t e c t o n i c  even: dated a t  2 .6  by. 

 is r-idacec-s end a renacec i s  com2or.er.s shc;.ic P.ave 

Xaqvi (tiiis vol.) pointed oi i t  t h a t  t h e r e  appears t o  

SE S SP:C LEXL-F'LZ?O?i<~. L 03 YLC =A?. SFkGE 

Many workers  have made a s s 'mp t ions  abous p i a t fo rma l  anti geosync l ina l  cond i t ions  

m 4  kzve app:ied Dnar:erczoic t-ypes ol^ tec;onism t o  t h e  earl;. s t a g e s  of ear;k 

h i szo ry ,  but i t  i s  d i f f i c u l t  to f i z  a v a i l a b h  ka ta  en she krchaean o f  India i n t o  

e i t h e r  a p l s t f c r r a i  c r  geos;mciinal concept. '?he p1a;formel volcano-sedinensery 

seqiiences ' rage s t e i r  o m  c h a r a c t e r i s t i c  rock  s n e s  and a%ndances (Garrsls e: al., 

1971; 3 o r o v  ard Xigdisov, 1971; Veizer ,  1973; Sih ley  and N i l b a d ,  1 9 7 7 ) .  ?he 

basa l  c c r ~ g l c a e r a t e s  aid aat.;re q u a r t z i t e s ,  so  abundult  i n  p l a t f o r m 1  se&imenss, 

are er.jire7-y n i s s i r ~ g  f r c x  t?.ese bel:s. ? l a t l ^ c n a l  volcerrisrr. i s  .veil evolved, a s  

i n  cep:-.elir.e .-.crnaSive 3 2 ~ ~ 1 5 s  ( taqvi ,  t h i s  v a l . ) ,  b0.t i n  t hese  5 e l t s  s-;.c:i 

velcar.isT. i s  r ep lace5  b j r  a.?cr',ive vo ican i sn ,  i. e.  b y  h igh ly  .w.differer. t iated 

s e l t s .  S i z i l a r l y ,  :he vclcano-sedirrer.tery s i l e s  of gecsyrclir .es acninated '33' 

g r e p a c k e s ,  iu:ixes, grep:acke cozglonerates  %id evolve6 vc lcan i sx  cf  c1ivir.e 

t : i c l e i i t e  ',c r h y o l i t e  a r e  absens.  

a r e  r.ct a s ? l i c a b l e  t o  a t  l e a s t  $Lie lower and n idd le  .kchaear. g reens t c re  .zeiss.  

Or. tF.e ot?.er hand, i t  ep?ears nore a??rcpriaxe (G1,khovskiy an& T'aviovskiy, 1973) 
tka; t hese  Archaeali ~ - c l c ~ ~ c - s e 5 . ~ ~ . e r . s a ~ ~ -  bei;s represer-s 2 nuc iee r  stege i n  t h e  

e s r 5 k ' s  develcpnent ir. wkich p1etforr.s  m 6  g e e s y r c l i r e s  d i d  r:o; e x i s t .  

(197:) k.as convincir.gly s?.osrrr t h a t  s?.e k- is tcry 3f geosync-ines s t a r t e d  2 .  j by age .  

SO'T e a r i y  g e o s p c l i r . e s  a r e  i r v e r t e d  end %e;r do s o t  c o n t ~ . n  2-1 the  f e a t u r e s  o f  

5yp icz l  geosj-nclir-es (Turner ar.5 Wa-ker, 1973). Ir: f e e t ,  g l o b a l  s t i ;dies  c a r r i e d  

c.it by sed imen to leg i s t s  and sedinen!tery geocken i s t s  (Gar re l s  and Kacke3aie, 1971 ; 

Therefore ; e m s  l i k e  p1at;'cr:rs ar.6 geosyccl ines  

Hocfmar. 



Eomv znd Yig&iscv,  1971; Ronov, 1972; Veieer ,  1973; Vel.zer a r d  R o e l s ,  1975) 

k.ave sho,wi t l le t  the  early h o t e r o z c i c  wes doninated 3y g e o s p x l i r e s ,  acd she 

nid.dle and L a t e  Prose rozc ic  b e c m e  t h e  e r a  o l  p l a t f o m s .  Tkierefore considerabie  

caut ion i s  urged i n  t h e  i n t e r p r e t a t i o n  o f  Archaean d a t a  with regard t o  cor:cegts 

which heve r a i n i y  developed on t h e  ':asis of observasions fr,c.T. ?k.aneroeoic and 

r i M l e / l a t e  P ro te rozo ic  rocks.  

.kC%YOh'LFDGEl~XPlT S 

?he :oint  p r c g a m e s  of t he  working grocp o f  t h e  Nat ional  Geopkysical 

?.esearch. I n s t i t u t e ,  t h e  Geo log ica l  S n v e y  o f  I n d i a  and t h e  Atomic Minexals 

D iv i s i cn ,  she r e s u l s s  0.' wk.ick. e r e  p r e s e r t e c  i n  this paper ,  could never have 

succeeced wi.t:.oui; the c c c r d i r e t i o n  of D r  K. V. N. I,:mtby. D r  3 a r i  S a r a i n ,  

:,Lr V.K.S. Vardar ar.d Dr G.R.  I d e s  gave 'ull indepezdence aq3. e rco ;zage ren t  t o  

t he  working group anc >rovided a i l  f e c l l i t i e s  ar.6. 3.1~0s.  

F i e l d  st.Ldies and the  nepping of t h e  eres. iiere c a r r i e d  c-is by T5I.X. VFswaneLha, 

M. Ranakrishnan, S.M. Nacvi and S.?I. %ssa in ,  axd samples xere  c o l l e c t e d  by 

;*I,>?. Viswaxat.ia, i.1. Rmakrishnan,  S. Viswanatl-an, S.1". Naqvi and S.bI. Zs sa i r . .  

l e t r o l c g i c e l  stuciies were c a r r i e d  out by ?.V. Viswanathan and Vasudeva. itlajor 

ele;r.ent ar.alysis was nade by s.1~:. Yac-vi, K. Chmdrashekar,  Y.2.  3haskar Rae, 

S.H. J a f r i ,  S.II. Lmad and T. Gnanesk.war Ezc, w!!iie "race e?erLent a n a l y s i s  was 

nade by S. Visiianat3.?an, B.V. PatwardAan, 3. Rangaswarry, R.Y. S-Jpta,  S.K. Saxena, 

N. Nagrraja Rae, Y.N. La1 w.d 3,s.  k t a l .  
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TiIESARGt?. SCEIST C O S i 8 . X  - AX AF.C€??N XIE43ADE 
=IN I N  SOVTEERN IKOIA 

A.S. Ja?2ard!!m, C. Srikmtappa atnd H.M. Ramacnandra 

3aoI.ogy Deaartxent , Jniversity c? Klsore, 
yenase gatzgctrt, %sore 570 336, India 

iicstrac; 

3eSazg.z sckist  c.oaF:.ex ccr.5ains Arc'naeer. quextzo-feI2spathj.c ;cnal+$ic 

gx;sces ci' zixed crigir. and t ight  t o  i s o 6 l i v d i y  folcled revmats of q w f z i t e -  

K poiite-carbonate shelf facies  sediments. 

axorthosite (ni2or) coxplexes with cwzla*e textures occur a s  8isccntinuous 

l k ~ e a r  bel ts ,  px?s 03 gaSckes ir. ;te gneisses a ~ l d  ere l a t e r  tcaz tne xetasedixectR. 

The presence of tir.clud.edt gieiss  i n  a:: Atrerr , f ic  5ody suggests fhe Sargur 

supracrustalo rested or. a p.eiss2.c 3aseaent. Carbzate-bearing uitraxafics 

( s i r i l o r  70 tSsya-.di.cest) suggest ~i s i s i f i c a n t  cg2 presswe & z i n g  netanorghisr. 

?his g o s ~ i b l y  e a l a i n s  th3 lccai  sttairnonf of g r a m l i t e  f r c i e s  conditions tn a 
sredcminantly upper a?lghibolite facies terrain.  

of cigm$iss';ioc w i ~ i .  :.ate (ma$ecti,c) granite steets.  

episodes are weil preserved i n  the qtlerfzites. 

mccession of West Greenland and Labrador. 

gmer.stone 3elto t o  tke ncrfh a tzobile 3el;t 5owarda t t e  sv;th of the 

S?e.g:r ;orrain i s  s i x i k r  $0 reia%ior.s ir. soutkerz. Afrha.  

coord.inzted absolz5e age/isotcpic/zke earth elexert  data eze needed before a 
ccr;vir,oir.g model can be erec5ed TC expleir t'qe evoh;ior. cl' The high-grade 

Terrain of souther?. India. 

I~T;3CC'JCTIO!? 

Relics o f  layered .;ltras;raz"!.c-gab3rc- 

Tnere were at least  two periods 

rcreo Zajor d e f c m f i o n a l  

Tkere i s  nuck si .n:i leity Setween tke Sa?g;-= ccnpiex at:& tke Isza-Malene-Vpernavik 

The presecce o f  ycunger Dhamar 

Eowever, nore 

Yaspir& of selecte2 exeas i n  v a r i o x  shields, coupled wiYc absoh te  age 

doterninations, isotopic and experimental studies mostiy during the past decade, 

have helge6 Ln :he .;r,derstm.bir& of the character a-.d evolution of Arc:?asan 

m3i le  *:el 5s. 

ax l  hig3-gzac',e terra.ir:a and t o  saxe extect t ke i r  i~.-1:erreI.aticnships. 

workers (0.g. 3urice e t  a l e ,  1976; Taxmy, 19761 WicAley an8 Smith, 1976; iCrbner, 

1977) b.ve evolved tec5ottc rodels 1131 t h e  Archaean crust based or. coxparisor. 

wf- th  Tlanerozcic f o X  Zeits. 

E?ese s",ud:et; have estab1.i eked the pxesucce of greetstone bel ts  

Scne 

Wcrk or. th.e F'recanbrim of the Indim Penimular shield and particu2arly of 

the Kaniatalxa craton, has only been hade i:! a brcizd regiccal h e r  (see R W . ~  RBO, 

1962; ?ichamith~, 19?6a,3). Or,ly recently has tke stzdy of key areas established 
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t h a t  t h e  younger Dhalwar greenstones unconEormnbly o v e r l i e  t h e  (o lder  than 3 by) 

high-grade Sargar com2lex. 

southe-n Kamatalca, t h e  authors  have mapped an a r e a  of c. 500 km' around Sarpr  

(Fig. 1). Geochemical analyses  have been made by wet chemical and XBF methods. 

\$J t h  a view t o  imderstanding t h e  evolut ion of t h e  high-grade t c r r a i n  of 

GONDWANA AND 
TERTIARY FORMATIONS 

a PURANA GROUP 

a CLOSEPET GRANITE 

ADRAsm DHARWAR SUPERGROUP 

fh SARGUR COMPLEX a 
RELATED ROCKS 
CHARNOCKITE - a KHONDALITE SUPERGROUP 

0 PENINSULAR GNEISS 
COMPLEX 

. . . . . . . . 
. . . . . . . . 
_ . . . . . .  

_so T r i v o r d r u m \ t C  ape j Comorin 

,76' 800 840 

Fig. 1. Locati.on map of t h e  s t u d i e d a r e a o r l a g e o l o g i c a l  map of Peninsular  India  
( a f t e r  Narayanaswamy, 1976). 

LITHOSTRATIGMPHY 

The Sargur schist complex i s  predominantly a high-grade g n e i s s i c  t e r r a i n  with 

huge e m l a v e s  o f  metasediments, remnants of i n t m s i v e  layered ul-tramafic- 

anoi?-thosite-amp,hibolite compl.oxes, and some la te  grani tes , .  Because of i n t e n s e  

deformation, reeul . tmt  i n t e r l e a v i n g  (?) ,  polyphase migmat i sa t im and a.bsence o f  

any primary s t r u c t u r e s ,  no d e f i n i t e  1 . i thostrat igra .phic  framework can be con- 

s t ruc ted .  However, by c o r r e l a t i v e  s t u d i e s  of Sargvr-type rocks from di f f e r e n t  

p a r t s  of Karnataka., Viswanatha and Ramakrishnan (1976) have evolved a strati- 

graphic sequence, a rd  t h e  following i s  a modified vers ion from the  Sargur a r e a  

(j.n decreasj.ng age) : 

and quartz  mica s c h i s t s ,  kyanite-sill.imanite s c h i s t s ,  calcareous metasediments, 

banded magnetite q u a r t z i t e s  (a l l  wi1.1 i n t e r c a l a t e d  b a s i c  s i l l s ) ,  ult,rarriafic- 

anorthosite-amphibolite-metaga,bbro complexes, para-gneisses, hornblende-biotite 

p - e i s s e s ,  g r a n i t e s ,  la te  ga.bbros and d o l e r i t e s .  

quartzo-feldspathj c gnei s s e s  ( p a r t l y  volcanic) ,  q u a r t z i t e s  



STRTJCTITRE 

The Sargur rocks fol low a reg iona l  NS-NNE t r e a d ,  with a regional. nor ther ly  

plunge (I5-m'). 
fo lds  o u t l i n i n g  an o r i g i n a l  broad synforma.1 pa t te rn .  

fo lds  (seen c l e a r l y  i n  the  gne isses)  axe refolded by i s o c l i n a l  NS~fo1d.s and. l a t e  

open f o l d s  t rending N 60' E. 

pnr t icula:r ly  at; the  supposed. Ynobile b e l t f f  contact  near  Gundlupet about 50 km 

SE o f  the  a res .  Banded magnetite quzTtzi tes  e x h i b i t  at l e a s t  t h r e e  s tages  of 

deformation. 

The meta,sediments occiir as l i n e a r  enclaves with i s o c l i n a l  

On a minor sca le  e a r l y  NW 

A l l  tbese  a r e  superimposed by an E-W t r e n d ,  

The following descr ip t ion  of rock types  of t h e  a r e a  does not adhere s t r i c t l y  

t o  the l i t l ios t ra tcgraphic  succession because of t h e  c o n s t r a i n t s  a l ready  expl.ained. 

Metasediments, though l a t e r  th.an some components of t h e  g n e i s s i c  complex, a r e  

d e a l t  with f i r s t  as they were deposi ted cluring a, r e s t r i c t e d  time u n i t  (more than 

3 by) whereas t h e  gne isses  span a l a r g e  time i n t e r v a l  (c. 1 by). 

METASEDIMENTS 

The metasediments of t h e  area conform t o  t h e  quartzite-K-pelite-ca.rbonate 

s h e l r  f a c i e s  of Sutton (1976). 

gneisses  and have been i n t e n s e l y  deformed s o  t h a t  n e i t h e r  primary s t r u c t u r e s  

(except bedding) nor  r i g i d  bi.l.atera1 symmetry of t h e  folded rock types a r e  

preserved. I n  t h e i r  f i e l a  r e l a t i o n s ,  rock assoc ia t ions ,  mineralogy, e t c . ,  they 

show a s t r i k i n g  resemblance t o  t h e  I sua  supracrus ta l s  ( o r  Akilia assoc ia t ion ,  

Bridewater and Collerson, 1977) of western Greenland. 

They now OCCUI as c u r v i l i n e a r  enclaves a m i d s t  

'Banded magnetite q u a r t z i t e s  a r e  extensive.  They a r e  f i n e l y  banded w.i.th 

a l t e r n a t i n g  quartz  and magnet.ite and occur predominantly i n  t h e  southern p a r t  

o f  t h e  complex. 

gruner i te .  Small bands i n  more migmatised a r e a s  develop ferro-hyp, ga,r and 

l a t e  hbl. with al.most t o t a l  absence of magnetite. 

(with more than 80% qz) a r e  in t imate ly  assoc ia ted  with t h e  banded magnetite 

q u a r t z i t e s ,  o f ten  showing well-preserved i n t e r f e r e n c e  f o l d  p a t t e r n s ,  a r e  highly 

manganiferous (with g a r )  and a r e  of ten  c lose ly  a s s o c h t e d  with calcareous rocks. 

They have a mineral composition of qz-mt;-opx-cummingtonite/ 

Fuchsite-bearing q u a r t z i t e s  

+ + 
Meta-pel.ites axe represented by ky-sill-staur-qz-cor-graphite-mt-feldspar-gar 

s c h i s t s  with appreciable  z i rcon.  

mined; they a r e  usua l ly  migmatised t o  para-gneisses with knots of corundum and 

l a t e  t e c t o n i c  kyani te  cross-cut t ing t h e  f o l i a t i o n .  

Ky-sill s c h i s t s  (c. 54% A l  0 ) are l o c a l l y  
2 3  

Calcareous v a r i e t i e s  are present  as c r y s t a l l i n e  marbles with a mineral 
+ + 

assemblage o f  cal-diop-hb-phlogopite-talc-pl 

o r i g i n a l  dolomit ic  composition. Apart from a 4 k m  long band west of Bettadabidu, 

they u s u a l l y  occur as small c a l c - s i l i c a t e  (diop-pl-hb-cal o r  hedenberglte-pl-qe) 

patches amidst s c h i s t s ,  extending f o r  more than 20 km south of t h e  Sargur a r e a ,  

as seen i n  t h e  map o f  Ja.yaram (191'3), o r  as extensive calo-gneisses. 

(An 7576) -gar, i .ndicat ing m 



F i e l d  r e l a t i o n s  demonstrate t h a t  t h e  ul.trcaniafics were emplaced i n t o  the  meta- 

sediments p r i o r  t o  t h e  reg iona l  mignat isat ion episode. 

Tho fi.el.d se - t t ing ,  mineralogy, upper amphibol. i te-to-granulite grade o f  meta- 

morphism and the t e c t o n i c  s t y l e  of t h e  Sargur  mtasediments  are s t r i k i n g l y  

d i s s i m i l a r  t o  t h e  Dha,rwar supergroup, suggest ing t h a t  they a r e  not t h e  deeper 

p a r t s  of the  l a t t e r .  

pa.tterns) and mine:calogy o f  t h e  marbles and banded magneti.te qua-r tz i tes  i n  

p a r t i c u l a r  are very s i m i l a r  t o  t h e  Karijamalai i ron  fo:ma.tions o C t h e  khondali t e  

s e r i e s  and a.3 so t o  t h e  supracrustal  s bordering t h e  S i t ta r ipmdi  anor thos i te  complex. 

I n  a recent  review, Ra,dhakwishna a n d  Vasud.ev (1977) suggest that. the  khondalj-tes 

On t h e  o ther  hazid, t h e  fold s t y l e s  (dome-hasin in te r fe rence  

of t h e  g r a n u l i t e  t e r r a j n  t o  t h e  south and southeast  of  t h e  a r e a  may be higher  

gr3d.e equivalents  of t h e  Sargur -volcariics and sediments; t h e  presence o f  similar 

layered igneous complexes i n  both a r e a s  s t rengthens t h i s  implicat ion.  Similar  

views a r e  expressed by Mahabaleswar and Sadasivaiah (1976) when they s t a t e  t h a t  

the  b a s i c  rocks a.nd sediments o f  t h e  Sat~ur-H~.l.,-ur-Si.vasam.iidrnm a.reas gave r i s e  

t o  charnockites under g r a n u l i t e  f a c i e s  condi t ions.  

The sedimentary o r i g i n  of t h e  Sargtm schisCs i s  in€er red  from the  d i s t r i b u t i o n  

of  the  major elements (Table 1 )  on c/ad-alk and mg/c d i a g r m s  and t h e  negat ive 

t rend def ined by a Ti02/Si02 p l o t  ( a f t e r  Tarney, 1976) suppcrts  t h i s  conclusion 

(fj.gJres no t given). 

GNEISSES 

The predominant gne isses  of  the a.rea,  and i n  f a c t  al.1 t h e  gmeisses oE the  

South Indian s h i e l d ,  have u n t i l  now been discussed under t h e  common l?ea.ding 

' t h e  Peninsular  g n e i s s ' ,  covering a time span of  c. 1.5 by. Attempts at  

c la ,ss i fging these  gne isses  (e.g. Ramaltrishrian e t  a l . ,  1976; Sreenivas e t  a:. , 
1976) have only been on a reg iona l  sca le  arid not based on s t r u c t u r e ,  chemistry, 

age or i n t r u s i v e  events  i n  se lec ted  type a reas .  The following account of t h e  

gneisses  o f  t h e  Sargzu area. i s  sequent ia l ly  based on s t r u c t u r a l  studi-es re la ted  

t o  petrography. 

The e a r l i e s t  gne isses  a r e  quartso-fel-dspathic t o n a l i t i c  gne isses  wi-th a 

mineralogy oE 5O$ q z ,  40% p l ,  C. 109 b i  and accessory z i rcon  and apat i . te .  They 

occur ubiqui tously throiigh0u.t. tbe  Sargur-type high-grade t e r r a i n .  Var ie t ies  

which lack  z i rcons  may represent  ear1.y voleanice. 

a r e  'reworked' gne isses  (o f  mi.xed parentage) .  

gneisses  (40% q z ,  50% fe ldspass ,  10% b i )  with pink K-feldspar au.gen. I n  

genera l ,  they show a hi.gh1y deformed f a b r i c  i n  t h e  f i e l d  and i n  t h i n  s e c t i o n  

and minor f o l d s  may have ax ia l  p lanar  or i -entat ions.  The f i e l d  r e l a t i o n s  and 

mineralogy of these  gne isses  a r e  similar to those i n  Greenland (Amitsoq-Nuk) 

and Labrador (1Jiva.k I and 11). 

But for t h e  major p a r t  they 

Locally t h e r e  a r e  a l s o  augen 

Typical rnigmatitic garne t i fe rous  para-gneisses (with accessory r u t i l e )  i n  



?A:ABL3 1 :  Chenical analyses of type netasedinents of  the Sargur conplex 

1 2 3 4 5 0 7 
SiG Bb.la ~ 7 . 9 6  47.46 54.40 7.69 57.00 58.17 
T i %  0.48 c.26 0.37 3.61 C . 3 3  2.32 3.84 
A&C, 13.?S 3.96 12.50 29.20 0.68 27.63 17.67 
F% 03 3.51 27.83 3.65 2.58 3 .Irl 2.15 1.92 
FeO 1.ir2 ic.68 2 I r . m  1.90 1.64 1.77 1C.02 
IYnC c.02 0.10 0.57 0.01 0.55 0.01 0.03 

0.55 3.25 6.70 5.1b 0.78 1.13 6.92 
CaO 0.37 2.&B 1 . l a  3.3? 47.65 1 . l l  1.92 
Ka, 0 0.15 1.26 1 . I5  3.76 0.22 3.55 0.31 
K2 0 - 0 .;2 0.52 1 .?4 0.39 1.36 C.81 

0.26 C.10 - - 0 .CF 0.06 . 0.21 
p2 05 
F* 0 0 .42 1.50 - - 0.7L 2.25 0.67 - - - - 37.68 0.12 - co, 

TOTAL 99.09 93.90 99.78 99.71 98.60 100.66 99.&9 
- - - - - - - 

1 = qt.  quartzite;  2 = T 27, BMQ Toravalli; 3 = SC 18 g t .  cummingtonite 
quartzite I of Bet5ada bidu; 
l h e s t o n e  3ettada bidu; 6 = S 145 sill-ban-sta-qtz-plag-schist, E o f  Doddabetta; 
7 = SK 88 gt-sili-bi-Flag-qtz-gneiss. 

= I 213 kyanite schist;  5 = B crystall ine 

p h c e s  v i th  Lete kyazLte and corur.dirr? are extensive. 

~ ,v:t:i ._ 
2.q: qz. a.-.d 57; 'ti 0cc-z Iccaily. 

Sheets of pink granite 

a ceta-a.r%csic (?) aFpearance w.& i~ nineraloar C-C 5 6  K-felaspar perthites,  

!?io%ite-ri& pol.iSic gzleisses are intimateiy associated with antnophyiiite 

(ge~x-~-tic)-:~~l-ruz gneisses, grade ic5c ortco3-rcxene-Searir3 t y p e s  ( 'aci6 

charncck.%?es': 

by veins of dominantly plagioclase-sicn ieucosome material. 

3rthoypoxere-'3earing g-eisses ir. ti? Sargx-iSTe k-ig3-grabe t e r r a i s  (Janardhan 

end ?mac3.a.clra, 1977; ZiauSCiR ssld %CRV, 1974; Baxeirsar e t  al., 1976) 
i.n6icates local  attainment c l  g r a m l i t e  facies ccnditiozs. 

(tlzis vchme) suggest that  t:?e greenstxe-Geiss  cox>lexes of iIo1lemmip.z 

(eqiiuslent t!: SzrgJr) ar.6 Kclar cccld ?%ve beer. Yce ?Ereat xzter ia l  f c r  Pkzth 

h o o t  g w x i i t e s  (ctarnoc;cites). 

3C$ cp., 205 opx, 2.5% p l ,  -iC$ an<ho, 5% 5; )  and are  traversed 

The presence of 

Iysr and Kutty 

Em secccd s ~ ~ u 2  of gxeisses are  -traded h~rYolenIe-bictite m C  3iotLte t j e s  

terive6 3y rigxit iszticm of : ? o r r - ' ~ l e n c . e - ~ r ~ ~ ~ ~ ~ ~ e s .  The bax?icg cf the rock i s  

af?eci;ed by varyixg degrees or" ni.g.atisatFcn, wit;h the resul t  that  the rock ts 

::etemgeneoi;s with rez'erence t o  i t s  xiseralogy and texture. T2e horrY':;lecde- 

b i c t i t e  g-eisses,  v k k h  resenW.e the 'F'eniEqilzr gmisses' aromd Bangaiore, 

mxr extensively t r ,  $he scutc of the area. 

%e 5 i i ~ 5 .  ar-d t:?e y s a g e s t  e ~ v q  consists of egx?ttes and g r m i t i c  p-eisses. 

?key $reEd ro.a@ly I? 6C3 E (Jayam?, 1973), occur a:: sheets probanly relate6 t o  

the l a t e  N 60' i3 cgen fo ids ,  aza m y  represent the anacectic phase of the 



A 

Na20 K20 

A Gneiss from Tamilnadu (P.R.J.Naidu 1963) 

o Peninsular gneiss (Naqui et -a1 1974) 
Gnrisa from Sargur Complex 

Fig. 2. Plots of Sargur gneiss along with gneiss from Tamil nadu and 
Peninsular gneiss showing calc-alkaline trend. 

regional migmatisati.on. episode. 

Major elements (Table 2),(a,long with data f r o m  the Tamil nadu area, define 

n calc-alkaline trend in an AFM diagram (Fig. 2) and show a calc-alkaline 

affinity in the Si0,/Ti02 diagram of Tarney (1976) (figure not given). 

ratios, which are 400-IOOO (Fig, 3a), and K/Ba values (Fig. Jb) lie in the 

fields of the Ancient Gneissic Complex and Kaapvaal area in the diagrams of 

Lambert et al. (1976). 
and typically fa.11 i.n the field of amphibolite grade gneisses. 

K/Rb 

They significmtly fall away from the greenstone fie1.d 

MEIPA-BASICS 

The basic rocks of the area are intimately associated with the metasediments 

and gneisses and can be broadly classi.fi.ed into three groups according to their 

age. They now exhibit an mphibolite-to-pyroxene granulite grade of metamorphism. 



TABLE 2: Chemical analyses of gneisses 

SiOB 
TiO, 
A12 0, 
Fe, 0, 
FeO 
MnO 
MgO 
CaO 
Na, 0 
K20 
p2 05 
%!o 

TOTAL 

Cr 
Ni 
cu 
Zn 
Rb 
Sr 
Y 
Ba 
La 

- 

cc 

1 

72.10 
0.18 

14.20 
1.27 
0.28 
0.16 
0.75 
2.00 
5.10 
1.20 

0.94 

98.18 

- 
- 

I 

- 
- 
- 
- 
- 
- 
- 
- 
- 

2 

70.57 
0.22 

1 4 . 9  
0.88 
0.40 
0.14 
0.16 
2 .LO 
4. 20 
4.30 

1 . a 2  
- 

99.59 

24 
2 

- 
- 
- 
- 
- 

81 2 
64 

120 

3 

71.83 
0.39 

13.22 
1.51 
0.70 
0.26 
0.84 
1.80 
3.72 
3.63 
0.13 
1.51 

99.54 

16 
24 
14 
52 
83 

239 
21 

936 
43 
70 

- 

4 

49.10 
1.10 

21 .I0 
3.30 
5.37 
0.20 
9.60 
0.90 
4.50 
3.60 

1 .I6 

99.93 

- 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

5 

72.25 
0.28 

13.14 
1.01 
1.52 
0.06 
1.91 
2.56 
4.10 
0.80 
0.03 
1.57 

99.23 

51 
29 
26 
49 
18 

118 
86 

194 
33 
61 

- 

6 

70.05 
1-14 

11 .hl 
2.64 
2.46 
0.06 
2.64 
3.57 
2.68 
1 .18 
0.21 
1 .27 

99.31 
- 

10 
34 

7 
120 
13 

110 
91 
40 2 
250 
380 

7 8 

78.89 71.11 
0.15 0.40 

10.09 13.84 
0.08 3.38 
1.24 - 
0.05 0.07 
0.62 1.16 
0.82 2.73 
2.69 5.37 
3.66 1.62 
0.05 - 
0.56 0.92 

98.90 100.60 
- -  

10 - 
28 - 
19 
1 7  
4 2  - 
39 

191 

56 - 
96 

- 
- 

- 
- 

5’26 - 
- 

9 

71 . l l  
0.55 
9.08 
0.73 
2.10 
0.03 
9.99 
1 .oo 
4.27 
0.28 
- 

0.68 
- 
99.82 

57 
6 

- 
- 
- 
- 
- 
14 
64 

145 

10 

61.57 
1.35 

14.02 
3.08 
3.64 
0.04 
4.38 
6.23 
2.33 
1.10 
0.10 
1.68 

99.52 

77 
28 

- 

- 
- 
- 
- 
- 
- 
- 
- 

11 

74.04 
0.26 

12.83 
0.68 
0.44 
0.14 
0.44 
2.01 
3.75 
3.76 
0.11 
1.20 

99.66 
- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

12 

53.86 
0.19 

21.41 
0.87 
1.28 
0.10 
5.08 

10.07 
4.92 
0.92 
0 .Ol 
1.01 

99.72 

49 
59 

- 

- 
- 
- 
- 
- 
- 
- 
- 

3 = I M 1 6  1. = S332 quartzo-feldspathic gneiss, canal section, W of Motha; 2 = S 75 quartzo-feldspathic+bi+gt gneiss; . 
augen (pink) gneiss, Mavinahalli; 4 = S 309 kyanite gneiss, Chikkadevi betta; 5 = quartzo-feldspathic gneiss+ hb 
(average of 3 analyses), Sindhuvalli; 6 = bi+hb gneiss (average of 4 analyses), Doddakanya; 7 = SK 79 biotite gneiss, 
Doddakanya; 8 = GM 5 migmtitic gneiss, Sriramgudda, Gwdlupet; 9 = K 23 (acid-looking) charnockite, SW Hullahalli; 
10 = SK 187 gt+hb+bi+feldspar gneiss; 11 = SK 185 pegmatitic gneiss; 12 = SK 178 antho+plag+K-feldspar+qtz gneiss, 
Nos. 10-12 specimens from included gneiss in the ultramafic body, Doddakanya. 

2 

W 
W 
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TABLR 3: Mean cht:mical cornposit.iori o f  anphiboliLe:; comparcd with oLhcr b a s i c s  

lL8 .96 
1.25 

15.70 
2.7 i 
8.79 
0.10 
8.1 i 

10.02 
2.50 
0.50 

1.56 

100.56 

- 

- 

50.90 
0.02 

1 Jl.01 
2.99 
ti. 46 
0.10 
7.51 
9 .76 
2-08 
0.45 
0.1" 
2.01 - 

99.4 I 

45.94 
0.93 

11.26 
1-51  

11.26 
0.19 

11.91 
9.75 
2.10 
0.211 
0.1(? 
0.88 

43 .u7 
1.03 

14.52 
%.OIL 

10 . 213 
0.23 
7.22 

10.?2 
2.00 
0.39 
0. 27 
? . I8  

50 . 554 
0. hi3 

12.05 
1 .%O 

10.87 
0.21 
8.56 

I1 -00 
2.16 
0.7h 
0.07 
1 .I7 

irii.07 
0.81 

14.79 
1.58 
8.95 

13.'itL 
1.69 
0.38 
0.21r 
2.22 

0 * ?? 
6.117 

54.00 
1 .l;i 

12.96 
3 .08 

11.6? 
0.13 
3.81 
7.66 
3.11 
0.40 
0.15 
1.75 

99.1.3 99.53 99.9 100.16 99.33 

lr9.yJ 
1.51 

8-70 
0.17 
'7.20 

11 -80 
2.70 
0.16 

17.20 
- 

- 
- 
- 
99.3h 

9 

llY.20 
1-39 

1 .5.50 

9.20 
0.16 
il ..;(I 

11.10 
3.70 
0.26 

- 

- 

1 0 

51.20 
0.96 

15.20 

1.07 
0.22 
h.iL0 

10 .*(O 
2 .80 
0.20 

1 .'O 

- 

- 

89.95 

11 

51.60 
0.10 

15.90 

ii.50 

6.70 
I1 .70 

2.40 
O.lii,  
0.1 1 
0.45 

- 

- 

- 
99.10 

- - Zr 169 9 2  55 ILi; iilr 50 ? 5 100 70 
- 70 '7 1 1 30 121 1112 200 

1 0 5 
Sr 171 170 114 
Kb 6 3 31 26 109 1 

1 2 3  5'7 - Zn 31 96 9~3 ti 9 
cu j r6 J L ~  8 7 'i 3 81 - 
Ba 7 0 7 0 92 116 115 ti6 134 1 4  1 2  - - 
N i  56 132 420 100 I47 107 53 9 '7 123 116 10 
C r  171 21 2 117 3 17 599 50 5' 29 397 29 6 40c 50 

- - 
- - - 
- 83 51 77 ti7 111 

1 = K20 hornbl.ende granul i te ,  H u l l a h a l l i ;  2 = A v c r a g e  of 33 diopkgt-bearing aniphibol.itas; 3 = SK j-,2 two pyroxene 
gra.nul.ite, Doddakanya; 4 = Average of 1 4  nmphibolites, Ilunter b e l t  (Col lcrson et al., 1976);  5 = Average of 
amphibolites, Saglek area (Collerson e t  a l . ,  1976); 6 = Average o f  6 diopsido-bcaring m p h i b o l i t e s ,  H u n t o r  bclt,  
(Collcrson rt  Lt., 1976); 7 = Average of 4 garnet i ferous amphibol2Les, Iiunier b e l t  (Collerson e l  al., 1?7h);  
8 = Avcrage of 10 occanic t h o l c i i t c s  (Engle eL  al., 1965);  9 = Averagc of 98 oceanic t'rio1eiitc.s ( C a m ,  1971); 
1 0  = AveraiTc: of 8s metztbasalts (Glikson, 13'71); 11 = Average o f  basaits from i s l a n d  31-c t h o l c i i t c s  ( J a k e s  and 
Whitc, '1971). 



The first group of highly permeated basics can be further divided into (a) 

hornblende-granulites (pl-cpx-brownish green hbl-gar-opx-qz with occasional 

antho) , and (b) amphibolite (bluish-green to grass-green hbl-c;rx-gar-qz-sph). 
The hornblende-gra~illlites are typi,zally associated with the high-grade 

mignmtitic gneissic horizons and vary from remnant bands to agnatitic blocks, 

and can be confused with retrogressed two-pyroxene granulites. In the northern 

part of the area the a,mphibolites occur extensively with bands of crystalline 

limestone and quartzite. 

The second group of ba.sics are metagabbros (pl-cpx-hbl-gar-qz) which in 

places transect metasediments. Coarse-grained hornblendites with a little 

plagioclase and greenish diopside (usu.ally dtered) occur as cross-cutting dykes 

in the axial planes of folds. 40%- 
brownish hbl-mlt) - the basic charnockite of earlier workers - i.nva.riably 
exhibiting pseudotachylitic veins, traverse the quartzo-feldspathic gneisses 

and are folded with them. These two-pyroxene granulites show only margina.1 

migmatisation and are connected with the ultramafie rocks both in their chemistry 

and field relations; they might represent the gabbroic part of the ultramafic/ 

anor-tbosite suite. 

Late two-pyroxene granulites (opx-cpx-pl An 

The A F M  major element chemistry (Table 3) of the basic rocks shows a tyyical 

iron enrichment trend (Fig. 4) , while the anorthosite-gabbro association of the 
area (d.iscussed in the next section) exh.: .bits a smooth calc-alkaline trend 

(Fig. 5). 
anorthosi-te complex and the metavoloanics of the Holena,rsipur schist belt (Iyer 

and. Kutty, this voliune). %henen plotted in t,he diagram of Rivalenti (1976) there 

is n o  variation in A1 0 -CaO-MgO levels related to FeO/FeOtMgO (Fig. 6), thus 
2 3  

defining a tholeiitic trend. In the diagram of Kuno (1966) (Fig. 7) they 
scatter across the fie1.d~ of tholeiitic and high alumina basalts. Geochemistry, 

particularly of major elements, is not an adequate criterjon for deciphering an 

island arc provenance implied here (which to a certain extent is confirmed by 

K/Rb values which generally range from 400-1200 ppm, similar to the values of 

arc basalts, Condie, 1976), or other tectonic environments in the Archaean 

(Gum, 1976). 
Ti/Zr and Ti-Zr-Sr/Z ratios plot in the ocean floor basalt and low potash 

tholeiite fields of Pearce and Cann (1975), which differ from the highly 
scattered and cdc-alkaline nature of the Dharwar metabasalts (data from Naqvi 

and Hussain, 1975) (Figs. 9a and b). We present these diagrams to emphasise 

the different composition of the two rock suj.tes. 

ULTRA.MA.FICS AND THEIR ASSOCIATED ROCKS 

Similar bimodal trends are also shown by the ultramafic-gabbro 

The K/Rb values define a low K-tholeiitic field (Fig. 8). The 

Serperitinised and chromite-bearing ultramafics are dominant and characteristic 

of the Sargur high-grade terrain (Radhakrishna, 1976). They occur as linear 



0 Ultromaficr OAmphibolites 0 Pyroxenrgronulitrr 
N0.p+K20 

t Felrite 

Pig. 4. Plots of illtraacafics and basics of the area. Note t h e i r  typical iron 
enrichnect trefid. 
at Dodtakanya i s  alsc  inclucled. 

Plot o f  f e l s i t e  dyke cat t ing the ultramafic body 

discontimous bodies and are w e l l  emosed i n  the northern pa,-ts of the mea 

(3g. 10) simiiar t c  those i n  the high-grade Holenarsip-m, Xuggihalli be l t s  

(Raw Rao, 1962; JwarcGian w& Srikantappa, 1976; Viswanatna wed Ranekrishnan, 

1576). 
by the presence of a tectonically 'include&' gneissic block within the Dodkanya 

ui t ranaf ic  3ody. 

They were ernpiaced i n t o  the Sargw supracrustai rocks, as is  demonstrated 

The *Jltranaffios ere predominar,tly herzburgitic and have a crude 'zonati.on' 

with ccres cf dunite-3arsburgite-bronzite 2eridotite-broczit i te m d  rim of 

t i taniferous magnetite-rich gabbro (as a t  Kuggihalli, Pandit, 1973) and they 

are traverse& by Sasic dykes (now xetamcrphosed t o  two-pyroxene granulLtos) as 

seen within the Dodkanya a l t r ana f i c  body. 

m e  often nylonitised and i n  places exhibit thernal a-lreoles. 

respects, +hey resemble the Emigrwt Cap ul t ranaf ic  complex (James, 1971). 

The cortacts of the ul t ranaf ic  rocks 

In these 



FeO+ 

N a20 t K20 

0 Sittampundi Anorthosites 0 Gt.Granulites , Sittampundi 

] Sargur Complex + Anorthosites 

0 Pyroxene Granulites 

Pig. 5. Plots of anorthosites and. pyroxene granul-ites from Sargur complex 
along with Sittampumdi anorthosites and garnetiferous granulites 
indicating a smooth calc-alkaline trend. 

In thin section, the ultramafics exhibit tightly packed equant olivines, 

often poikilitically enclosed in orthopyroxene. The cormon mineral assemblage 

is 01 (Po 04-92%)-En with occasional cpx and late tremolite. Antigorite is -the 

main serpentine mineral with minor brucite. Spin-ifex texture was  reported^ in a 

serpentinite occurrence, close to the wes-tern margin of the Chitradurga schist 

belt by Viswanatha et al. (1977) ,  but we have observed no such textures in the 

area which cmmonly survive relatively high-grade metamorphism and deformation 

(Amdt et al., 1976). 
in width from 0.8-1.5 cm). 

of the chromite layers from steep to vertical and later brecciation indicate 

The ultramafics exhibit chromite layering (layers vary 

Chromite al.so occurs in pods and as veins. Inclination 
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and ezqkiholites of the azea. 
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Xote f t e i r  f l e t  t rerd 'n k1203, CaO a.6 
Fig. 6. FeO/FeW@O vs A1203, CcO, FgO (Riwlen t i ,  1976) Giagrmn of x i t r a m s i c s  

and ezqkiholites of the azea. 
y-0 ec - levels i-cicating t k c l e i i t e  na twe.  

Xote f t e i r  f l e t  t r e rd  'n k1203, C a O  a.6 

ycs t - c rys t a i l i s z t im  ieform$ion, es sugges'ec jp C&rzjcrtk;J (1972). 

01-talc-dolomite) t o  Norwegian Sa$vandites (Schreyer e t  al., ?972), border the 

u l t r a a f i c s  an6 o c c - a  a8 u'2iquitov.s r e l i c s  witkiri the  gneisses (Jmxadkan mxl 

Srikazba>?a, 1977). Tkis w i n  deaonat-ates t he t  regiocal r i gna t i s a t ioc  has 

zffectee 2x6. re=?lysfzlIised +he ulti.amSias a d  a l s c  i l l u s t r a t e s  the ro i e  of 

~n plzces rass ive  g r e e r i s i  rscks,  s:nAlar i n  riserzlogy (cgx-sr.trezolite- 
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Fig. 8. K vs Bb p l o t s  f o r  bas ics  of the  a r e a  ( a f t e r  Paylie and Shaw, 1967) 
c l e a r l y  showing low K-tholei i te  t rend.  
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P C02 i:i tke  r eg iona l  x t a n o r p h i s e .  

+ i r e  ir. t h i s  ?art  o f  5k.e Lrchaem o f  Ii-.dia, inay have 7cri.der ag? l i ca+ ion  as i n  

:ut.ze .ii!ey ~ . e y  serve es narka r  h e r i i o n s  
kr. v 3  h c r e ,  . 1977). 

3 e s e  assenblages, r e g c r t e d  for t k e  f i r s t  

c o r r e l a t i v e  purposes ( e s  suggested 

A f t e r  t h e  discovery of k c m a t i i t e s  i n  ';he Barberton a r e a  (Viljonn and Vi l joen ,  

1969), nuc:? e t t e n + i o n  .?:as ?aid t o  i5e:;tifyir.g s i m i l a r  r ~ c ~ s  ir. t h e  ~ n d i a r  s h i e l 6 .  

>13ts 3f abou5 t? . i r ty  AtzaT.af ics  she.+: ar. i r c n  enric:?rent trerid i n  ar. k M  

ciiagrz. ( ~ ' i g ,  L ) .  ~ r .  t:ce o r i g i n a l  a i a g r a i s  oi 7:iljoes m 5  ivi-;cer. (~igs. 1 1 a , b )  

slceJ clearly fill in ;he T ie ids  of ncrr.iai p e r i d o t l t e s  a?.d ' l iDlei i tes ,  ,,iii.j.le s0rr.e 

bas ics  T i e  3 t?.e kc.;.akiitic f i e 1 2  d.ie t o  t h e i r  hig3.Ly retrogressed.  a c t i m i i t e  

c o r t e z t .  

maiics from t ne  sane area on t h e  b a s i s  o f  conceaied. averages.  Nesbitr, es ai. 

(ge r s .  ~ 3 7 ~ ~ .  ) c a t e g o r i c a l l y  s t a t e  t?.et -heT.ls;ry d c n e  i s  r.cu e s u f f i c i e n t  

c:iT?r:,cx to d i a g o s e  korr.atiii,es beca.;se 5.le sane c:ie:cistry can also be sP.~.~m b y  

i ract iona;ed c m A z 5 e s ;  ske text.;.re i s  tke  nos t  i.ny;crtanu c r i t e r lo r . .  R o c ~ s  o f  

k c r e t i i ; i c  zffizit : ;  res: on ccng1enera:es a.c,ve a s e i s s i c  'casexer.s i n  souukern 

Afr ' icz (Pic4l.e e t  a i . ,  1975). 
t e  a r e e  s'r.wz ir, d i a g r w s  after Xeld re t t  zr.6 Cakri  (1976) (Figs .  1 2 e , b )  i s  

cons i s t en t  w i tn  t h e  ex i s t ence  of an e a r l y  8ia;ic c rus t  belev: t h e  SaTmr supra- 

cr.;sL,ale, wSici: i s  f3J-tke-r s.&ipported b;r t h e  occwrence  cf  !ir,cl-Jded gceiss! 

v;lt:*.iE the  Dodsmya i i l t r s c o f i c  '305~. 

_ I .  - . 

Div;&ar 3.20 e; al. (1975)  r e p o r t e c  the presence 3f kcxat  

The c h e c i s t r y  o f  t h e  ultramafics (Tzbie 4 )  o f  

~ k e  .;:tzar.zfics ci 5k.e erea shcv k. igt  ~a val.ies (average 150 pyn) u.6 t h e i r  

3.b, ~ r ,  S r  xri Rs/Sr re+ios a r e  ver3- s i T . F l s r  uc +k.ose -f mezagecidofiues i n  

Lal i~ador  (Co l l e r scn  e t  a l . ,  1976). 
Ir. rec%r.t yea r s  rany gabbrc -azc r thcs i t e s  i.:itLi cu: a t e  5ex tu res  have b e e l  

reyor.';ed f r o 3  tt.e Sacg~.:? ?.:g?i-gra&e :errerns  :r. Karraseka an5 adjofr.i::g Kerala  

Sta-ie ($isuw.a;>e, ar.6 Rariakriskxr., 1973 ;  k i r  e t  z.1. , 1 9 7 6 ;  2anakrish:p.ax ar.2 

:Jdlika.?juna, 1976; 7\7i6Ln.;raBkarar. 8;  2,:. , 1977; 2anardkm aqd Rsrachar.dra, ir. 

p r e s s ) ,  

vaq: f rorr  a few c e r t i r r e t r e s  tc k i lone t r e - s i zed  ?l:;.tc::s end e r e  s p a t i a l l y  

( c l o s e l y )  a s soc ia t ed  with the  u l t r a m a f i c s ;  they r e g r e s e n t  t he  fragmenteci remnants 

o f  ultrarr . .a^ic-anorthcsite-ga.o~rc complexes. 

. .  

4. 
These So6ies  ?.eve a yineralogy cf cpx-pl v i t h  fin 5C-80yTcpx-late kkl-gm 

It Cs signi?ics;- . t  t c  note  here  thz5 t?.e S i t t a n p w d i  s.r .orthcsite ccnplex 

(Jmar2m.r and Leake, 1975; :?'ir.dley zllld Selvzn, 1973) .#:as ex2laced i n t o  neta-  

s ed inenss  ( s i l l -ky -g raph i t e  g e l i t e ;  i rons$one;  T.arSle) s i n i l a r  t o  t k e  Sargms. 

But t h a  S i t t x p u d i  a n o r t h o s i t e s  a r e  ch rcn i tn  bea r ing ,  car ry  h igh ly  c a i c i c  

p l ag ioc la se  (As c. 9 2 $ )  ar.6 a r e  assccia-:ed wit3 i n s i g n i f i c z , ;  r.onc~.rorr.ite-bearing 

ulsramafics - very d i f f e r e n t  froin t h e  ul t rs ; r ,ar ' ic-gabbro-~ior thosl l ta  conplexes 3f 
t'ne Sargz - r  b=--c in .  n.nr - PLS t k e  S l t t m p u x d i  er.d Sargur a r e a s  zigl-t  Se1.or.g t o  

d i f f e r o c t  negazones i n  an Archaem c c b i l e  3 e l t  (Wir.6ley, pe r s .  corn.) 



TABLE 4: 1 
Sargur  complex 

1 

SiOz 38.7L 
T iG,  0.18 
Al,O, 1 .8C 
F+0, 4.77 
FeC 3.66 
I,h0 0.16 
big0 39.90 
Ca0 0.90 
K+ 0 0.22 
ii0 0.07 

0.02 

2 

53.62 
0.33 
2.45 
1.07 
8.76 
0.22 
28.17 
2.76 
2 .46 
3.34 
0.22 

1.21, 

99.31 

- 
- 

7 
2 

47.14 
0.62 
I -: 
4.2, 
3.37 
12.90 

23 29 
6.17 
0.;1 
0.37 
0 .05 
1.06 
1.57 

99.65 

0.:; 

- 

4 

50. 53 

6.19 
1 a91 
8 . 2 3  
0.45 
16-24 
12.37 
0 .LL 
0.16 

0.76 

0.08 

2.53 

99.89 

- 
- 

5 

L6.12 
0.26 
29.60 
0.85 
1 .;I 
0.10 
3.65 
13.20 
5.OL 
0 .h8 

0.25 

130.96 

- 
- 

- 

6 

19 .C9 
0.26 
23.X 
1 .52 
3.40 
0.05 
6.66 
8.80 
5.06 
0.69 - 
- 
3.13 

90.96 
- 

7 

47.15 
0.98 
15.b2 
2.58 
7 * 9 2  
0.06 
12.63 
7.82 
h.20 
0.34 

3.3.5 

- 
- 

a 
46.73 
3.91 
16.6C 
0.53 
8.54 
0.08 
12.00 
9 .03 
3.94 
0.3L - 
- 
0.06 

99 -43 

1 = Average o f  21r a l t r a n a f i c s  (dominantly haraburg i te ) ;  2 = pyroxenite; 
3 = Bronaite p e r i d o t i t e ;  L = Hornblendite; 5 = K 99 leuco-anorthosi te ;  
6-8 = Gabbroic a n o r t t o s i t e s .  

99.73 

This then suggests t h a t  t h e  Serg;rs c G L d  be ea-;ated w i t k  3 . e  1,:essir.a fcmz5ion  

of sc-;.t?.ern Afr ica .  

CONCLUSIONS 

A discussion on t h e  i n t e r r e l a t i o n s h i p s  between t h e  Sargur high-grade rocks 

zr.t f k e  y?.mser D%ar.;ar s';.>ergrcu? and. the  -:-amockise-k.oncnaalLfe ' c o b i l e  3 e i t  

o f  sc-itherr. I r L a  i s  cniy possi .de as presext  or an e n a i r i c a l  * a s i s .  This i s  

:ar:i-y Deceuse cf lack 31 f a b r i c  st-;.BFes c? i e y  a reas  ir. S-.e t r a m t t i s n a l  zcres  

zr.d cf a'cso1,;e age a-r.d i s c t c a i c  Bata ccnstreir.cs. 325  f k e  F r e s e r c e  o? an 

.;nccr._'orni:y as ?Scler.arsipr;.r, 3e;s;een tl-e Dhemar su>e?gro.;.? ar3 k e  !-.+$.-grade 

r o c i s ,  ar.d tl-e di i r 'erezce i n  $he vo1.L.e an6 ccr..~oei:ien o f  the 3 a s i c  rccks i n  

the t.*:o ervircr-yer.;s i s  s ig- i i l icar i ;  an5 negates  the  vie-$: sl-as Sergxr-5;Te r o c i s  

recresent  $he rcct zones o: a D?.ar;,iar greersTcne bel:. On :ke other  hard,  ;ke 

Sargur sc?.ists are ccri.;areble wit3 she ce tasedinents  ol" a 'charnockite-:~~.o.onBalite' 

. - .  

1 -  , , ,cs i le  . b e i s ' ;  s t e y  may represent  once-continuous piasformal associasions.  ihid 

s x d y  has revealed :ha: t h e r e  a r e  marked resemblances between t h e  Bargz and the  

Isua-:*iaier.e s.;.ccessiei?s of 'Nest Greenland: b o t h  have a l a t f c r n a l  l i t k c l o g i e s ,  

lack coheren: l i t l ios t ra t igraphy,  have twc tees of u l t r ~ a f i c - g a b b r o - a n c r f h o s i t e  

iayered i n s r J s i v e s  a rd  e i i i j i t  bi-cdel ~ . a ~ ~ . a t i c  t rexks.  On a reg icna l  scale 

t h r e  i s  nuch s i c i l e r i t y  :i.ith re la t5ons  i n  s x t h e r n  Afr ica  (Coward e t  el., 1976), 
,&ere d i l f e r e r t  t s y e s  c? greexstore  b e l t s  o c c ' z  with hi&-grade rocks  i n  a 

r.ct.ile b e l t  (Linccpo)  . 



14.7 

I;-? -1- - 3' . ~ ~ n g  ._. t h i s  arelcgy t h e  Sargors rright r eg resen t  t k e  ' con5Fre r t a l  ?ror.t' 

i n  a greenstorie-high-grade-mobiie be;t sequence (iCrBner, 1977) .  

:he Sergurs evolved Sy p iaze  noveceirts r e g r e s e n t i n g  t:ie deeger l e v e l s  c f  2reser.T- 

day Cord iL le rm be:ts (WinLey  ad^ S n i t h ,  l 976) ,  o r  by ' s agd-x t i c r , '  a s  sroy;esed 

'cy Coo$,,!iii ( pe r s .  c c c ~ . )  i s  zn open quest ion.  In u n e p i v o c a i  s o i u t i o n  may oniy 

be c - ~ z e t r , e d  a 3 e r  conple ' , icn cf ccordineted t ee t e r - i c  m d  gecckenical  szudies .  
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ARCHAEAN GRAVITE SERIES AN3 THE EARLY CRUST, KALGOORLIE SYSTEM 
WESTERN AUSTRALIA 

A.Y. Glikson 

Bureau of Xineral Resources, Geology and Geophysics 
Canberra, ACT Australia 

The relacions between granites and greenstones in parts of the Eastern Goldfields 

Of Western Australia are exasined in the light of recent stratigraphic, geocheslcal 

and isotopic data. A general increase in the K O/Na 0 ratio of granites with time is 

indicated. Two plutonic suites are distinguished: (1) an early granodlorlte-tonalite 

suite intruded at anticlinal positions into stratigraphically low volcanic-sedimentary 

sequences (early greenstones), and ( 2 )  late adamellite intrusions which in places 

pierce stratigraphically high sequences (late greenstones) discordantly. In the first 

suite low LIL (large ion lithophile) element abundances and low initial Sr /Sr 

ratios militate against a derivation by ensialic anatexis, and are consisEent wlth 

partial melting of greenstone assemblages. 

xenoliths within these plutons as well as in undated granite an8 gneiss terrains 

which surround the greenstone belts, and observed transitions between trains of such 

xenoliths and stratigraphically low greenstone units, confirm the view of the latter 

as the oldest rocks recognized in this region. The origin of gneiss enclaves within 

the granites is interpreted in terms of their derivation from high-grade root zones of 

the batholiths or formation and deformation along repeatedly dislocated sarginal zones 

of the plutonic bodies. The parallel orientation of metamorphic iscgrads in green- 

stone belts and the margins of early granites is interpreted in terms of regional 

thernal effects by the latter. Beca.use of the abundance of metastable relic pkgl0- 

clase in the amphibolites the composition of feldspar can not be Gsed as a prograde 

metamorphic indicator for these rocks. A conparison between plutonic, volcanic and 

sedinentary assenblages of Archaean ar,d Proterozoic domains in Australia indicates a 

contrasting nature of their basement, interpreted as simatic and sialic, respectively. 

A11 the available evidence points to the fornation of the Archaean granite-greenstone 

systerns by progressive and diachronous cratonization of an early simatic regime. 

2 2  

a 7  a6 

T:he widespread occurrence of greenstone 

1.WRODUCTION - 
The relations between Archaean granites and enLlosed supracrustal assemblages are 

the key for the interpretation of early crustal evolution. In the Eastern Goldfields 

of Western Australia (Fig. 1) these relations, where 8irectly observed, are in the 

main intrusive (Williams, 1970, 1973; Doe.sel, 1973; Willidxs et al., 1976; Gee, 1976; 

Gemuts and Theron, 1976; Gower and Bunting, 1976; Glikson and Sheraton, 1972; Glikson 

and Lmbert, 1976; Hallberg and Glikson, in press). However, where granites are 
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faulted against, or crop out away from greenstones - their temporal significance 

cannot be directly determined in the field. This problem is compounded by the 

exceedingly poor outcrop in the Eastern Goldfields region and by uncertainties 

inherent in the interpretation of isotopic age data. Two contrasting schools have 

Fig. 1. distribution of granites and greenstone cycles in parts of the Eastern Gold- 
fields region, Yilgarn Block. 
l(a) - a sketch map of the Yilgarn Block (after the Tectonic Map of Australia 
and Gee (1976). 1 - Southwestern Province; 2 - Murchison Province; 3 - South- 
ern Cross Subprovince of the Eastern Goldfields Province; 4 - Kalgoorlie Sub- 
province of the Eastern Goldfields Province; 5 - Laverton Subprovince of the 
Eastern Goldfields Province; 6 - Albany-Fraser Province; 7 - Mount Barren Beds; 
8 - Albany-Fraser Province; 9 - Perth Basin; 10 - Gascoyne Province; 11 - 
Bangemall Basin; 12 - Nabberu Basin. MI - Meekatharra; D - Deimals; E-Leonora; 
L - Laverton; K - Kalgoorlie; C - Coolgardie; I - Widgiemooltha; N - Norseman; 
LJ - Lake Johnson. Framed areas indicate the location of Figs.lb and lc. 
Solid - greenstones; dotted - sediments; horizontally ruled - acid volcanics; 
stipled - granulite and gneiss; blank - granite and granite-gneiss. 

ensued regarding granite-greenstone relations in, and the genetic interpretation of, 

the Kalgoorlie terrain. The first views stratigraphically low greenstone sequences as 

the relics of an early simatic crust (Glikson, 1970, 1972a; Glikson and Lambert, 1976), 



whereas the other interprets some granites and gneisses in this region in terms of a 

pre-greenstone sialic basement (Archibald and Bettenay, 1977; Binns et al. 1976; 

Oversby, 1975). The first approach emphasizes reconstructions of the primary 

stratigraphy and geochemistry of the greenstones, whereas the second school uses 

inferred structure-time correlations and metamorphic domain classifications. Currently 

a coexistence of simatic and sialic crustal domains in Western Australia during the 

late Archaean is favoured (Gee, 1976; Hallberg and Glikson, in press). The aim of 

this paper is to examine basic assumptions and criteria inherent in the interpre- 

tation of granite-greenstone relations, with particular attention to the significance 

of the plutonic rocks. 

CLASSIFICATION OF GRANITES 

Central to the granite-greenstone problem is an elucidation of time-rock sequences 

within both supracrustal belts and plutonic terrains. In recent years detailed and 

regional mapping in the Eastern Goldfields has given rise to consistent stratigra- 

phies in the greenstone belts, indicating the existence of at least two, and possibly 

a larger number of, volcanic-sedimentary cycles (McCall, 1969; Glikson, 1972b; 

Williams 1973; Gemuts and Theron, 1976). A similar dichotomy of greenstone cycles 

has been recognized by Hallberg (1976) in the Murchison Province and Southern CrOSS 

Subprovinces of the Yilgarn Block. In contrast, the nature of granite- and gneiss- 

dominated terrains remains largely unknown. One question is whether the gneisses 

represent deep-level coeval roots of the granite-greenstone system, or are at least 

in part of pre-greenstone age. 

Gemuts and Theron (1976) and Archibald and Bettenay (1977) classified granites in 

the Kalgoorlie-Norseman area in terms of a concordant synkinematic group and a dis- 

cordant postkinematic group. No isotopic or geochemical criteria supporting this 

scheme have been assessed, though it is known that the second group is doninated by 

adamellite (e.g. Binns and Marston, 1976, p. 24). On Archibald and Bettenay's (1977) 

sketch map synkinematic granites invariably border greenstone belts, i.e. the 

Kalgoorlie-Norseman and 'Southern Cross belts, whereas postkinematic granites occupy 

the bulk of granite-dominated terrains as well as marginal positions in relation 

to the greenstone belts. This distribution pattern gives rise to several questions: 

(1) If no systematic isotopic and geochemical distinctions were recognized between 

synkinematic and postkinematic granites, plutons mapped as postkinematic may in 

some instances merely represent least-deformed massive equivalents of granites 

mapped as synkinematic, i.e differential deformation of plutonic bodies renders their 

correlation on structural basis uncertain. 

(2) If granites mapped as synkinematic and postkinematic are distinguished by con- 

cordant and discordant relations to the greenstones, respectively, by its nature 

this criterion cannot be used for the classification of granites which crop out 

away from greenstone belts. 



(5) I t  has  been recognized  i n  several Archaean t e r r a i n s ,  inc1;lding t h e  E a s t e r n  

G o l d f i e l d s ,  t h a t  adanellite and q d a r t z  nonZonl te  crop o u t  rcore markedly t h a n  grano- 

d i o r i t e ,  t o n a l i t e  an8 t rondh jemi te  (Macgreqor, 1951;  V i l j o e n  and V i l j o e n ,  1969; 

Gl ikson  ainc Sheraron, 1972; Hickman and LipF le ,  1975;. This  d i f f e r e n c e  a r i s e s  

fron a g r e a t e r  r e s i s t a n c e  t o  weatL-iering of K-fel6spar and q l ;a r t r  a s  compare6 t o  

p l a g i c c l a s e  and h i o t i t e ,  r e s u l t i n g  i n  a sampling b i a s  i n  favour  of d i f f e r e n t i a r e d  

g r a n i t e s .  Thus,  e x t r a p o l a t i o n s  fron r e l a t i v e l y  r e s i s t a n t  g r a n i t e  t o r s  t o  wider areas 

can be ni i s lea3ing ,  y e t  suc:h a procedure  has been fo l lowed by A r c h i b a i  and 3e tcenay  

(1977) i n  des ignac ing  t h e  vast Coolgard ie-Southern  Cross  t e r r a i n  and areas about  

Nlenzies a s  pos tk inemat i c .  0 
a:: - 

I 
L 

F i g .  2 .  a s k e t c h  map of  che KalgGOrlie-Irorsernan a r e a  ( a f t e r  Gem-its azd Tneron ,  1976). 
Solid - s t r a t i g r a p h i c a l l y  l o b :  u l t r a x a f i c - m a f i c  g reens toxe  sequences ;  
h o r i z o n t a l l y  r u l e d  - s t r a t i g r a p h i z a l l y  h igh  g reens tone  seqLences; c i r c l e d  
c r o s s e s  - e a r l y  concordant  p l u t o n s ;  crosses - late d i s c o r d a n t  p1utor.s; 
K - Kalgoor l i e ;  A - Kambalda; M - Mungari g r a n i t e ;  C - Coolga rd ie  i one ;  
S - S p a r g o v i l l e  g r a n i t e ;  W - Widgienoo l t i a  dome; D - Pionee r  g r a n i t e ;  
N - Norseaan granite. 

The gra?.ite-domJnated r e g i o n  between Co3 lqa rd ie  and So;lthern Cross  was i n t e r p r e t e d  

by Williams (1973) as an u p f a - i l t e d  b lock  r e l a t i v e  t o  t h e  Xalgoorlie-Norseman green-  

s t o n e  b e l t s .  T h i s  concept  i s  based on a c o r r e l a t i o n  between g r f e n s t o n e s  of t h e  

So , j thern  c r o s s  S ibp rov ince ,  an6 lowernost greens tone  a s s o c i a t i o n s  in t h e  K a l g o o r l i e  

Subprovince ,  and ;<as sJpported by Glikson  and Lambert (1976) on t h e  b a s i s  of a 

proposed east.ward tilt  of tne  Yi lga rn  Block i n d i c a t e d  by s e i s n i c  d a t a  (Mathur,  1 9 7 4 3 .  

However, Hallberg er a l .  (1976) have demonst ra ted  an  e x i s t e n c e  of s r r a t i g r a p h i u a i i ]  

hig:? c a l c - a l k a l i n e  vo lcan ic s  a t  Marda, S o L t h e r n  Cross  Subprovince ,  which shows that 
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this terraine has not undergone deep level erosion in subsequent times. Thusr it 

is only possible to regard the Southern Cross terrain as upfaulted in so far as 

such vertical movement and associated erosion have taken place prior to the 

calc-alkaline volcanic activity at Marda. This requires an existence of a prolonged 

hiatus, as possibly represented by the unconformity and basal conglomerate reported 

by Hallberg et al. (1976) from the base of the calc-alkaline pile. 

To date no data have been published which enable a subdivision of components of 

the continuous granitic terrain between the Kalgoorlie-Norseman and Southern Cross 

greenstone belts. 

this region is any indication, it may largely consist of deeply weathered plagioclase 

rich rocks. At least along its easternmost extremity, i.e. near the Kalgoorlie- 

Norseman belt (Fig. Z ) ,  greenstone xenoliths abound in the granites, in places 

forming discontinuous trains which merge into the Coolgardie greenstones (Gemuts 

If the very poor exposure of the granitic rocks which underlie 

Fig. 3 .  Sketch map of the Kurnalpi- 
Edjudina area NE of 
Kalgoorlie (after Williams, 
1970; Williams et al. 1976). 

'9'0 Solid - stratigraphically 
low greenstone sequences; 
horizontally ruled - strati- 
graphically high greenstone 
sequences; dot-bounded 
areas - sediments; stipled - 
acid volcanics; circled 
crosses - early concordant 
plutons; crosses - late 
discordant plutons; oblique 
crosses - magmatites. 

3 
0 n 



and Theron, 1976). 

between the acid plutonic bodies and the supracrustal rocks enable a two-fold 

classification of the intrusions supported by geochemical and isotopic data. 

In the immediate vicinity of the greenstones, the relations 

1. Granodiorite-tonalite suite 

These intrusions are of oval to eliptical geometry and are concordantly confined 

to anticlines or domes within stratigraphically low units of the reglonal greenstone 

succession. They have gneissose xenolith-rich margins which grade into massive 

cores. Examples are the Norseman, Pioneer, Widgiemooltha, Coolgardie, and Kambalda 

intrusions and similar plutons emplaced along the cores of the Carey and Edjudina 

anticlines (Williams et al., 1976) (Fig. 31. Equivalents are in the north 

represented by tonalite of the Agnew Dome and the Mount Keith Granodiorite (Cooper 

et al., 1976; Roddick et al.,1975) I and in the west by granodiorite in the Diemal 

area (Anderseh et al.,1976). Available isotopic age data and K O/Na 0 ratios are 

listed in Table 1 and plotted in Figs. 5 and 6. 

2. Adamellite suite 

2 2  

These discordantly intrude stratigraphically low to high units of the greenstone 

belts (Figs. 2,3). The intrusions are little deformed and contain few greenstone 

xenoliths. Examples are the Mungari and Spargoville plutons and extensive adamellitic 

and porphyritic granites in the Kurnalpi and Edjudina 1:250.000 Sheet areas 

(Williams, 1970; Williams et al.,1976). Adamellite dominates among younger intrusions 

in the Lake Johnson area, west of Norseman (Gower and Bunting, 1976) and in the 

Diemal area (Andersen et al.,1976). 

analyzed samples from this suite are listed in Table 1. 

Isotopic age data and K20/Na20 ratios for 

In accordance with the above classification originally proposed on the basis 

of field relations (Williams, 1970; Glikson and Sheraton, 1972) positive relations 

pertain between the K O/Na20 ratio of granites and their Pb isochron ages 

determined by Oversby (1975), but no correlation is observed between this ratio and 

Rb-Sr ages (Fig. 5). Thus, the Lawlers Leucotonalite (Cooper et al.,1976) yields 

a comparatively very young Archaean age but has a low K20/Na 0 ratio (Table 1). 

This is a small intrusion and could be possibly compared with minor late-stage 

tonalites intruded into the Bulawayan and Midlands greenstone belts in Rhodesia, 

e.g. Sesombi Tonalite (Jahn and Condie, 1976) and several intrusions listed 

by Phaup (1973). 

2 

2 

Significant trace element differences pertain between the Kambalda Granodiorite 

and the Mungari Adamellite, which are the best knomrepresentatives of the grano- 

diorite-tonalite suite and adamellite suite respectively. Thus the Kambalda 

intrusion has low Th and U abundances (Th - 5.6ppm; U - 1.9ppm), whereas the 

Mungari Adamellite has high levels of these elements (Th - 28ppm; U - 7ppm) 
(Nance and Taylor, 1977). A general increase in the U 238/Pb204 value of granites 

with time was reported by Oversby (1975) for granites of the Kalgoorlie-Norseman area. 
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Table 1. Isotopic ages, initial Sr /Sr86, K 2 0 / N a 2 0  and Rb/Sr of granites, 

granite clasts and acid volcanics in the Kalgoorlie System, Western 

Australia (pegmatites and aplites are not included). 

Geological unit age (m.y.1 Ri K20/Na20 Rb/Sr Reference 

(1) Whole rock Rb-Sr ages 

granite pebbles,Kurrawang 26701-255 0.7025 0.066 (7) 0.052 (11) Compston & Turek, 
conglomerate. 1973. 

porphyry pebbles, 26701-255 0.7025 0.12 (10) 0.1 (6) Compston & Turek, 
Kurrawang conglomerate 1973. 

acid volcanics 2660230 0.40 (50) 0.076 (17)Turek & Compston, 
(associations I1 to IV) to 1971. 

25951-40 

Lawlers tonalite 2632f35 0.70145 0.52 0.104 Cooper et al. 1976. 

Lawlers leucotonalite 2549+18 0.70223 0.57 0.5 Cooper et al. 1976. 

Mt. Keith granodiorite 2689k17 0.70149 0.72 (10) 0.23 (22) Roddick et a1.1975. 

Mungari granite 2620220 0.701 1.2 4.6 (2) Compston & Turek, 

Deimal granodiorites 2670 to Andersen et al. 
(assumed) 1973. 

2610 1976. 

Deimal adamellite 2560 to 
2500 

Andersen et al. 
1976. 

(2) Pb-Pb ages 

Kaabalda granodiorite 2760k70 0.42 (4) 0.11 Oversby, 1975 
O'Beirne, 1968. 

Karonie quarry 26991-75 0.67 (4) Oversby, 1975. 

Stennet rocks 26711-79 0.60 (2) Oversby, 1975. 

Buldania rocks 2655k35 0.87 ( 3 )  Oversby, 1975. 

Lake Johnson 2632+28 0.9-1.0 (west) Oversby, 1975. 
1.4-2.7 (centre) 

Mungari-Karramindie Soak 2640 Mungari- 1.28 (4) 4.6 Oversby, 1975. 
Karramindie 1.27 O'Beirne, 1968. 

Bracketed numbers represent the sample on which the average is based. 

Likewise, marked differences pertain to the Rb/Sr ratios of these plutons (Table 1). 

Rare earth element study by Nance and Taylor (1976) has shown that the Kambalda 

Granodiorite has a highly fractionated chondrite-normalized pattern (LREE/HREE - 27; 

La/Yb - 146) and a small positive Eu anomaly (Eu/Eu* - 1.161, suggesting equi- 
libration with garnet and/or amphiboleland thus derivation from basic parents. In 



contrast the Mungari Adamellite shows a highly fractionated LREE curve segment 

(La/Sm - 8.5) but an almost horizontal HREE curve segment, and a strong negative EU 

anomaly (Eu*/Eu - 0.37). The latter pattern can be interpreted in terms of a 

derivation of the adamellitic melts from a mixed source consisting of about equal 

amounts of older granodiorites of the Kambalda type and of tholeiitic basalts. 

Alternatively, the melts could be derived by anatexis of greywacke whose detrital 

components were derived from such sources. 

part of the pattern is inherited from the Na-rich granites and the flat HREE segment 

from the basic rocks. The marked negative Eu anomaly indicates extensive fraction- 

ation of plagioclase. 

In either case the fractionated LREE 

The Coolgardie Granodiorite (a likely representative of the granodiorite- 

tonalite suite) and the Mungari Adamellite are shown on the aerial photomosaic in 

Fig. 4. 

in time by a period during which volcanic and sedimentary activity persisted in the 

supracrustal belts - resulting in the accumulation of upper greenstone sequences. 
This is suggested by the consistent confinement of intrusive margins of the older 

plutons to lower greenstone sequences (Figs. 2,3), in contrast to the adamellite 

suite. This view is supported by the occurrence in the Jones Creek area, near 

Agnew, of a greenstone sequence which possibly overlies the Mount Keith Granodiorite 

unconformably (Durney, 19721, although structural complications do not allow the 

confirmation of such relations (Marston and Travis, 1976). 

SIGNIFICANCE OF ISOTOPIC DATA 

There is some evidence that the formation of these suites was separated 

Because Of the generally narrow range of granite ages determined in the Eastern 

Goldfields, i.e. c. 2.75-2.55 b.y. (Table l), and due to differences between Pb-Pb 

and Rb-Sr isochron ages, available geochronological data do not as yet furnish an 

adequate basis for a classification of the granites. Nevertheless, these data 

provide important constraints for petrogenetic models. 

Oversby (1975) determined high p (U238/Pb204) values in feldspars from granites 

collected in three localities in the Norseman area, and on the basis of multistage 

Pb model calculations suggested that these rocks were derived from high p precursors 

of adamellitic composition whose age was at least 3300 m.y. This conclusion, 

however, gives rise to the following questions: 

(1) Two of the aqalyzed granites (at Stennet Rocks and Buldania Rocks) have low 

K O/Na 0 ratios which correspond to granodiorite (Table 1). 

anatexis of adamellitic parents (K O/Na20 about 1) could give rise to melts charact- 

erized by a lower ratio, unless the analyzed granites are regarded as K-depleted 

residues of the anatectic melt. 

(2 )  Adamellites are comparatively rare in early Archaean terrains, which are 

dominated by Na-rich acid plutonic rocks, although c. 3.0 b.y. old rocks which show 

transitional granodiorite-adamellite affinities form a component of Pilbara 

It is improbable that 2 2  

2 



159 

Pi.g. 4.. Aerial photomosaic o f  area between Kidgoorlie and Cocjlgmdie. C = 
Coolgardie grani.te dome; M = PIungari g r a n i t e .  Those plutons represent 
-t’he ea . r ly  concordant, and the l a t e  discordant, su i te .  
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batholiths (Hickman and Lipple, 1975). 

* 3 )  The inferred exisrrence of 3300 m.y. oid adamellices 1s based on a general 

positive correlation between K O/Na 0 and L, values in granites. However, volcanic 

and sedimentary rocks can have an equally wide range of values (e.g. Moorbath et 

al. 1973), and such rocks could therefore constitute equally suitable parental 

materials for the granodiorites. 

( 4 )  An assumption of a mantle c values range of 7.4-8.1 (Oversby, 1975) inherent 

in the Pb model calculations may not be justified if the Archaean mantle was less 

developed in LIL elements than the modern mantle, as suggested by Hart and Brooks 

(1974) 

2 2  

An isotopic criterion inherent in which are fewer uncertainties than multistage 
a7 

Pb models and j - K O/Na 0 correlations is provided by the R .  (initial Sr 

values of the granites. The generally low R. of Eastern Goldfields rocks (Table 1, 

Fig. 6) places limits on the age at which precursors of the granites were derived 

from material of mantle-type chemistry. Had the granites originated by the 

anatexis of parental materials characterized by similar Rb/Sr ratios to those 

observed in the granites themselves, i.e. higher than 0.1 (Table l), such precursors 

mUst kave beer. separated fro- nantle-Eype scJrces less thaz 400 x .y . ,  ac2 ir. 

instances less than 200 m.y., prior to the indicated isotopic ages (Fig. 6). 

However, it is unlikely that the l o w - R ,  granodiorites were derived by anatexis of 

similar parents, because such a process would have been preceded by partial melting 

/Sr86) 2 2  

* 

and the segregation of differentiated high-LIL melts - but such igneous rocks 

characteristically occur only late in the evolution of the Kalgoorlie System (Fig.5). 

It is far more likely that the granodiorites were derived from precursor materials 

with low Rb/Sr and K OjNa 0 values, such as are characteristic of the greenstone 

assemblages (see Fallberg, 1372). Partial ze1tir.g of early, predsLnacrly maEic- 

ultramafic, volcanic rocks at infracrustal levels is petrogenetically consistent 

with the generation of tonalitic to granodioritic magmas (Arth and Hanson, 1975; 

Glikson and Lambert, 1976; Glikson, 1976a). Anatexis of the minor dacitic component 

of greenstone belt assemblages can account for the more highly fractionated adam- 

ellitic component of the early batholiths, e.g. the c. 3.0 b.y. old transitional 

granodiorite-adamellite rocks in the Pilbara (Hickman and Lipple, 1975). The 

observed abundance of progressively assimilated mafic-ultramafic xenoliths in high- 

grade metar?orpkic Arckaean terraizs prcvides direct e ence for the partial relcizg 

2 2  

* 
Cooper et al. (1976) measured a pegmatite Rg-Sr age of 2556 ? 18 m.y. with a very 

b.igk R~ of 0.7624 i .0069 ir. the Agr,ei;-Lawlers area, which they hterprete3 i: =errs 
of derivation from an old basement not exposed at the surface. However, because 
K-rich Rb/Sr high acid volcanics form a minor component of the greenstone sequence 
(O'Beirne, 1968), derivation from such rocks is an alternative possibility. 



p r o c e s s .  Assuming an  o r i g i n a l  Rb/Sr r a t i o  o f  less t h a n  0.05 f o r  maf i c  p a r e n t s  of 

t h e  g r a n o d i o r i t e s ,  t h e s e  p r e c u r s o r s  cou ld  have been d e r i v e d  from t h e  man t l e  a t  a ve ry  

e a r l y  s t a g e  o f  E a r t h  h i s t o r y  ( F i g .  5). 
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Fig .  5. K O/Na 0 o f  g r a n i t e s  
2 2  

from t h e  Eas t e rn  G o l d f i e l d s  
r e g i o n  p ioEteB a g a i n s c  
t h e  co r re spond ing  
i s o t o p i c  ages  (based  
on d a t a  i n  Table  1). 
Open c i r c l e s  - Rb-Sr 
i s o c h r o n  ages ;  s o l i d  
c i r c l e s  - Fb-Pb ages ;  
K? - age  r m g e  of g r a n i t e  
and porphyry  pebb les  from 
t h e  Kurrawang Conglomerate. 
c r o s s e s  - ages  of P i l b a r a  
g r a n i t e s .  



87 
-Fig. 6. Initial Sr /SrE6 plotted against corresponding whole rock Rb-Sr ages of 

granites from the Eastern Goldfields region and the Pilbara Block. 
LL - Lawlers leucotonalite; LT - Lawlers tonalite; MG - Mount Keith 
granodiorite; Pi - minimum age of granite and porphyry pebbles from the 
Kurrawang Conglomerate; P, - maximum age of granite and porphyry pebbles 
from the Kurrawang Conglomerate; SB - Shaw Batholith; MB - Mount Edgar 
Batholith; CP - Copper Hills porphyry; CA - Cooglegong adamellite; 
BD - Black Range dolerite; SP - Spinaway porphyry. Slopes represent Sr /Sr 
growth lines for the indicated Rb/Sr ratios, and their intersections with 
the mantle growth line (Rb/Sr = 0.03) represent maximum crustal residence 
times of precursors of the granites. The approximate limits of the 
Proterozoic field for acid igneous rocks are after Glikson (1977). 
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GRANITE-GREENSTONE RELATIONS 

In attempting to unravel granite-greenstone relations in the poorly exposed 

Eastern Goldfields region, it is instructive to refer to the well-documented 

patterns observed in well-exposed terrains such as the Pilbara and Rhodesia - 

although it does not necessarily follow that such relations are applicable in the 

Kalgoorlie terrain. In these terrains trains of xenoliths within the oldest-dated 

tonalitic and granodioritic gneisses merge imperceptibly into synclinal keels of 

adjacent greenstone belts. Examples are (1) transitions between xenolith zones in 



the  Mount Edgar Bathol i th ,  Shaw Bathol i th  and Tambourah Granodior i te  and t h e  Talga 

Subgroup greenstones (Hickman and Lipple, 1975);  (2) A t r a n s i t i o n  between supra- 

c r u s t a l  xenol i ths  i n  the  Mashaba t o n a l i t e  gne iss  complex (3580 +200 m.y., 

Hawkesworth e t  a l . ,1975)  and t h e  Vic tor ia  greenstone b e l t  (Wilson, 1973);  and 

( 3 )  a t r a n s i t i o n  between t h e  Gwenoro migmatite b e l t  with i t s  abundant supracrus ta l  

xenol i ths ,  t h e  Seiukwe s c h i s t  b e l t ,  and t h e  Sebakwian Group i n  t h e  Midlands green- 

s tone b e l t  (Stowe, 1973) .  Such c o r r e l a t i o n s  a r e  uncer ta in  where t h e  b a t h o l i t h s  

and greenstone b e l t s  a r e  intervened by f a u l t s ,  an example being t h e  c o r r e l a t i o n  

problem between the Barberton greenstone b e l t  and t h e  Ancient Gneiss Complex i n  

Swaziland (Anhaeusser, 1973; Hunter, 1973) .  I n  such ins tances  supracrus ta l  

xenol i ths  i n  t h e  gne isses  have been i n t e r p r e t e d  a s  r e l i c s  of volcanic  sequences 

which predate  those of t h e  main greenstone b e l t s .  That more than one greenstone 

sequence occurs i s  now es tab l i shed  i n  severa l  Archaean t e r r a i n s  i n  Western Aus t ra l ia ,  

Ind ia ,  South Afr ica ,  Rhodesia and Canada (Glikson, 197633). Whereas s t r a t i g r a p h i c a l l y  

high greenstone sequences a r e  known i n  places  t o  o v e r l i e  g r a n i t e s  unconformably 

( B l i s s  and St idolph,  1969; Bickle and Nisbet, 1975; Baragar and McGlynn, 1976) ,  

basal  greenstone sequences such a s  t h e  Sebakwian Group, Tjakastad Subgroup 

( e a s t e r n  Transvaa l ) ,  Sargur Group (southern India)  , Malart ic  Group (Ontario- 

Quebec) and Talga subgroup (P i lbara)  a r e  ne i ther  observed t o  o v e r l i e  g r a n i t e  nor 

do they contain grani te-der ived d e t r i t u s  (Glikson, 1976a; Glikson and Lambert, 1976). 

I n  the  Eastern Goldfields  region t h e  d i s t r i b u t i o n  of xenol i ths  i s  d i f f i c u l t  t o  

t r a c e  owing t o  poor outcrop. However, l a r g e r  xenol i ths  crop out  more s t rongly  than 

t h e i r  host  gne isses  and have been mapped i n  severa l  a reas ,  f o r  example west and 

south of Coolgardie (Gemuts and Theron, 1976). Moreover, a de l inea t ion  of xenol i th-  

r i c h  zones i s  f a c i l i t a t e d  by a e r i a l  t o t a l  magnetic i n t e n s i t y  maps, on which they 

manifest themselves a s  l i n e a r  t o  a rcua te  p o s i t i v e  anomalies which allow a sub- 

d i v i s i o n  of t h e  b a t h o l i t h  i n t o  subsidiary in t rus ions .  The observat ion of i n t e r n a l  

boundaries def ined by syncl ina l  kee l  zones of greenstones within t h e  b a t h o l i t h s  

suggests t h e  l a t t e r  represent  deeply eroded l e v e l s  of t h e  granite-greenstone 

system. The observed t r a n s i t i o n  between t h e  Coolgardie greenstone succession 

and such xenol i ths  t r a i n s ,  and t h e  widespread d i s t r i b u t i o n  of t h e  l a t t e r  i n  t h e  

grani te-gneiss  t e r r a i n ,  confirm t h e  view of t h e  e a r l y  greenstones a s  r e l i c s  of 

regional  volcanic  shee ts ,  a s  cont ras ted  t o  narrow trough depos i t s .  

Archibald and Bettenay (1977) observed polyphase coaxial  f o l d s  i n  t h e  Pioneer 

Granite dome (Fig.  2), including (a )  t i g h t  i s o c l i n c a l  fo ld ing  i n  banded gne iss  

along t h e  e a s t e r n  margin of t h i s  p lu ton ,  and (b)  open f o l d s  r e l a t e d  t o  t h e  

emplacement of  the  g r a n i t e .  Because only t h e  l a t t e r  s t r u c t u r e s  were observed i n  

the  adjacent  greenstones,  they suggested t h a t  these  rocks postdate  t h e  gneiss .  

However, t h e  bas ic  assumptions inherent  i n  t h i s  r e l a t i v e  da t ing  method a r e  

quest ionable .  An appl ica t ion  of compafrative superposi t ion orders  t o  r e l a t i v e  time 
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determination, usefu l  within l i t h o l o g i c a l l y  uniform s t r u c t u r a l  domains, i s  bese t  

by severe d i f f i c u l t i e s  where comparisons between l i t h o l o g i c a l l y  cont ras ted  domains 

a r e  concerned, e.g. between greenstone b e l t s  and g r a n i t i c  b a t h o l i t h s .  I n  t h e  

Kalgoorlie-Norseman greenstone b e l t  s t y l e s  of  deformation vary from open fo ld ing  i n  

syncl ines  t o  t i g h t  i s o c l i n a l  fo ld ing  accompanied by s u b p a r a l l e l  f a u l t i n g  i n  a n t i -  

c l i n a l  hinges. A t  l e a s t  t h r e e  f o l d  a x i s  o r i e n t a t i o n s  a r e  recognized, including N N W ,  

N S  and ENE-trending f o l d  systems ( W i l l i a m s ,  1973). A t  l e a s t  two s e t s  of f o l i a t i o n  

occur i n  d u c t i l e  s c h i s t  u n i t s  i n  t h e  Kalgoorlie-Coolgardie a r e a ,  including a NNW 

s t r i k i n g  flow-cleavage and an ENE-striking s t r a i n - s l i p  cleavage - t h e  l a t t e r  

possibly cotectonic  with t h e  ENE-trending cross  f o l d s  (Glikson, 1971) .  However, 

these s t r u c t u r a l  elements a r e  only p a r t l y  represented,  o r  may be a l toge ther  absent ,  

i n  assoc ia ted  less d u c t i l e  l i t h o l o g i e s  - e.g. ,  ac id  porphyries and gabbroic rocks, 

nor can it be expected t h a t  these  s t r u c t u r e s  should occur within t h e  ad jacent  

ba thol i ths .  Thus, even i f  t h e  assumption i s  made t h a t  both the  greenstones and t h e  

g r a n i t e s  have been subjected t o  t h e  very same t e c t o n i c  s t r e s s  f i e l d s  - an unsupported 

supposi t ion - t h e  rheologica l  c o n t r a s t s  between these  rock bodies would have 

resu l ted  i n  d i f f e r e n t  s t r u c t u r e s .  

Inherent  i n  t h e  evolut ion of b a t h o l i t h s  i s  t h e  i n t e r n a l  polyphase deformation 

r e l a t e d  t o  syn and late-magmatic flow, l i t - p a r - l i t  i n t r u s i o n ,  i n j e c t i o n  of l a t e  

magma increments i n t o  semiconsolidated rock, and f a u l t i n g  and shear ing of  contact  

zones. Superposed on these  s t r u c t u r e s  i s  s o l i d - s t a t e  deformation assoc ia ted  with 

emplacement of t h e  plutons a t  l a t e  o r  post-magmatic s tages .  Thus, concomitant 

formation of c h i l l e d  marginal mantles and t h e i r  deformation due t o  continuing upward 

movement of t h e  d i a p i r s  a r e  r e f l e c t e d  by t r a n s i t i o n s  from marginal gneissose zones 

i n t o  e s s e n t i a l l y  undeformed cores .  In  c o n t r a s t ,  t h e  d e t a i l e d  s t r u c t u r a l  concordance 

between layered greenstone successionsand t h e  ex terna l  geometry of i n t r u s i v e  batho- 

l i t h s  ind ica tes  t h a t  t h e  mode of emplacement and geometry of t h e  l a t t e r  cons t i tu ted  

cont ro l l ing  f a c t o r s  with regard t o  t h e  deformation of t h e  supracrus ta l  rocks. 

Differences between t h e  e s s e n t i a l l y  endemic intrabathol i thic  s t r u c t u r e s  and the  

s t r u c t u r e s  of t h e i r  greenstone envelopes cannot t h e r e f o r e  be u t i l i z e d  f o r  r e l a t i v e  

age determinations. The banded gne isses  descr ibed from t h e  eas te rn  per iphery of 

t h e  Pioneer Grani te  (Archibald and Bettenay, 1977) could be of l a t e  and/or post-  

magmatic o r i g i n  r e l a t e d  t o  t h e i r  marginal loca t ion .  This  i n t e r p r e t a t i o n  i s  

cons is ten t  with t h e  p a r a l l e l  o r i e n t a t i o n  of banding, gne issos i ty  and t h e  contac t  

of t h e  Pioneer Grani te ,  whereas had t h e  gne isses  represented basement xenol i ths  

(Archibald and Bettenay, 1977) a random d i s t r i b u t i o n  could be expected. I t  i s  

concluded t h a t ,  t o  d a t e ,  no pre-greenstone rocks have been i d e n t i f i e d  i n  t h e  

Eastern Goldfields .  



METAMORPSIC AND TECTONIC EFFECTS OF GRANITE EMPLACEMENT 

Central to the elucidation of granite-greenstone relations is the metamorphic 

and tectonic effects of the plutonic activity on the supracrustal successions. 

Sinns et al. (1976) and Archibald and Bettenay (1977) suggested that the greenstone 

belts include dynamic and static metamorphic domains, and that this division has 

predated the emplacement of the synkinenatic granites. According to their map the 

dynamic high-grade metamorphic domains are consistently associated with the syn- 

kinematic granites - a relacionship suggestive of thermal contact effects rather 
than a pre-granites zonation. As noted earlier, in the Kalgoorlie-Norseman greenstone 

belt deformation is more intense in anticlinal compared to synclinal zones, and 

as the position of anticlines and domes is closely related to that of the early oval 

granodiorites these differences in tectonic style and degree of strain can be 

direccly attributed to the controlling factor of plutonic activity. Degrees of strain, 

however, while generally higher along anticlinal hinges, are also locally high in the 

vicinity of shear zones. Deformation analysis of pebbles in the Kurrawang Conglomerate 

in an open folded synclinal structure between Kalgoorlie and Coolgardie has suggested 

degrees of strain in excess of 50% (Glikson, 1971). Further strain analyses are 

required to assess whether a systematic division of the greenstone terrain is possible. 

Although the contact metamorphic aureoles associated with the granites are in 

places well pronounced, to the author's knowledge upper amphibolite and granulite 

facies rocks are comparatively uncommon. This observation is in contrast to the 

metamorphic map of Binns et 31. (1976), on which mid to upper arnphibolite facies zones 

predominate in wide zones along granite contacts. An examination of the mineralogical 

criteria used by these authors to define metamorphic grade, however, reveals that 

calcic plagioclase composition (An content) has been used as a prograde metamorphic 

indicator in the dominantly mafic rocks with which these metamorphic zones coincide. 

Previously petrological and geochemical studies (Glikson, 1971; Hailberg, 1972) have 

established the common preservation of relic igneous calcic plagioclase in the 

arnphibolites - a feature attributed to their low pressure Abukuma type facies series 

and low partial H 0 pressure. The greenschist facies metamorphism in this terrain 

is indicated by assemblages containing calcic plagioclase and actinolite, and by 

chlorite-biotite-muscovite assemblages in sedimentary intercalations. The 

transition to the amphibolite facies is marked by a prograde conversion of the 

labradorite-actinolite to the andesine-hornblende assemblage. Similar prograde 

reactions in amphibolites have been documented in the Cloncurry region by 

England (1973) by means of an electron probe study, showing a progressive 

equilibration and narrowing of compositional ranges with rising grade. T h u s ,  at 

the present state of knowledge, the bulk of the supracrustal sequence is thought to 

have been aetamorphosed according to the greenschist to lower amphibolite facies, 

whereas narrow mid to upper amphibolite zones may be developed in close proximity to 

2 



166 

intrusive granites, clearly constituting thermal contact aureoles. No evidence for 

a control of the metamorphic zonation pattern by any factor other than these 

intrusions is apparent. 

NATURE OF THE EARLY CRUST 

The very old isotopic ages yielded by Archaean gneisses in several shield areas 

(e.g. Black et al.,1971; Goldich and Hedge, 1974; Hawkesworth et al.,1975), when 

compared with the commonly younger metamorphically reset ages of greenstones, has 

resulted in the impression as if: "the majority of recent structural and isotopic 

evidence from Archaean greenstone terrains in Africa and America suggest that 

greenstone belts formed on a sialic basement" (Archibald and Bettenay, 1977, p.370). 

An important intuitive factor in this regard is the impression of antiquity 

imparted by the structurally complex and more highly metamorphosed gneiss suites. 

Thus, although the tonalitic and granodioritic gneisses regarded as basement contain 

abundant xenoliths of older supracrustal rocks, their presence is explained by 

proponents of the early sial hypothesis in terms of basement "remobilization" or 

"reactivation". Such models, however, take no account of the fact that any 

anatectic processes within a sial basement would have initially produced large 

volumes of LIL-enriched eutectic adamellite and quartz monzonite melts, nor are 

they consistent with the low R values of the gneisses. 
i 

In the bid to prove a sial basement beneath the Kalgoorlie greenstones a compari- 

son has been suggested between the Archaean ironstones and those of the ensialic 

lower Proterozoic Hamersley Basin.(Gole, 1976; Binns et al.,1976). Further, 

occurrences of acid volcanic rocks and their sedimentary derivatives at l o w  

stratigraphic levels of the greenstone succession are often cited as evidence for 

continental environment. However, the validity of such criteria is questionable. 

The bathymetric significance of banded iron formation is unknown, and their common 

occurrence as intercalations in thick successions of pillow lava requires their 

deposition in either deep water or rapidly subsiding basins, i.e. in order to account 

for the persistence of subaqueous conditions as indicated by the pillows. In 

considering the significance of the acid volcanics, attention is drawn to their pre- 

dominantly dacitic to Na-rich rhyolitic chemistry and the attendant LIL-depleted 

nature (O'Beirne, 1968). Because such magmas are petrogenetically incompatible with 

ensialic anatexis, but are consistent with the partial melting of basic source mater- 

ials, the occurrence of this type of acid volcanics - and possible hypabyssal and 
plutonic counterparts - requires the existence of earlier greenstone-type parental 
rocks. A case in point is the abundance of dacitic to Na-rich rhyolitic lavas in 

modern island arc-trench domains, as well as the occurrence of oceanic plagiogranites 

in abyssal and ridge environments (Coleman and Peterman, 1975). 

It is instructive to compare some principal characteristics of Archaean and Pro- 

terozoic terrains in the Australian Precambrian Shield with reference to the crustal 
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Table  2 .  A comparison between some lithological and geochemical characteristics 
of Archaean am3 Proterozoic rocks of the Australian Precambrian Shield. 

Characteristic Archaean terrains Proterozoic terrains 

Mafic volcanics low-LIL element tholeiites, high-Mg 
to peridotitic komatiites. 

Incermediate Andesite nay be very cornon, 
volcanics or bimodal. Mafic-felsic 

volcanics predominate. 

Felsic 
volcanics 

Grar.ir;es 

Clastic 
sediments 

Chemical 
sediment s 

C hem ic a 1 
features of 
sediments 

Mostly Na-rich K-poor dacite 
and rhyolite porphyries. 
Some K-high types. 

Prior to ca 2.7 b.y. mainly 
granodiorite, tonalite and 
trondhjemite with low Xi 
(mostly below 0.705) and 
highly fractionated LREZ- 
enriched types. Adarnellites 
appear.mainly about 2.6 b.y. 

C-reywackes and siltstones very 
common; orthoquartzite and 
aluminoas shmles are rare. 
Volcanogenic sediments and 
polymictic conglomerates are 
cormon. 

Banded ironstone and chert are 
are comon. Carbonates are rare. 

Low K/Na of clastic sedirnencs; 
3 E E  c'Jrves with 9ositive Eu 
anomalies, or flat. Low 
~r87/~r86 ratios of carbonates 
and, by inference, of sea 
water. High ferromagnesian 
trace element contents. 

Low- to high-LIL element 
tholeiites. Komatiites 
are very rare. Andesite is 
rare. 

Mostly K-rich 
rhyolites. 

Mostly adamellice, quartz 
monzonite, some grano- 
diorite; Ri values show 
a wide range, and are 
mostly above 0.710. 
Negative Eu anomalies 
comon. 

Cross-bedded quartzites 
and shales are very 
comon. Greywacke and 
siltstone are comon in 
some terrains. 

Banded ironstones abound 
in the lower Proterozoic. 
Carbonates are very common. 

High K/Na of clastic sedi- 
ments; XEE curves with 
negative Eu anomalies. 
High Sr87/Sr86 ratios of 
carbonates and, by infer- 
ence, of sea water. Lower 
ferromagnesian trace 
element contents. 

environment in which they have evolved. The comparison outlined in Table 2 includes 

significant differences which point to the development of Archaean and Proterozoic 

basins in distinct domains. Conversely, had both Archaean and Proterozoic volcanic- 

sedimentary asserrblages developed above sial, their differences remain inexplicable. 

The geochemical and isotopic data of the Archaean igneous rocks are mostly indicative 

of mantle nelting and basic cr'ust fusion, i.e. one- or two-stage melting processes 

(Ringwood and Green, 1966). In contrast, differentiated products of 3-stage melting, 

i.e. extensive fusion of sialic rocks, abound and co,monly predominate in Proterozoic 

terrains (Fig. 6 ) .  It is inpossible to envisage a formation of thick komatiite-low 

LIL tholeiite-dacite successions above granitic basement which would not result in 

anatexis of the latter under the high heat flow conditions in the Archaean (Lanbert, 



168 

1976). It is equally difficult to conceive a rise of LIL-depleted tonalitic to 

granodioritic diapirs through an older sial which would not ensue in extensive 

contamination and elevation of R values. Most significantly, differentiated K-rich 

acid magmas make appearance toward the close of the Archaean cycle in every terrain 

(e.g. Fig. 5 ) ,  whereas a deposition of greenstone sequences above subsiding sial 

should have been manifested by an abundance of eutectic magmas at early stages of 

these cycles. 

i 

Whereas it is highly unlikely, for the above reasons, that stratigraphically low 

greenstone successions in the Eastern Goldfields were deposited above sial, it is 

suggested that the development of late greenstone cycles has taken place in a crustal 

environment consisting of both the early greenstones and the ca 2.7 b.y. old grano- 

diorites and tonalites intruded into them. These plutonic events have clearly post- 

dated those 'recorded from the Pilbara and Wheat Belt (southwestern Yilgarn) terrains 

at ca 3.0 b.y. ago (Arriens, 1971; LeLaeter and Blockley, 1972; Oversby, 1976). In 

this interpretation, following the cratonization of the early sima in the Pilbara 

to the north and the Wheat Belt to the west, simatic environments persisted over 

most of the central and eastern parts of the Yilgarn Block until about 2.7 b.y. ago 

(Fig. 7). No older age limits have to date been placed on the stratigraphically 

lowermost greenstone units in the Yilgarn and the Pilbara, and recent zircon age 

(Pidgeon, 1978) and Pb model age (Sangster, 1977) determinations indicate an age 

in excess of 3.5 b.y. for the oldest known greenstones (Talga Subgroup, Hickman 

and Lipple, 1975) in the latter terrain. The possibility that small sialic nuclei 

may have evolved in pre-2.7 b.y. times in the central and eastern parts of the 

Yilgarn Block must be examined by further isotopic studies of the granites. To date, 

all the information at hand is consistent with a view of Archaean granite-greenstone 

systems as the product of progressive and diachronous transformation of sima into 

sial by means of two-stage - and toward the close of the Archaean three-stage - 
anatectic processes. 

SUMMARY 

(1) Granites associated with greenstones of the Kalgoorlie terrain are classified 

in terms of a ca 2.7 b.y. old granodiorite-tonalite suite and a ca 2.6 b.y. old 

adamellite suite. Minor late-stage tonalites are known. 

(2) The geochemical and isotopic characteristics of the 2.7 b.y. old suite are 

consistent with its derivation by partial melting of greenstone assemblages but 

militate against.models inherent in which is the anatectic reactivation of older sial. 

( 3 )  The region-wide distribution of outliers and xenoliths of early greenstone 

units suggests their interpretation as relics of a once-continuous volcanic crust. 

To date, no granites or gneisses which predate this crust have been reported from 

the central and eastern parts of the Yilgarn Block. 
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Fig. 7. Interpreted temporal distributi 
of major events in the evolutio 
of several Precambrian terrains 
in Australia. Black lines and 
arrows - minimum ages of early 
greenstone successions; 
circled crosses - tonalitic and 
granodioritic plutonism; 
dashed lines - late greenstone 
successions; crosses - late 
differentiated granites; 
horizontal lines and dots - 
continental supracrustal deposi 
open triangles - acid volcanic 
rocks; circled oblique crosses 
basic dykes. 

( 4 )  Metamorphism and deformation within 

the greenstone belts can be largely 

attributed to thermal and dynamic effect 

of batholith emplacement. 

(5) All the field, geochemical and iso- 

topic evidence to date point to the 

evolution of the Kalgoorlie granite- 

greenstone system by a progressive and 

diachronous transformation of simatic 

into sialic crustal environments. 
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Abstract 

A study of the major and trace element geochemistry of Madras granulites has 

been made using 64 representative samples from the Pallavaram area. They can be 

divided into four geochemically distinct rock groups: meta-igneous pyroxene 

granulites, metagabbros and charnockites, and metasedimentary khondalites. 

The meta-igneous rocks, taken together, display a tholeiitic trend with marked 

Fe-enrichment, contrasting with the general calc-alkaline trends shown by Scottish 

Lewisian granulites. Geochemical differences between the pyroxene granulites and 

metagabbros suggest that whereas the former may represent original basaltic 

liquid compositions, the latter approximate more closely to cumulates. The 

cbarnockites mostly correspond to adamellite in composition, but the paucity of 

internediate compositions emphasises the bimodality of the meta-igneous associa- 

tion, a common feature in other Archaean terrains. In terms oflithophile element 

concentrations of Bay Rb, Sr and the light rare earths, the charnockitic rocks 

are broadly similar to modern Andean equivalents. However the concentration of 

yttrium is generally low, indicating significant though variable heavy rare-earth 

depletion and the influence of garnet or hornblende in their genesis. 

In common with other granulite terrains there is a trend towards increasing 

KIRbrations with decreasing K @,and K/Rb ratios of 1700 are recorded in some rock 

types. 

rocks with pojGassic phases having lower K/Rb ratios. 

feldspar-rich charnockites have K/Rb ratios higher than the average crustal value. 

2 
However there is a strong dependence of K/Rb ratio on mineralogy, those 

Nevertheless, even the K- 

Microprobe analyses of coexisting pyroxenes and garnets in different mineralogi- 

cal assemblages provide consistent P-T data (by several methods) defining the 

metamorphic crystallisation conditions as 720-840'C and 9-1 0 kb. 

thermometry suggests crystallisation at about 680'C. 

agree well with those recorded from other Precambrian granulite facies terrains. 

Feldspar 

These P-T conditions 



INTRODUCTION 

The aim of the present study was to re-examine in detail the geochemistry of 

rocks Cromthetype-charnockite area of Pallavaram, Madras, with emphasis on trace 

element geochemistry, and to apply the now standard methods of geothermometryl 

geobarometry to elucidate the P-T conditions of crystallisation. To this end 

64 samples were analysed for major and trace elements and the relevant mineral 

phases analysed in some samples. 

The occurrence 01 'hypersthene granulite' in the Pallavaram area was originally 

described by Holland (1893, 1900) who termed it charnockite. He considered the 

charnockite suite (ranging in composition from ultrabasic to acid) to represent 

a difierentiated igneous sequence. The geochemistry and mineral chemistry of 

the type-charnockite area was subsequently examined by Howie (1955). 

Subramaniam (1957), Subramaniam (1959) and Ray and Sen in a series of papers 

(Ray, 1970; Ray and Sen, 1970; Sen, 1970, 1971; Sen and Ray, 1971a, b) all 
investigated various aspects of the field relations, petrography and mineral 

chemistry. The charnockite suite was largely considered by these authors to be 

meta-igneous. 

Howie and 

The essential petrography of granulites from the Madras area was well surveyed 

by Hswie (1955), Subramaniam (1959) and Sen and Ray (1971b). 
were examined in the present study. The mineralogy of the main petrographic rock 

groups can be summarised as follows: 

100 thin sections 

(a) khondalite suite 

quartz-perthite-garnet-(plagioclase-sillimani.te-biotite-spinel-opaque oxide) 

(b) charnockite suite 

Acid division: microcline (perthite)-plagioclase-quartz-hypersthene- 

Intermediate division : plagioclase (ant iperthit e ) -microcline-quart z- 

Basic division: plagioclase-hypersthene-diopside-hornblende-(opaque 

Common accessory minerals: apatite, biotite and zircon. 

(garnet-opaque oxide) 

hypersthene-(diopside-hornblende-opaque oxide) 

oxide-quartz) 

Within the charnockite suite garnet is developed only in the charnockites 

sensu stricto and appears to have formed by the reaction described by McLelland 

and Whitney (1977) in which garnet and clinopyroxene are produced in acid 
granulites by the reaction of anorthite, orthopyroxene, Fe-oxides and quartz. 

Quartz may be a product or reactant in this reaction, but appears here to be a 

reactant. 

Hornblende in the basic granulites was considered to be primary, from both 

petrographic and chemical evidence, by Sen (1970, 1973) ,  Ray (1970) and Sen and 

Ray (1971a, b), and we have no evidence to refute this conclusion. Clearly the 

assemblages present in the charnockite suite are those of intermediate pressvre 

granulites (Green and Ringwood, 1967). Petrographically there is very little 



evidence of retrogressive activity in the type area; all the samples appear 

unusually fresh. 

The terminology adopted here is simple and in line with that of Holland (1900) 

Khondalites are those granulites which are recognised as being and Howie (1955). 

metasedimentary in origin. Rocks recognised as being meta-igneous are termed 

the charnockite suite (Holland, 1900). 

sui-te includes the charnockites sensu stricto. 

1932) amongst the acid members of the charnockite suite but this group is here 

referred to in bulk as the charnockites for simplicity. Intermediate and basic 

members of the charnockite suite are termed simply intermediate and basic 

granulites . 

The acid division of the charnockite 

There are some enderbites (Tilley, 

In the field there is a conformable intercalated sequence of acid and basic 

charnockites, khondali-tes, mcta-norites and meta-gabbros. The khondalites contain 

high alumina pelitic, psammitic and calcareous assemblages. The basic granulites 

are presumed to have been basic volcanic rocks whilst pink acid granulites rich 

in K 0 and low in CaO (not analysed by us) may represent acid volcanics. 
2 

into the supracrustal rocks were norites in sills, and gabbros and leucogabbros 

forming layered complexes (outside the type area similar complexes contain calcic 

anorthosites). 

granodioritic composition (hypersthene gneisses) are thought by E.B.S. and V.V.R. 

to belong to a pre-supracrustal basement. 

charnockitic rocks appear dark and homogeneous, on weathered surfaces they are 

distinctly gneissic and mimatitic with an appearance similar to that of the 

Peninsular gneisses. 

Intruded 

Widespread acid charnockites of tonalitic-trondjhemitic- 

Indeed, whereas on fresh surfaces the 

The basic bodies occu as boudinaged lenses. Late stage potassic pegmatoid 

lenses show well-developed pinch and swell structures. 

pegmatoid bodies may be associated with a phase of granitic injection which 

migmatised and metasomatised the gneisses to their present K-rich state immediately 

before the granulite facies maximum. 

so potash rich and, while this may be a primary characteristic, it is to be noted 

that elsewhere in the Peninsular Shield tonalitic gneisses predominate. 

GEOCIEMISTRY 

It is possible that these 

The Pallavaram rocks are atypical in being 

A total of-64 samples were analysed €or both major and trace elements by X-ray 

florescence 

Trace elements were determined on powder pellets with calibrations produced from 

international standards; major element determinations were made on powder pellets, 

but calibrations were based on results from a range of fused samples calibrated 

against international standards. This method gives enhanced precision for major 

element results. 

spectrometry (a f u l l  list of the analyses is available upon request). 

Average analyses of the geochemically and petrographically di'stinct units are 



Table 1 Average analyses of Madras granulites 

I, <: 

Si02% 

l'i02 

A1203 

Fe203 
Mn 0 

Mg 0 

C a O  

Na2 0 

K2 

p2°5 

T r a c e  

Cr 

Ni 

Zn 

R b  

Sr 

Zr 

Nb 

Y 

Khondalites 

10 

75.05 (1.21) 

0.37 (0.25) 

11.53 ( 2 . 0 4 )  

7.24 (4.41) 

0.09 (0.09) 

1.82 ( 1 . 2 1 )  

0.38 (0.30) 

1.11 (1.35) 

2.11 (2.40) 

0.040(0.010) 

elements in p - p . m .  

5 (3) 

1 ( 0 )  

29 (28) 

56 (67) 

47 (58) 

361(207) 

8 ( h )  

77 (79) 

Basic  granulites 
I 31 

7 10 

50.14 (1.86) 

1.80 (0.20) 

13.24 (0.78) 

18.52 (0.89) 

0.225(0.04) 

5.13 (1.77) 

7.36 (1 .96)  

7.85 (0.'12) 

0.87 ( 0 . 3 5 )  

0.285(0.14) 

38 ( 3 0 )  

33 (41) 

136 ( 3 3 )  

17 ( 2 2 )  

150(  23 1 

112( 2 5 )  

13 (7) 

41. (11) 

49.43 (0.77) 

0.93 ( 0 . 2 8 )  

13.11 (0.53) 

12.68 ( 1 . 4 9 )  

0.181(0.07) 

8.36 (1.10) 

11.82 (1.75) 

2.00 (0.47) 

0 . 4 1  ( 0 . h l )  

0.091(0.028) 

Intermedidte 
grdnulites 

58.98 (1.55) 

1.59 (0.30) 

13.65 (0.75) 

12.64 (1.60) 

0 . 1 9 9 ( 0 . 0 5 2 )  

2.62 (0.38) 

5.96 (0.95) 

3.70 (0.54) 

0.7s  (0.13) 

0.407(0.707) 

Charnocki tes  

28 

72.60 ( 3 . 2 2 )  

0.37 (0.18) 

13.52 (1.30) 

3.62 (1.11) 

0.050(0.02) 

1.16 ( 0 . S 0 )  

1.67 (1.03) 

7.88 ( 0 . 4 7 1  

4.08 ( 1 . 6 6 )  

0.070(0.040) 

16 ( 7 0 )  

3 ( 5 )  

b3 ( 2 0 )  

100( 45 1 

1 6 6  ( 12 4)  

277 (133 

9 (7) 

23 ( 2 6 )  



Table 1 

La  

C e  

B a  

Pb 

Th 

G a  

K / R b  

Rb/Sr 

Ba/Rb 

Ba/Sr 

cont inued.  

39 ( 3 3 )  

71  ( 6 2 )  

5 6 0 (  542)  

1 4  ( 1 2 )  

2 3  ( 2 7 )  

1 8  . ( 6 )  

2 7 4  

0 . 9 5  

1 9 . 8 3  

20.56 

28 ( 9 )  

5 1  ( 2 0 )  

319 ( 2 3 5 )  

7 ( 4 )  

< 3  ( 3 )  

23 ( 5 )  

832 

0.11 

3 0 . 7 1  

2 .14  

9 ( 4 )  

1 9  ( 7 )  

5 ( 2 )  

< 3  (1) 

1 7  ( 2 )  

730 

0 . 0 4  

21.97 

0.65 

6 7  ( 3 6 )  

n* = Number of samples on which mean is based. 

Figures  i n  b racke t s  are s t anda rd  dev ia t ions .  

39 ( 6 )  

7 1  ( 1 2 )  

308  ( 1 8 6 )  

9 ( 3 )  

7 ( 5 )  

2 2  ( 3 )  

1 1 8 7  

0 . 0 3  

6 5 . 2 3  

1 . 6 2  

36 ( 4 )  

6 7  ( 3 1 )  

8 7 9 ( 3 6 8 )  

1 9  ( 7 )  

1 9  ( 3 )  

1 9  ( 3 )  

373 

0 .89  

1 1 . 1 9  

7.08 



presented in Table 1. The subdivision of the basic granulites into units I and 

I1 is a geochemical distinction. 

The khondalites are distinctive both in their geochemistry (Table 1) and 

petrography. 

content of' other major and trace elements (as shown by standard deviations, 

Table I ) ,  though Cr and Ni are low. A l l  are high in normative corundum and 

quartz. Their metasedimentary origin, as opposed to the meta-igneous charnockite 

suite, can be demonstrated by the reference to discrimination diagrams such as 

those of Leake (1964). 

inter-element correlations (all significant at the 99.5% confidence level) 
typical of tholeiitic rocks, i.e. Zr shows positive correlations with Zn, Sr, Y, 

Nb, Ba, La, Ce, Pb, Si, Ti, Na, K, P and negative correlations with Mg and Ca. 

In this respect Z r  is behaving as an incompatible element in the basic granulites, 

suggesting that they represent a fractionated igneous suite. Geochemically it is 

possible to divide the basic granulites into two well-defined populations, here 

termed Groups I and I1 (Table I), corresponding loosely to the pyroxene granulites 

and meta-gabbros in the field descriptions of the Indian Geological Survey. From 

comparison of Groups I and I1 (Table 1) it is obvious that the rocks of Group I1 

have a cumulate chemistry, while those of Group I have more the character of 

residual liquids. This is demonstrated by the higher contents of Cr, Ni, Ca and 

Mg in Group 11, and higher levels of relatively incompatible elements such as 

Zr, Nb, Y, La, Ce, Na, P, etc. in Group I. Moreover, the Group I granulites 

have a higher content of Fe, favouring separation of phases with an Fe/Mg ratio 

less than that of the liquid. Thus Group I mafic rocks appear to be differentiated 

products and Group I1 to be cumulates from an original tholeiitic liquid. Higher 

contents of Ni and Cr in Group I1 rocks could indicate a higher proportion of 

cumulus olivine and pyroxene, and the behaviour of Sr (cf. Ba/Sr ratios, Table I) 

indicates that plagioclase may also have been a cumulus phase. 

Group I1 rocks have greater amounts of olivine, pyroxene and a more calcic 

plagioclase, suggesting that these are indeed likely to have been cumulus phases. 

This will be further discussed below. 

They are all silicic (Si02 > 72%), but exhibit a wide range in 

Normatively the basic granulites are quartz and olivine tholeiites. They show 

Normatively, 

The intermediate granulites aro restricted in number, and thoue;ht to be hybrids 

formed by interbanding between acid and basic granulites (Holland, 1900; Howie, 

1955; Subramaniam, 1959). The charnockite suite then appears to be a bimodal 

suite with acid and basic members well represented but not necessarily genetically 

related. This will be discussed below. 

The charnockites are by definition acid, all having more than 64% Si02, and 

are highly potassic with c. 4% K20 (Table 1) and high K/Na ratios. Values for 

trace elements show considerable dispersion (see standard deviations, Table 1) 

but Ba, Zr, Rb and Sr are all consistently high. The charncckites are grano- 



dioritic to quartz monzonitic in composition. Representative analyses are given 

in Table 2. 

An AFM diagram (Fig. 1) for the whole meta-igneous suite reveals a strongly 

tholeiitic trend, the more fractionated basic and intermediate granulites showing 

marked iron enrichment. The compositional gap between the charnockites and basic- 

intermediate granulites again illustrates the bimodal nature of the charnockite 

5 .  
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stlife. 

(Sheratcr. e t  el, ,  1973) i s  d i s t inc t iy  calc-alkaline (Fig. I), but t h i s  trend 

nay 5e pa r t i a i ly  due t c  tectocic  and retrogressive activLty (Tarney, 1976) 

‘sneari-w’ a? originally 3irodai suite.  Polish grenulites also disalay a 

t i c l e i i t i c  trend (Tarney, unpiolished data). 

The trend :or Scottish Lewisien g r a m i i t e s  and retrogressed granuiites 

Aithsigh :ull rare  earth eienen3 (Pm) data were not cbtaiced ic the present 

study, sixulated iC3E plots  can 3e o5taineci f r m  reasired val-Les f o r  b, Ce an% 

Y, usirg Y as a xonitor of heavy r a e  ear th  (k3EE))bekavio~lr. 

REE p l o %  ere presented ir. Zg. 2 Zor the khondalites, basic granulites ar-d 

charnockites, respectively. 

metamorphism has been demonstrated by Green e t  al. (1972)) O’Nions and Pankhurst 

(197L) a?& mcy other wcrkers, a?d t h s  these s imla t ed  ?atterns may be used t o  

s&e izjerences about zhe o-iginel maeta7?oqhsed cature cf the rocks. 

Sic:? s imla t ed  

That the REE are  re la t ively immobile during prograde 

,- LO C. 

Baric Omnulitw 

1 4  

1 

L La c. Y 

Fig. 2. Representative simulate6 
FCZE gatterns f o r  Madras 
granulites . 
A:  khonealite 

B: basic g r a m l i t e ,  showing 
divisior. i n to  groups I 
and 11 (see t ex t )  

C: charnockite 



The khondalites show considerable variability in their FEE patterns (Fig. 2) 

though the majority have rare earth distributions enriched in light rare earths 

(LREE); two samples, however, show LREE-depleted patterns. 

rich in heavy mineral concentrates suohas garnet could well have bulk REE dis- 

tributions showing HREE enrichment. 

Quartz-rich sediments 

The distinction between Groups I and I1 of the basic granulites is well 

demonstrated by their REF patterns (Fig. 2), 

total levels of RFE and slightly lower (Ce/Y), ratios; this suggests that Group I 

rocks are cumulates and Group I1 residual. Furthermore, the implication is that 

the crystallising phases must have had low partition coefficients for the REE 

(of less than 1) thus raising total levels of REE in the melt, but with higher 

partition coefficients f o r  the HREE than the LREE, increasing the Ce/Y ratio in 

the residual liquid. The most likely phases capable of achieving this are 

clino- and orthopyroxene and it would seem that these may have been the dominant 

phases during crystallisation. 

liquid (by averaging the patterns for groups I and 11) indicates that it must 

have had an original LREE-enriched pattern similar to that of continental 

tholeiites. This could be achieved by partial melting of a mantle source with 

residual pyroxene or possibly minor garnet. 

the Group I1 samples having lower 

Consideration of the FLEE pattern for the parent 

Simulated REE plots for the charnockites (Fig. 2) show rather different 

relationships. 

wide range in Ce/Y ratios is observed, some samples showing extreme Y depletion. 

Such Y depletion could only be achieved through processes of fractional crystalli- 

sation or partial melting involving minerals with high partition coefficients 

for the heavy REE such as hornblende (Arth and Barker, 1976) or garnet. 

Comparison of the charnockite FLEE patterns with those of the basic granulites 

suggests very strongly that the patterns observed in the charnockites could not 

be produced by fractionation of the low-pressure mineral assemblages which seem 

to have governed REE behaviour in the basic granulites. 

REE patterns again demonstrates that the basic and acid granulites are not 

cogene t i c. 

No general trend (apart from LF3E enrichment) is obvious, and a 

Thus consideration of 

A plot of YN against (Ce/Y)N also demonstrates features of the REE patterns. 

As can be seen from Fig. 3 there is a good negative correlation between Y and 
Ce/Y for the charnockites, with Y increasing markedly as Ce/Y decreases. Such 

a trend as this again implies involvement of garnet as a residual phase in the 

source region of the charnockites. 

show minor horizontal scatter in the Ce/Y values, but a general vertical trend 

in line with the cumulate-residual relation outlined above. 

to be no relation between acid and basic granulites. In comparison with other 

areas (Fig. JA,B,C) it can be seen that the negative correlation between Y and 

Ce/Y is a common feature in Archaean granulites, probably reflecting the major 

On this diagram (Fig. 3D) the basic granulites 

Again there appears 



influence of garnet control on the REE's in the genesis of these rocks. 

In recent years a distinct relation between K and Rb has been demonstrated for 

granulite facies rocks (Lambert and Heier, 1968; Sighinolfi, 1971; Sheraton et 
al., 1973; Cooper and Field, 1977).  

normal upper crustal rocks averages 230, but shows a slight tendency to increase 

with decreasing K content. 

Shaw (1968) found that the K/Rb ratio in 

In Archaean granulite facies rocks (i.e. Fig. 4) this 

A h 
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Tab le  2 

R e p r e s e n t a t i v e  analyses o f  Pallavaran c h a r n o c k i t e s  

Si02% 

Ti02 

*l2'3 

Fe203 
Pin 0 

MgO 
CaO 

Sa20 

K2° 

'2'5 

Totel 

YP 22 

72.9 
- 
0.18 

13.8 

2.39 

0.G25 

0.72 

1.15 

3.23 

5.13 

0.140 

99.67 

MP 72 

71.8 

0.50 

13 .O 

5.26 

0 * 252 

2.42 

1.78 

3.21 

2.21 

0.046 

100.58 

"ace e l e m e n t s  i n  p . p . v . . ,  

Cr 

>! i 

Z r. 

4b 

Sr 

Y 

Zr 

Nb 

Ea 

La 

Ce 

Pb 

3 

Ga 

(Ce/Y 1 
K/Rb 

% / S r  

Sa/Rb 

3a /Sr  

8 9 1  

< 1  I 8 

15 63 

138 17 

96 311 

48 13 

24 189 

11 6 

683 890 

21 30 

46 48 

24 21 

3 14 

i? i8 

2.3 . o  
309 258 

1.44 0.23 

4.95 12.54 

MP 1 4  

70,6 

0.28 

14.7 

1.95 

0.324 

0.96 

1.26 

2.42 

7.29 

0 * 100 

99.58 

11 

< 1  

1 b  

170 

2 11 

7 

251 

4 

1055 

29 

48 

23 

13 

1 8  

16.8 

338 

0.85 

5.89 

?,I1 2.85 5.00 

?IP 69 

6 h . O  

0.09 

1 7 , O  

2.66 

c.c29 

1.66 

2.10 

3.60 

7.93 

3,218 

99,29 

28 

3 

35 

223 

369 

12 

32 

< 1  

1320 

57 

120 

47 

76 
m -  
L 3  

24.4 

295 

0.60 

5.92 

3.58 

YP 97 

6 h . 4  
- 
0.59 

17 ,0 

4.57 

2.051 

2.74 

5.97 

3.72 

0.87 

0,046 

99.96 

54 

15 

57 

7 

279 

2 

237 

4 

352 

29 

51 

1 2  

3 

28 

62.3 

LO3 2 

0.03 

50.29 

1.26 

MP 3 7  

67.3 
- 
0.41 

15.3 

3,12 

0.338 

1 , 3 8  

2.08 

2.99 

5.74 

0.126 

98.48 

21 

2 

2" 

104 

479 

2 

385 

2 

1708 

43 

69 

22 

25 

2 0  

84.3 

458 

0.22 

16.42 

3 . 5 7  
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Fig. 4. Plot of K agains Rb f o r  Lewisian, Greenland, Polish and Madras 
granulites. Modified after Tarney and Windley, 1977. 

trend is much more marked, the K/Bb ratio increasing rapidly as K decreases 

(Tarney and Windley, 1977).  
granulites (Table 2 ) ,  with the K/Rb ratio reaching 1700. 

In this respect the Madras rocks are typical 

Development of the K/Rb ratio in the Madras granulites shows a good degree of 

mineralogical control (Fig. 4), the charnockites having much lower K/Rb ratios 
(Table 2) ,  the basic granulites developing the higher values. 

presence of K-feldspar as a stable phase in the charnockites and is in marked 

contrast to Lewisian granulites where there is little mineralogical control over 

This is due to the 



the K/Rb ratio with all samples (whether acid or basic) showing generally high 

K/Rb ratios. 

K-feldspar free. 

Significantly Lewisian granulites are diopside normative and 

Bimodal meta-igneous suites are a common feature of many Archaean terrains 

(Barker and Peterman, 1974; Barker and Arth, 1976), the two components being 

trondhjemitic or tonalitic and basaltic in composition, with acid material 

dominant, and with a distinct lack of intermediate (andesitic) material. Petro- 

genetic models for the evolution of the components of these suites were proposed 

by Arth and Hanson (1975) and Barker and Arth (1976). 

was considered by Arth and Hanson (1975) to be the product of partial melting of 

mantle peridotite at shallow depths, and the basic granulites conform to this 

pattern, with the implication that pyroxenes ( o r  possibly minor garnet) were 

residual phases. 

The basaltic component 

Barker and Arth (1976) suggested that low A1 0 (less than 15%) trondhjemite- 
2 5  

tonalite liquids could be generated by partial melting of amphibolite or hornblende 

bearing gabbro,in which plagioclase is residual but garnet and/or hornblende are 

not. This was invoked to explain the negative Eu anomalies, enriched LREE and 

flat HREE patterns observed in some tonalite-trondhjemites. 

describe low A1 0 trondhjemitic rocks from Colorado with fractionated REE 

patterns but with small or absent Eu anomalies. These they consider to have been 

generated at depths in excess of 50 km by partial melting leaving residual horn- 

blende, garnet, clinopyroxene and plagioclase, or melting at slightly greater 

depths with residual garnet and clinopyroxene. 

suggest the acid rocks of northeastern Minnesota were largely derived by partial 

melting of either eclogite or mixed eclogite-peridotite parent material at mantle 

depths or by partial melting of shortlived greywacke, in order to account for 

the high K20 and S O 2 ,  negative Eu anomalies and low initial Sr ratios of the 

rocks. 

trondhjemites, tonalites and granodiorites require residual phases in the source 

that pre.rerentinlly retains the HREE at small degrees of partial melting. 

Hornblende and garnet are the only phases with high enough partition coefficients 

(for acidic liquid compositions) for the HBEE to produce significant HREE 

depletion. -Extreme HREE depletion (as, for example, observed in some of the 

charnockites, Fig. 2) could only be achieved with residual garnet in the source, 

with its high partition coefficients for the HREE as compared to hornblende. 

For the charnockites o m  favoured model is of partial melting at depths where 

garnet is a stable phase. Varying degrees of partial melting would be able to 

produce the range in Ce/Y values observed, early formed melts having high 

contents of LREE, high Ce/Y ratios with residual garnet, and later melts would 

have lower contents of LREE, but higher HREE and lower Ce/Y ratios, as garnet 

is extracted from the source. Such a mechanism would be capable of producing 

Barker et al. (1976) 

2 3  

Similarly, Arth and Hanson (1975) 

The strongly fractionated REE patterns (LREE enriched) observed in 



the trend of increasing Ce/Y ratio with falling Y depicted in Fig. 3 for the 
charnockites. 

The Madras charnockites display a negative correlation of (Ce/Y)N with Si02 

but a positive correlation of Ce and Y with Si02. 

in the source would seem to be necessary to account for the low Y levels,and 

the negative (Ce/Y)-SiO, correlation might indicate the increased dominance of 

garnet in the residual mineral assemblages at higher degrees of partial melting. 

An origin of the charnockite suite by partial melting of a garnet-pyroxene- 

amphibole-plagioclase assemblage at lower crustal depths (or greater) would 

satisfy many of the geochemical constraints, but complete REE data are necessary 

to rigorously test any such model, together with an appraisal of the role of 

metasomatism. 

Residual garnet or hornblende 

MINERAL CHEMISTRY AND P-T CONDITIONS OF CRYSTALLISATION 

The mineral chemistry of Madras granulites was studied by Howie (1955) and 
muoh additional data on the mafic granulites in particularwere provided by Ray 

(1970), Ray and Sen (1970), Sen (1970, 1973) and Sen and Ray (1971a,b). Rather 

than duplicate this work, we have analysed only those coexisting phases (ortho- 

pyroxene, clinopyroxene, garnet, plagioclase, K-feldspar) to which recently 

refined techniques of geothermometry and geobarometry can be applied. 

The analyses were carried out on the Cambridge Microscan 5 microprobe in the 
Department of Geology, University of Leicester. fill ZAF corrections were applied 

in computing the final results. 

Wood (1974) investigated the P-T conditions of the Madras granulites utilising 
the data of Howie (1955). 
constraints on the P-T field suggested by Wood (1974). 
conditions of metamorphism of the Madras granulites would appear to be useful 

for two reasons. Firstly, the consistently 'fresh' nature of the rocks implies 

lack of any retrograde event, suggesting that the present assemblages are those 

that equilibrated under granulite-grade conditions, and might allow quite 

accurate estimation of the physical conditions of metamorphism. Secondly, rocks 

such as these may allow evaluation of the relative merits of the standard geo- 

thermometers, geobarometers, and some estimation of their accuracy. 

The new probe data presented here provide further 

Study of the P-T 

In hand speci4en and thin section the rocks appear remarkably fresh. By thi 

use of distribution coefficients, Sen (1970) and Ray and Sen (1970) demonstrated 
that the basic granulites contain equilibrated assemblages. Fig. 5 supports 
this, all points falling close to the c w e  of Saxena (1968) for granulite 

facies rocks, indicating that the pyroxenes equilibrated under granulite facies 

conditions with minimal subsequent exchange on further cooling. A corollary of 

these conclusions is that the Madras granulites were excavated relatively rapidly 

from the region of metamorphism, unlike, for instance, the Scourian complex of 

Scotland, which had an extended period of excavation over 1000 my (O'Hara, 1977). 
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1.C 

Fig. 5 .  Plot o f  Xg:" against Xgzx for Madras granulite pyroxenes. 
line is the line of  equal mole fraction of Fe. Curved line is that of 
Saxena (1968) f o r  pyroxene compositions that equilibrated under 
granulite facies conditions. 

Diagonal 

The standard methods of geothermometry/geobarometry developed in recent years 

were used to examine the P-T conditions of crystallisation of the Madras 

granulites and, combined with petrological observations related to experimental 

work, allow us to define a restricted P-T region f o r  the metamorphism of Madras 

granulites. 

1. Two-pyroxene geothermometer 

Seven pairs of coexisting ortho- and olinopyroxenes (Table 3a) and thm 

single orthopyroxenes (Table 7) were probed in the present study. 
pyroxenes are from samples covering the full compositional range (48-75$ SiOp) 

The analysed 



exhibited by the charnockite suite. The orthopyroxenes are bronzites to ferro- 

hypersthenes, whereas the clinopyroxenes range from diopside to salite, augite 

and ferroaugite. 

The original formulation of the two-pyroxene geothermometer (based on the 

diopside-enstatite miscibility gap) was by Wood and Banno, who derived their 

equation 27 (Wood and Banno, 1971) as a geothermcmeter. In the light of new 

experimental results Wells reformulated the data and obtained a different 

expression (Wells, 1977, eqn. 5) .  Temperatures obtained f r o m  the new analyses by 

applying the methods of Wood and Banno (1973) and Wells (1977) are given in 

Table 4, together with the results obtained from the coexisting pyroxene analyses 
of Howie (1955) and Ray and Sen (1970). 

represent a peak thermal event (Hewins, 1975),  in this case the peak metamorphic 

(granulite grade) temperature. 

Such pyroxene temperatures should 

These temperatures have been calculated using the 

empirical correction of Bence et al. (1975) for estimation of the 

TABLE 4: Pyroxene temperatures 

e? 
M p  16 0.580 
M€' 34 0.522 

0.486 
MF' 91 77 0.197 
M p  94 0.672 

m 61 0.594 

M p  100 0.557 

CPX 
%zsi2 O6 

0 0.032 
0.040 

0.050 
0.024 
0.026 
0.030 

0.041 

From data of Howie (1955) 

7709 0.241 0.032 
4645 0.265 0.050 
2270 0.785 0.027 
2941 0.454 0.043 
4642.4 0.568 0.040 
115 0.631 0.021 

From data of Ray and Sen (1970) 

M 36 0.594 0.044 
M 181 0.570 0.013 
SCH 516 0.529 0.064 
M 236 0.502 0.048 
M 93 0.525 0.036 
SCH 300 0.431 0.050 
M 247 0.513 0.029 
SCH 456 0.630 0.016 
SCH 577 0.626 0.034 
SCH 320 0.615 0.020 
SCH 65 0.522 0.052 

OPX 
%2si206 

0.163 
0.203 
0.374 
0.239 
0.592 
0.099 
0.170 

0.532 
0.471 
0.311 
0.259 
0.170 
0.111 

0.140 
0.148 
0.187 
0 . 1 ~ 9  
0.208 
0.298 

0. o9e 
0.202 

0.096 
0.124 
0.209 

ferric iron 

T 2 ( O C )  

T~ = temperature from equation 27 of Wood and Banno (1973) 

T = temperature from equation 5 of Wells (1977) 
2 



content of pyroxenes which cannot be directly determined by the microprobe. 

Ignoring possible Fep content for these compositions lowers the quoted 

temperatures by 5-10°C. 

Accuracy of the two-pyroxene geothermometer is limited by inexact knowledge 

of the diopside-enstatite miscibility gap and of the effect of pressure on the 

limbs of the solvus. It was suggested (Hewins, 1975; Wood, 1975; Wilson, 1976) 

that the Wood-Banno method produces temperature overestimates, although Hewins 

(1975) still finds it to be a precise method. Wood (1975) suggested a downward 

revision of 60°C for temperatures obtained by this method, a figure in agreement 

with that suggested by Hewins (1975) and Wilson (1976) as the amount by which 

the thermometer may be overestimating. Temperatures obtained by the Wood-Banno 

method (Table 4) fall in the range 780-900°C, with a mean of 840°C which, upon 
revision downwards by 6OoC, becomes 78OoC. 

the accuracy of this method to be f-60°C. 

Wood and Banno (1973) considered 

Temperatures obtained by the Wells method (Table 4) are rather higher, ranging 
from 77O-1O1OoC with a mean of 885OC. Accepting that the Wood-Banno method does 

produce temperature overestimates o€ c. 60°C,it would appear that for the compo- 

sitions considered here the method of Wells (1977) also produces temperature 

overestimates of the order of 100°C. 

method to be f-70°C. 

Wells (1977) considers the accuracy of his 

Bearing in mind the above considerations, the best estimate of temperature 

of crystallisation from the two-pyroxene data seems to be 78O26O0C. This is 

in agreement with a figure of 750°C obtained by Fleet (1974) from the data of 

Howie (1955) applied to the augite limb of the pyroxene solvus, which Fleet 

(1974) developed as a possible geothermometer, and also with the two-pyroxene 

geothermometer of Saxena (1 976) which yields temperatures of crystallisation of 

c. 8OOoC for Madras granulites. 

2. Two-feldspar geothermometer 

Seven pairs of coexisting plagioclase and alkali feldspar were probed (Table 

3b) and combined with two pairs of analyses from Howie (1955) for the purposes 
of geothermometry. All probed samples are charnockites. The plagioclases 

range from An 22-Anjl, and the alkali feldspars from Or 79-Ors9. 

the elements analysed here the feldspars may contain appreciable amounts of iroh 

with FeO+Fe 0 up to 0.6% (Howie, 1955). Problems associated with microprobe 

analysis of perthitic feldspars, such as these, are discussed below. 

In addition to 

2 5  

The original formulation of the two-feldspar geothermometer was by Stormer 

(1975), whose therniometer (eqn. 18) was based on the thermodynamic parameters 
for high sanidine. Whitney and S-tormer recently reformulated the geothermometer 

(eqn. 8 of Whitney and Stormer, 1977) on the basis of thermodynamic parameters 
for microcline-low albite solid solutions. Thus the structural state of the 
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TABLE 5: Feldspar temperatures 

'Na,AF %a,PF (Kb) 

M p  14 0.198 0.685 

1Q 20 0.179 0.744 

M p  44 0.170 0.698 

m 50 0.133 0.728 

~p 72 0.112 0.761 

M p  74 0.113 0.725 

M p  82 0.120 0.767 

2270 0.135 0.620 

6436 0.173 0.659 

9 
11 
9 

11 
9 

11 
9 

11  
9 

11 
9 

1 1  
9 

11 
9 

11 
9 

11 

TI  ( " c )  - 
678 
702 
627 
650 
636 
660 
5 30 
551 
535 
555 
547 
568 
544 
565 
620 
643 
659 
683 

Av(OC) 

71 3 
737 
648 
682 
666 
690 
5 54 
575 
559 
580 
5'71 
593 
569 
590 
645 
668 
689 
714 

T2(OC) 

747 
772 
689 
714 
696 
720 
577 
598 
583 
60 5 
59 5 
617 
594 
61 5 
670 
693 
719 
744 

T 

T 

Av = average of TI and T2 (approximate temperature for the orthoclase 

Samples 2270 and 6436 from Howie (1955) 

= temperature from equation 18 of Stormer (1975) 
= temperature from equation 8 of Whitney and Stormer (1977) 

1 

2 

structural state) 

alkali feldspar becomes of importance in assessing temperatures obtained from 

these methods. Orthoclase is likely to be the stable structural stake during 

granulite-grade metamorphism and, although the observed alkali feldspar in the 

oharnockites is generally microcline, there is evidence (Howie, 1955) that the 

microcline has inverted from orthoclase. Unfortunately there are no currently 

available thermodynamic parameters f o r  the orthoclase structural state, and 

thus no geothermometric expression for this structural state. Whitney and 

Stormer (1977) do suggest that reasonably accurate results may be obtained for 
the orthoclase structural state by averaging temperatures obtained from the 

methods of Stormer (1975) and Stormer and Wliitney (1977). 
€or the present analyses, and the results are presented in Table 5. Such an 

average should give a good approximation to the true temperature. The modifi- 

cation to the equation of Stormer (1975, eqn. 18) suggested by Powell and 

Powell (1977), who considered the effect of Ca on the thermodynaiics of alkali 
feldspar, has little effect (c. 10°C difference) on the temperatures generated 

for the Madras granulites by this method, due to the low content of Ca (XCa,AF = 

0.02) in the alkali feldspar. 

This has been done 

In assessing these results (Table, 5) the possible effect of .analytical 
uncertainty in the alkali feldspar analyses needs to be considered. The alkali 
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feldspar in these rocks invariably displays exsolution (perthites and micro- 

perthites), and the difficulties in obtaining homogeneous bulk analyses from the 

microprobe are large (i.e. Bohlen and Essene, 1977). 

to overcome these difficulties are outlined in the Appendix, but it may be that 

these msthods have not fully overcome the analytical difficulties. In this 

respect the analyses of Howie (1955) are relevant as they are based on mineral 

The methods adopted here 

separates and should represent truly bulk analyses. They give temperatures 

(Table 5) higher than the mean temperature from probed samples (611OC and 8 kb 

and 635'C at 11 kb), although they fall within the same temperature range (Table 

7). 
by c. 40°G. Adoption of a more rigorous analytical procedure for the a.lkali 

feldspars (such as that used by Bohlen and Essene, 1977) should produce more 

reliable temperatures. 

It may be that the mean temperatures for probed samples given here are low 

Nevertheless, taking the mean of all temperatures in Table 5, the temperatures 
indicated by the two-fel-dspar method are 62425OOC at 9 kb and 648263OC at 11 kb. 

3. Fe-Ti oxide geothermometer 

li'e-Ti oxides were not analysed in the present study, due to the analytical 

difficulties involved in obtaining homogeneous magnetite analyses from the micro- 

probe (i.e. Bohlen and Essene, 1977), and the probability that the Fe-Ti oxides 
re-equilibrate to low temperatures (i.e. Hewins, 1975) and at best record minimum 

temperatures of metamorphism (Sen and Ray, 1971b). 

from the literatwe and the temperatures thus obtained are given in Table 6. 

This geothermometer/oxygen barometer is calibrated experimentally from the work 

of Buddington and Lindsley (1964). 

Relevant data were extracted 

TABLE 6: Fe-Ti oxide temperatures and oxygen pressures 

+ 
log f -20.0 - 1 -18.7 2 1 -18.0 1 -19.2 5 1 

02 

555 +_ 50 

-20.1 - 1 + 

A: data f r o m  Howie (1955) quoted in Buddington and Lindsley 
B: data from Howie (1955) quoted in Sen and Ray (1971) 
C: data of Sen and Ray (1971) 

(1964) 

+ Temperatures indicated by this method (Table 6) average 580 - 5OoC. The result 

(Sen and Ray, 1971) for analysis of Fe-Ti oxides from sample 46428 of Howie (1955) 

may be of dubious value due to the presence of 7.3% sulphur in the magnetite 

analysis (Howie, 1955) indicating a significant amount of pyrrhotite. 



Fie a3ove data Lndioate f i a t  t i e  clos-lre of the various pai-s or' phases t o  

in?ercrj&alline diffwicr .  wiYi falling tenperatme was i n  the order: 

o r ? i c ~ y ~ o x e r . e - c l i ~ o ~ ~ ~ o x e r ~ s ,  plagioclase-alkali-feldspar, i lr .enite-Twetite.  

The two-3yroxene nethod i rdlcates  peek netmorphic 'cer.2eratures of 780 2 6C3C, 
t!ie two-feltspar method 64.0: jO°C, and the Pe-Ti oxide metnod j80t jOCC. 

ra t icn sf cnly feldssa- o r  Fe-T?i oxide 6.2ta cazz only yield a rininlm estfxate ci" 

texperature of nefanorphlsn?. The above seqv.er.ce i s  equaily v e i l  demons5rated 

f o r  a single sac2le 2270 of I-Iowie (1955) f o r  vkick: a l l  three texperat-Ares are 

avail.a3le (Ca3les 4-6) : 

Fe-Ti caide 560 2 5OoC. 

Conside- 

+ 
fwo-pyroxene 74 j - 60°C, twc-felds3ar 657 2 'jO°C, acd 

That Se-Ti oxides re-equilibrate t c  a lcwer teuiperat.;re t b a  ccexlsting 

?elds?ars LR ar igneous 3lztonic enviroraect was denonstrated by Wkitsey an& 

StDmer (1976). 
ten?erat;-;re C ~ T :  ccly be o3taiced from the two-pyrcxene geothermxeter. 

L. Oxl,:'.opyroxene-Rarnet geobaroxeter 

stildy (Table 7) and are  combined with two pairs  of analyses from Zowie and 

SA-maniarr: (1957) t o  obtain P-T l i nes  by ihe rcethod of Woo3 (197$), fornulated 

3n ?he 3asts or" t i e  s o l i d l i t y  of kl 0 ir. coexisting ortho3yrcxene ard gamet. 

ALL fhe gcneSs (Ta'de 7) are pyrope-alnaxdine i n  composition, w i t i  greater tian 
&I$ of the almxdine end xem'ser. 

It wo:li seerc that re l iable  e s t i m t e s  of 2eak netaraorphh 

n. -hv .A pairs of coexis5ing orthopyroxene-garret were anzlysed i n  the present 

2 3  

5ABLE 7 : Chezdcal malgses of coexistira ortiopyroxene-garnet aid 
pmet-ola&oclase 

IP-44 MP-72 m-74 

48.88 
0.1c 

2.54 
C.02 
34.35 
c.53 
12.97 
C.34 
c.02 
c.c2 

lGC.jC 

G t  

37.40 
O.CL 
21.31 
0.c2 
32.16 
1.12 
3.99 
3.23 

- 

- 

99-27 

opx 

49.74 
0.05 
5.46 
0.07 
2 j.91 
0.15 
18.61 
C.07 
C.03 
c.02 

1co.11 

- 

- 

Gt - 
39.28 
0.04 
22.29 
0.07 
28. j6 
0.62 
8.97 
1.26 - 

:c1 ;0g 

G t  - 
33-63 
0.03 
22.00 
0.02 
70.9C 
0.72 
7.01 
1.85 

1C1.17 

- - 
5.55 
8.23 
0.11 

98.66 
- 

A possible disadvantage o f  applying thfs nethod t o  sicrcprobe analyses o f  

ccexistirg 3hases i s  the uncertainzy intrcduced by the noa-deterrr̂ir.atioc.icatioE of 

f e r r i c  i-on. 

a &a.natic effect  on the pressures obtained, es?ecially fron the corrected 

methcd of Wood (1974), where FeF is ccabined with A 1  i n  the correction procediwe. 

Imoring t'ne HeF content (especialiy of orthojyroxene) car. have 



Zere the ergir ical  correction of Bence e t  a l .  (1975) was used f o r  e s t i n a t i r ?  

FeF i n  orthopyroxene. The possible FeF contenf of garnet w a s  ignored, the 

aralyses cf Howie a d  SAramnian showing lcw ?e203. The val idi ty  0' 5kese 

ass-n?tions 3an be fested by couparire ?-I? curves t h s  ge-zerated with those 

from the analyses of Howie and Subramaniam ('1957) i n  winich FeF. i s  avaiiable f o r  

bcth g:hases. Res'Ats from applica%ion cf t h i s  geobarometel: are given i n  Tabk 6 

er.d the P-T l ines  generated (calculation foilowing the Wcod, 1974, corrected 

netkcd), ilLusfrated i n  Fig. 6. 
bracket the curves f r c r  the data of Eowie ar.d Subranaria (1957), indicating 

t h a t  the above a s saq t i cns  regardifig ?ew nay be valid f o r  these mineral 

conysit ions witkin fhe overall error  of the refhod (i.e. val idi ty  o f  i inear  

extraylat ior ,  fror high temperature e.verimentai syste3i t c  lower t eqe ra tu re ,  

assapficns regarding A l  s i t e  occ-~pzs.cy i n  orthcpyroxeoes, and effect  of 

amLytical umertainfy, etc.). 

t o  be 2-3 k3. 

The P-T curves from the probe-analysed s a q l e s  

Wood (1974) ccmiders the accuracy cf tke sethod 

- 
TABm 8: Orthcvyroxene-garnet pressures 

Cn 113 C.LSj  0.C92 0.91 7 -?. 29 5.5 9.7 
Ch 199 C.574 3.C49 (2.765 -6.05 4.9 9.3 
M 44 0.599 C.C60 c.882 -8.11 7. J 11.9 
F 2  72 0.439 0.122 0.9j2 -8.44 4.5 8* 5 
3 

Ch 113 G.4E3 0.077 C.876 -8.20 5.7 13.0 
Ch 199 0.574 0.052 0.736 -7.96 8.? 12.8 
XP 4L 0.599 O.CS1 3.aai -6.06 9*0 13.7 
IQ 72 0,439 0.121 0.9jO -9.44 4- 5 8.5 

- 

A = uncorrected method of Wood (1974) 
2 = corrected xethod of Wcod (1974) 

5. Kethod of Gher.t(l976) 
This netnod i s  based oc the &istri jution of Ca betweer. csexisting garnet and 

glagioclase according t o  the reaction: 

anorthite = grossular + aluminium s i l i c a t e  + quartz 

Aiu-ciniux s i i i ca t e  ( s i l l i m n i t e )  was observed i n  oce thin section of chamockite 

(PIP 74). 
and plagioclase were also probed (Table 7). 
a s  on Fig. 6 ,  The grossuiar colr2onent of ga-net was celciliated al lot t ing 

a l l  Ca t o  grossular; thus t h i s  method generates m a x i m  presmres (Gkert, 1976). 

6. Nethod o f  Norse (1971) 

I ts  conposition was verified by aaalysis and tine coexisting garnet 

The P-T l i n e  prodused i s  depicted 

The occarrence of resoperthi5e i n  khondaiites indicates that  the P-T conditions 
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I I I I I I I I I I I 

5 10 15 

Fig. 6: P-T diagran Cor Madras granulites. Alwinium silicate phase boundaries 
from Holdaway (1971). 
m and g are the P-T lines generated by the methods of Morse (1971) and 
Ghent (1976). 
the garnet-orthopyroxene geobarometer (Wood, 1974) for corrpositions 
from Fowie and Subramaniam (1959) and from the present data. Also shown 
is the garnet + cordierite-garnet boundary for pelitic compositions with 
Pig/(Y@+Fe)=O.4 (from Hensen and Green, 1971). 
probable P-T field for crystallisation of the Fladras granulites. 

Lines 1 and 2 are the dry and wet granite solidii. 

Dashed and dot-dash lines are the P-T lines generated by 

The hatched area is the 

of metamorpnism may have been close to the critical line of Morse (1971) for the 

feldspar solvus. This line is indicated as on Fig. 6. 

7. Petrographic observations 

The aluminium silicate consistently observed in the khondalites is sillimanite; 

nc kyani-te was seen in this study or 3g Howie and Subrmaniam (1957), although Sen 

and Ray (1971b) report the occurrence of both sillimanite and kyanite in Wionda- 

lites from Yldras. Appropriate conditions of metamorphism are restricted to the 

low P/high T region of the sillimanite-kyanite boundary in the aluminium-silicate 

phase diagram of Holdaway (1971), or, accepting the observations of Sen and Ray 

(1971b), to the vicinity of this boundary. 

silicate phase cliagram of Holdaway (1971) are given in Fig. 6. 
The boundaries of the alminium- 

There is a total absence of cordierite in rocks of the khondalite suite, 

although garnet is common, allowing the experimental data of Yensen and Green 

(1971) to be applied to these rocks. The Yg/(Mg+Fe2t) ratio for garnets from 
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khondalites is C. 0.4 (Howie and Subramaniam, 1957), enabling the boundary for 
the upper stability of garnet t cordierite for this composition to be taken from 

diagrams 8 and 9 of Hensen and Green (1971). This boundary is plotted on Fig. 6 
and conditions of metamorphic recrystallisation must have lain to the high- 

pressure side of this line. 

All the above data are compiled on Fig. 6, from which the P-T conditions of 

metamorphism can be deduced. The hatched area represents the indicated two- 

pyroxene temperature of 78Ot6O0C, lying to the high-temperature side of the 

sillimanite-kyanite boundary, and to the high-pressure side of the garnet-garnet 

+ cordierite boundary. 
generally good, lines g, m and two of the P-T lines from the orthopyroxene- 

garnet method passing through this area, the remaining two lines generated by 

this method occurring at higher temperatures (for a given pressure) than that 

indicated; but this is not surprising considering the accuracy of the method. 

The convergence of all methods is encouraging and suggests that physical con- 

di-tions o f  metamorphic recrystallisation of the Madras granulites can be confined 

to the region 720-840'C and 9-10 kb (Fig. 6). 

Agreement with the methods which generate P-T lines is 

Wood (1974), using only the data 
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of Roiriie (1955), arrived at figures of 8O0-9OO0C and 8-12 kb. 

ture estimate suggested here comes from the revision of the Wood-Banno method 

(see above), and -the more restricted range of pressure from a consideration of 

other geobarometric methods. 

The lower tempera- 

The P-T estimate €or the Madras rocks is in good agreement with that of other 

Archaean granulites (cf. Fig. 7, modified from Tarney and Windley, 1977). A l s o  

indicated on Fig. 7 is the recent calculation (Bohlen and Essene, 1977) of the 

P-T conditions f o r  the Adirondack highland granulites, which is based on fel-dspar 

and Fe-Ti oxide temperatures and which, in view of the earlier discussion, is 

probably a low value. 

'Whitney, 1977) do indicate higher temperatures (c. 78OOC). 

Pyroxene temperatures for the Adirondacks (McLelland and 

Fig. 7 indicates that the P-T conditions for Archaean granulite facies 
metamorphism generally lie in a field embracing 6-12 kb and 7O0-1O0OoC, implying 

depths of roughly 20-40 km. They are thus intermediate pressure granulites 

with geothermal gradients of 18-j5°C/km. 

crust may have been at least 30-35 km thick 2600 my ago. If the Madras 

charnockites are the product of melting of crustal material at greater depths, 

then the crust may have been substantially thicker at this time. It follows 

that although grandites represent deeper crustal material, they do not necessarily 

represent lower crustal rocks (see Tarney and Windley, 1977). 

ACKNOWLEDGEMENTS 

The indiestions are that the Archaean 

We should like to thank R.N. Wilson for much help with the microprobe 

analyses and Dr G.L. Hendry for assistance with the X.R.F. analyses. BLW 

gratefully acknowledges the receipt of a NERC studentship. 

APPENDIX:  MICROPROBE 'TECHNIQUE 

Pyroxenes : 

Only optically homogeneous (unexsolved) grains were selected for analysis. 

The grains were probed along a traverse from core to rim to test for zoning. 

All analysed grains werz found to be unzoned and unexsolved. A bulk analysis 

for the grain was then obtained by averaging the individual point analyses. 

Garnets : 

Probe analysis showed the garnets to be unzoned. Individual poict analyses 

were averagsd to obtain a bulk analysis €or the grain. 

Feldspars: 

The plagioclase feldspars were probed from core to rim, but found to be 

unzoned. A bulk analysis for the grain was obtained from an average of the 

individual point analyses. 
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The alkali feldspars show varying degrees of exsolution (microperthites and 

perthites). 

ana,lyses: 

points per grain were analysed, and then averaged to obtain a total mean 

analysis; for the perthitic grains a number of areas per grain were scanned, 

employing a 30 scan, and these results then averaged. This second method 

appears to give better precision. 

the problem of exsolution in the feldspars, but obviously a more exacting method 

(i.e. Bohlen and Essene, 1977) would give improved precision. 

Two different approaches were adopted in order to obtain bulk probe 

for the microperthitic grains a large number of randomly selected 

It is felt that the methods largely overcome 
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G?AELI?E TERPAiSS AXD DFMXAE SCHIS? 

3 2 T S  Ci? X'CLKLiR I I ? I A  

B.S. Atal, S.S. 3-.al:a, Y. Lall, Z.K. Ykkedevan and G.E. 'Jdas 

Atoric Xnera l s  Xvision, Atoxic Zrergy Dec5, HyderaSad-5C3C16, IzCie 

Abskact 

kitoie-rcck gaxx-ray saectrocetric &at& r'cr U, 3 and ic ccr.ten*s of I 3 3  se.r.ples 

belo?ai?g t o  the gran-Jlite bel ts  of Xorth Arcot-Pallavaram (NAP) ,  Eastern G h a t s  

(a) ar.8 icor.~a?elIi and ;he Geer.stcne gxeiss bel ts  of S c g i r ,  :-:olenarsip-;r w-6 

Kclar are areseered. 

have distinctive ra8ioelexer.t abu-?dances ar-d oharao;eris$ic erA.c?ment patterns 

for  'J and ?h i n  reletior. 70 K, 

The &eta reveal :hat tke bgarxli te and greens5one bel t  rccks 

The m i n  rocks ar-alysed fron: tke g r m i i i t e  bel ts  iccl-;be ayroxene grarxiires,  

okamockites, asscciated axrthosi5es  a??& ci&r.e,tize gneisses. They are divided 

into two oroaa groirps on the basis of t he i r  s i l i c a  conjentr 

basic rocks wi5h Sic2 coctent l e s s  thar. 65$, and (b) nore acibio rocks with SIC2 

content greater than 6%. Compared with normai magmatic rocks t i e  more basic 

g raml i t e s  an6 chk-cookites aze dealezed i n  U as& Fk ir. r e l a t i cc  t o  5. Ice core 

acidic rocks, hciiever, h v e  higher concentraticos of a l l  three eleEe?.fs and high 

?h/: ra t ios ,  indicat i ra  esricknest of Tk over U. 

intmsive i s t o  the charnockite-pyroxene ~ a . % l L t e  groua shcw higher conceo:raEcr.s 

or' a l l  three radicelenents azd a higker ?h/C ra t io ,  %ese shov dealetion i n  T but 

er.zichest  ir. Fh tc reiaticr.  t c  K. 

(a) isternediate and 

Later qiartzo-fe16spathic rocks 

The xain rocks :roc: the D:-.a?dar schist  be l t s  Fr.clu6e az?hi'coli:es and associated 

gneisees, granites and ;he tY!ha%:Eicn meisst ' ,  , ?hese shcw e relasive enr5cker.t 

of il an6 Th i n  re la t ion t o  ic, i n  marked contrast t o  the patzerns o f  the radio- 

eIenen5al r a t io s  i n  the grexi l i te  belt .  

The signifharice i s  discussed of the contrasting trends of the radioelement 

d i s t r ib i t i on  ir. tke granulite and geezstcoe be,ts. 

;~~ao3:c'i.Io~ 
The radioelement dis t r i3zt ion is grar:ali-;es :?as beer. of special ic teress  t o  

Archaean geockexisxy ever since iIeier and Adm.s (1965) found that  ",here i s  r.0 

l inear  correlation between U, Th and K oontents, as exis ts  for  magmatic rocks, 

and ;:?at t i e  granuiites show a ckaracterist ic deple5ion of U and ?h i n  rela;ion 

:o K. 133 se-cples frcm the schist  an& grariulite bel ts  were analysed i n  the 
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l a b o r a t o r i e s  of t he  k t o c i c  PXserals Divis ion f o r  J znd I h  is t h e  

f o r  t he  rrajcr e l e x e s t  K. Is view o f  :he r e l e v a r c e  cf  t h . i s  dasa $ 0  problems of 

Archaean geochemistry,  a s y n t h e s i s  of t h e  radioelement content  and r a s i o s  i n  

g?-L.anulite and greecstone b e l t s  i s  aresensed i n  t h i s  pager .  The dasa l a r g e l y  

c c n f i r r  e a r l i e r  f i n d i n g s  (He ie r ,  1962; 3 e i e r  and A d a m ,  l96j; Lambert and E e i e r ,  

1967,  1965; Yerayanswarr.y a r d  VenAatasubrarr.ariar, 1969;  Heier and Fnoresen, 1971; 
Zhukova e s  a i . ,  1974)  of dep le t ion  of U and ?h i n  r e l a t i o n  to K i r i  g r a q u l i t e  b e l t s  

and enrichment of 3 and ?h. i n  r e l a t i o n  t o  K in lo7r:-grade rocks ,  a s  i n  greenstone 

5 e l t s .  Tke presen: .,,.ark has  a d d i t i o n a l  s ig r - i f i cacce  because i t  ccncerss  th.e f i r s t  

systerraf ic  s tudy of both :he g r a n u l i t e  and greenstone b e l t s  i n  I c d i a .  ?he d a t a  

f u r s h e r  po in t  t c  t k e  Tact t h a t  r e n c j i l i s a t i o n  of r e d i c e l e n e n t s  i s  r e s t r i c t e d  t o  

$he l a t e r  i n t r u s i v e s  w i t h i s  she g r a n u l i t e  b e l t s  acd t h a t  no n a i o r  grocesses  c a s  

be envisaged l ead ing  t o  mobil isat ior .  of li and Th fron t h e  g r a n u l i t e  b e l t s  i n t o  t h e  

greenstone 'seits. The abundances an? g a t t e r n  of enrichxer', o f  3 and Tk i n  r e l a t i o n  

t c  K i n  eeck b e l t  seer. t o  be &I: i n t r i n s i c  c k a r a c s e r i s t i c  i n h e r i t e 6  3or. e a r l y  

pe r iods  of evolut icr ,  of t he  TKO tries of b e l t .  

:*ETZOD OF LNALYSYS 

r a s g e s  a r d  

U ,  9 arid K e s t ima tes  xe re  nede 5y us ing  t h e  garxa-ray sgec t ro i r e t r i c  t e c h i q ; e .  

The relevans d e t a i l s  regardirig 

Crystal s i z e  

3.esolution or' t h e  : 
de tecso r  

Energy charnels 

Sample weighs 

L i s i t s  o f  desec t ion  : 

Accuracy 31 
determinat ion 

1 .A6 Kev r^cr K-AC; window widtk 20C Ilev 
1 . 76 Xev f o r  U; windo:d x i d t h  2C0 Kev 
2 .62  Mev for Th; wisdow vidsh. CCC Kev 

c. 800 gm i n  annular  con ta ine r  

3 .2  ;on U ,  0.5 ?on Th a d  C.C$ K (:or a 
co;ir.tirg t i n e  o f  5000 sec)  

K: 25 at I$ K concen t r e t ion  and 13$ r e a r  cke 

Th.: 59 at few ogm l e v e l  with ?h/L 3 a r d  
i i m i i :  of d e t e c t i o n  o f  0.05% 

h ighe r  f o r  lower concen t r a t ion ,  going up t o  
2077 at C.5 ppn l e v e l  

U: 5-259, dependirig upon U content  ( i n  the range 
o f  TIT ccncer . t ra t ions measured) 

A l a r g e  number cf  sani21es xe re  a sa lysed  f o r  L b y  DFS sechniq;e t o  check t h e  

accuracy of she s p e c t r o s e t r i c  essirr.ation asd. t o  c o n f i r n  sec.Jlar ec;lilibriun! i c  

the  sam.ples. K e s t ima tes  :.rere confizmed b y  flame-phosometry. 

REGIOXAL GEOLOGICAL SETTING 

The southern a e n i n s u l a r  s h i e l d  o f  I n d i a  i s  mainly made u.3 of rocks of t h e  

greenstone-grieiss ccmpiex which occupies  t h e  c e n t r a l  p a r t  o l  she s h i e i d ,  covering 

nos t  of t h e  Plysore-Deccan p l a t e a u ,  and of t k e  pyroxene gran-;i i te-ckarnociite group 

which f r i n g e s  t h e  greenstones t o  t h e  south. and e a s t  and f o r r x  a c a j o r  g a r t  of t h e  



western and eastern Ghats (Fig. 1) .  

r 

Y " v v v * " v " v v  

Y " " " " " V "  

Y v V V V V V  v 
" V  " " V  v I v 

L GEOLOGICAL MAP 
G AREAS SAMPLED 

SCALC 

AREAS SAMPLED 

RANULITE I-A & 8 N. ARCOT-PALLAVARAM 
Il-A & B EASTERN GHATS 

YOUNGER COVE 111 KONDAPALLI 
GRANITES 

GREENSTONE B 
0 PENINSULAR GN 

GREENSTONE IV  SARGUR 
V XOLENARSIPUR 

V I  KOLAR 

1 

Fig. 1 .  Geological map of southern India showing areas sampled. 

Both groups belong predominantly to the intermediate-pressure metamorphic 

series, although locally low-pressure assemblages are reported. The anorthosite- 

granulite association is a characteristic feature of granulite belts. The granulite 

facies rocks are intruded by later granites and gneisses resulting locally in 

migmatitic zones. Retrograde metamorphic efiects are common. 

The greenstone-gneiss complex has a predominant greenschist-to-amphibolite 

facies mineralogy, the latter especially along its borders with the granulite facies 

rocks and in associationwiththe Peninsular gneisses and granites. A recent attempt 

has been made to separate the rocks of the amphibolite facies into the Sargur group 

(Radhakrishna and Vasudev, 1977). 

AREXL DISTRIBUTION OF SAMPLES 

The samples analysed were collected from three areas within the granulite belt: 

(1) the North Arcot-Pallavaram area near Madras, (2) the Eastern Ghats between the 

Malianadi and Godavari rivers, and ( 3 )  ,the Kondapalli area near Vijayawada. 

samples in all except the second area were collected at random during traverses, 

The 
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~,?dlsz Shcse frzn $:?e $astern K k t s  (co2eoteC by Dr V. Divzlca-a 3ac of X G X )  a re  

:ma 10.z tr&verse l i n e s  across the KZ-SW s t r i k e  of tiie f o i a t i o n ,  viz. (a) froni 

';he Szi;r-;epxe nzc f i l e ,  ( 3 )  f r c z  $he ~ ~ ~ s i F a ~ n ~ . - ~ a : ~ ~ - ~ t r i  gzc f i l e ,  (c) 

l r o a  ti:€ VisakzpaTanm-Arab p ro f i l e ,  an6 (a )  frm tiie Guntur area. 

fxz. pee r s tone  b e l t s  ass coni"ize6 t c  eke Sargur, Eole-%rsisur a-6  Kclar schisz 

beLts. 

The samples 

"e azeE1 6istzi.F;ticz cf 5l.e s m p l e s  a re  as :ollovs (Tig. 1): 

3? $ss+ern Gnats (a) - 20 
KorCapzlli - 24 

Dharrrzr Greensf one : S a r w  - 25 
3e L5 s Eolecarsipur - 15 

iColar - 21 

Granulite 3 e i t s  : North .4rcot-?al;avsram (iw) - 

~ - ~ S ~ ~ 2 J - s 2 ~ c ~ ;  0-8 D-kZk 

Fie rocks si tiie granul i te  be lzs  a re  groupe6 i n t o  conparable s i l i c a  ranges, i n  

view cf t k e  f a c t  that a;: fke  21 saxpies rrklysed fzcz  the  Eas5ern G h 5 s  (Locs. 

I; k and 3,  Fig. 1)  la21 wicnin a percent silica range of jS.07 - 66.81. 
aver&se rzdicelezer: cccten5 of saii2ies and c:?eir elexeceal r z t i c s  fron the Eas5em 

Gnam ark l&F a re  presentea i n  gable 1. Only three  samples nave been analysed 

f ror .  the iCc::da?al'i a rea  ezd 5ke elenental  averages f o r  these &ne s 3 - m  sep2sate;y. 

Ihe 

:.25 

1.11 

2.85 

1.83 

2 .7  2.72 

2.2 2.22 

.34 C.56 

.c1 2.36 

7.5 1.47 0.23 1-25 

2.2 7.32 3.32 0.56 

 leiren rental r a t i o s  giver, ~r the  t zb le s  i n  t k i s  ?ager a re  the r z t i o s  c: 5 t e  
average eiecent ccctents EL ~ o 5  the zverage of the  cbservet ra t ios . ]  
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on an anorthosite sample from the greenstone belt of Holenarsipur, the radio- 

element content of amphibolites (metabasaltic rocks) of the Kolar, Sargur and 

Holenarsipur greenstone belts as well as on the associated gneisses and granites, 

including the "Champion gneiss". Table 2 also contains data on 5 samples of 

dolerites intrusive into the granulite belt of NAP. 
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Fig. 2. Histograms of U, IPh and K concentrations for different areas. 
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Table 2. Average radioelement abundances and r a t i o s  i n  a n o r t h o s i t e s  (An) , 
n igmat i t e s  ( M ) ,  g r a n i t i c  gne i s ses  ( G G ) ,  arrphibol i tes  (Aq), g r a n i t e s  ( G r ) ,  
gne i s ses  (Gn), t h e  77Champion gneiss t7  (Ch) and d o l e r i t e s  (meta?) ( D )  

L o c a l i t y  Rock u Trl K Th/U K/U K / Z  

- - - - - - - - - - - - - - _ _ _ - - - - - _ _ _ _ _ _ , - - _ x l c _ _ _ . ~ - _ _ _  tyFe (W) ($) -i 1c-4 

Kondagalii  
( 6  semples) 

(I sanp ie )  

.-.oLenarsigur 
(I sa-r.>le) 

“!k.P 
(7 sar.pies) 

Kondesail i  
( 6  sar..gles) 

Sargur s c h i s t  
(9 s a q i e s )  

Kolar s c h i s t  
( 1  san..gles) 

Holenarsipur 
( 6  s anp ie s )  

Kolar s c k i s t  
(5 sa r+ le s )  

Koler.arsip-r 
( 3  sar,?ies) 

Kolar sclr.-ist 
( 3  s a p i e s )  

(5 sanp les )  

7 7 ’ 3  - * u L  

- -  - 

> ? A 2  

Ar. 

L7 

Ar. 

Ts:, GG 

21, x 

An 
( r a i n i y )  

(maic:y) 
h 

Am 

G r ,  Gn 

G r ,  Gn 

c lr. 

D 

0.35 

1.6 

c.2 

1.45 

1-95 

3.25 

3.4 

0.4 

5.3 

2.3 

5.5 

1.1 

1 * 2  

5.9 

c .5  

22 .9  

40. 1 

c.e 

1 .3  

1.1 

2C.5 

7.5 

16.C 

3 - 2  

0.31 

0. 1L 

C.06 

2.e4 

3.47 

c.23 

0.26 

0.19 

2.99 

1.26 

2.11 

c.73 

0 .39  

0.C9 

0.3C 

1.97 

1.76 

c.77 

0.62 

0.67 

C.56 

C.45 

0.44 

C.66 

0.26 

0.024 

c.12 

C.12 

c sac 

0.24 

3.22 

0.17 

0.15 

0.17 

0.15 

c.23 

PLE SULT s 

1. General 

U ,  Th and K concen t r a t ions  f o r  t he  d i f f e r e n t  a r e a s  a r e  s h o m  i n  histograms i n  

Fig. 2. 7 3  sampies have ii below 1 ppm and 35 of These nave Ti a i s o  beiow 1 ppm. 

Criy 9 saxpies  have t h e i r  K c o z t e r s  beLow Gal$. 

Sargur has the  iowest concen t r a t ion  for a i l  t h e  t h r e e  r ad ioe lenen t s  a~d. Kolar t he  

k ighes t .  K c c n t e c t s  i n  t h e  Holenarsipur  b e l t  a r e  q u i t e  ;ow b-At a r e ,  i n  g e n e r a l ,  

h igher  i n  t k e  g r a n u i i t e  j e i t s  o f  s t e  Easserr. Ghats,  Yor th  A r c o t  and Kondagaili  

areas as conpared. t o  those i n  the  s c h i s t  b e l s s .  

Anong t h e  t h r e e  p e e r s t o n e  b e i s s ,  

The Srequer.c)- d i s t r i b u t i c r .  of U i n  t h e  greenstone 5 e i z s  (7ig.  3) has a near- 

lognornal  d i s t r i k t i c n ,  xhich i s  pot  t h e  case i n  t h e  g r e x A i t e  j e i t s  where C shovs  

a birr ,odal d i s t r i b u t i o n ,  m g g e s t i n g  Bossibiy h:o  d i f f e r e n t  even t s  i n  U n i n e r a l i s a f i o n .  

~h d i s s r ibu t io r .  i n  a i l  tk.ree a r e a s  skews a complex p a t t e r n  (Fig.  4 )  poss ib ly  

related.  t o  twc or nore g e n e t i c  evenss.  



21 1 

J U IN SCHIST BELTS 
(52  SAMPLES) 

U IN GRANULITE BELTS 

U IN KONOAPALLJ 
( 24  SAMPLES 1 

'1 t 
0;OI & 2 10 30 7 0  9 0  98 99'8 

CUM. FREQUENCY (O /O)  

Fig. 7 .  Frequency distribution of U in schist and granulite belts. 

Th/U ratios in all the areas show a wide dispersion (Fig. 5). Greenstone- 

gneiss areas show a peak between 2.5 and 7.5. 
for which ratios are available, 31 show a value below, and 17 above, the normal 

value of 7.5. Three of these samples have a ratio of about 10. For granulite 

belts of NAP and EG, out of 52 ratios available, 33 have less than the normal, 

while the rest have above average ratios, 7 having a ratio greater than 10. 
the Kondapalli area, out of 18 ratios available, 6 are below and 12 above average, 
6 samples having ratios above 10. 

Gut of 48 samples from those areas 

For 



212 

50-  

20- 

10- 

5- 

2- 

50- 

- 
n t 20- 
I 10 n 
n 
r 5 -  

2- 

Y 

I- 

20- 

10- 

5 

2- 

I t  

i 
1 1 

Th IN GRANULITE 
BELTS,NAP & EG 
(57 SAMPLES) 

Th IN 'K0NdAPA;LI' 
(24 SAMPLES) 

I I I 'I I I I I I  I 

I 10 3050 80 95 9 9 9 9 8  



20 

16 

12 

- 
T h / U  RATIO 
G R E E N S T O N E  BELTS 
( 4 8  S A M P L E S  1 

. 

- 
- 

l h /  U RATIO 
KONOAPALLI 
( 1 6  SAMPLES) 

- 
16 - 

0 2 4 6 6 10 12 1L 16 16 20 22 2L 26 2 8  
0 

1 T h / U  RATIO - 

Yig. 5. Histogram showing Th/U r a t i o s  for d i f f e r e n t  a reas .  

I::] 
a 

m 
w 

I 
& L -  

0 -  
m 

For K/IT end K/Th r a t i o s  the g r a n u l i t e  b e l t s  show g r e a t e r  s c a t t e r  towards above- 

r.cr?.al va1,es ;bar. ;?.e greer-stone kel;s (Tig. 5) (noma: ve laes  f o r  xg-xazic 

rocks e r e  t&en as K / Z  x iO-4 = I m d  K/Th x 7O-' = 0 . 2 5 ) .  
_. I - .  1r.e -~1c;s of ik/J  vs iJ and ih/U v s  Th e r e  give:? ir. z'igs. 7 and 8. i%ese  in9ica;e 

t k z t  t k e  higher  Th/U r a t i o  i n  t h e  higher  s i l i c a  ranges i s  poss ib ly  due t o  the enricn- 

?.er; o f  th3ri.LT. ir. T3.e ;;rar..;lLte 'Celt rccks. Ir. ?he greenstone SeiTs r c  s i c h  

c i -a rec te r i s t ic  e n r i c h e n t  o f  thorium. i s  indicated.  

?lots o l  K vs Th, K vs J an5 'Ih vs U i n  the greerstor.e and granul i5e 'ce-t rocks 

ir. Fig. 9 i n d i c a t e  t h a t  there  i s  no s t r i c t  l i n e a r  r e i a t i o n s h i p  between these 

ccr .s t i tuents  e ~ 5 .  t % e  p l o t s  shcv :.:ide sce t te r .  Variat ion of U a r i  Th w i t k  respect  

GRANULITE BELTS 
E G  &  NAP(^^ S A M P L E S )  

n n  n n n 
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0 
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to Si02 ard Na a l s o  shows no l i n e a r  t rend .  

s tudy a r e  involved i n  a corr.?lex grocess  o f  n e t a s o n a t i c  evolut ion.  

2. Socks o f  the  G r a n d i t e  3el:s 

This cmfirrns  t h z t  t h e  rocks i;nder 

(a) W o x e n e  g r a m l i t e s  and charnocki tes  

These rocks a re  charac te r i sed  3y io:i U, ?h and Tk/U r a t i o s  and  high K/U ar,d 

KDh r a t i o s ,  where the  s i l i c a  coni;ent i s  l e s s  than 65$, i n d i c a t i n g  deple t ion  of U 

and 31 in r e i a t i o n  t o  I(, a f e a t m e  shared x i t h  a l l  repor ted  2yroxene g r a n u l i t e s  of 

the world. I n  the  more a c i d i c  groups an e n r i c b e n t  o f  '?n i n  r e l a t i o n  to b o t h  U 
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Fig. 7. Th/V vs J distributfon. 

an6 ;C is noted and consequently these rocks have high Th/V ratios. 

(b) Gneisses and mar-ites 

RaBioelenent calculations i n  the quartzo-feldsgayfiic gnoisses intrzsive iato 

the charnockites of the NAP and Kondapaili areas snow relatively far nigher con- 

centraticcs as well as high Th/V ratios. Eie limited number of samgles analysed 

reveals a depletion ir. U and enrichment of Th in relation to K in these rocks 

conpared to nagmatic rocks. 

(c) Ancrthosites 

~h and u contents of anorthosites (5 sam?:es) f r o n  iCondapalli, occurring as 

iayered differentiates in the charnockites, range from 0.4 to 2.3 ppm and 0.2 to 

3.5 pgn respectively. 

indication of two types: 

otker :?as higher values for 50th elexents. Cnly one sam2le fron North Arcot is 

depleted in K with respect to U and Th, which is in contrast to the charnockite 

In the 1ir.ited nunber of sanples analysed there is an 

one contains 0.2 ppm U or less and 0.5 ppm Ti, the 
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sampies from that  area. 

28 

24 

20 

I. 
z 12 
c 
I- 

8 

4 

0 

.o 

X 

0 

X 

x o  

X 
0 

0 
0 

X 
0 0 

x o  

0 

0 GREENSTONE BELTS 

0 GRANULITE BELTS 
EG AND NAP 

X KONDAPALLI 

0 10 20 30 40 50 75 

f h ( p p m )  - 
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( 6 )  Dolerites 

In  the dolerite dykes of tke U P  zrea, U and Th show sate variation cJ:?erezs K 

remains nearly constant. 

ccnpzable wit:? earig .zasic rocks cf the greenstone be l t s  (Table 2), a:thmgh the 

content of U,  ,?k and iC i t s e l f  i s  higher is these ciykes. 

3. Roc& of t t e  Greenstone 3e l t s  

(a) Meta-basic rocks (mainly mphibolites) 

The neta-’sasic rocks i n  the Sargw, Kolzr a:d HoienzsLp:.r 

Average K/U, K/Th and Th/U ratios are significantly 

schist  be l t s  shot; 

ccx?arable 7,  Ti znd eleaer ta l  ra t ios ,  a feature i n  keezirg v i th  fhe i r  possible 

conovlguinity i n  crigin. 

ranges from the grandite be:ts, the ineta-basic rocks of the greenstone be l t s  have 

z tecdercy fcwards lover K/C and K/Ti  ar.d s l igkfly higher Th/U ratios.  

Conpared witk pyroxene-grmuiites of s i t i lar  s i l i c a  
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ENRKHMENT O F  
Th IN RELATION 
TO u 

MIGMATITES 
AN 0 

GRANITE-GNEISSES 
ENDERB ITES 

(b) Gneisses and granites bordering the greenschist belts and the "Champion 

Gneisses and granites bordering the Kolar and Holenarsipur schist belts have 

a radioelement distribution distinctive in relation to the charnockites and to the 

migmatites and granitic rocks intrusive into the charnockites. Like the amphibolites 

of the greenstone belts, these rocks show relative enrichment of U and Th in relation 

to K. 

gne i s s1I 

Summing up, there is a deficiency of U and Th in relation to K in the pyroxene 

granulites and charnockites with a tendency to enrichment of both K and Th in 

relation to U in the later intrusive phases. In the greenstone belts, on the other 

hand, there is a deficiency of K in relation to U and Th in both the basic rocks as 

well as the gneisses and granites fringing them (Fig. 10). 

I ? 

GRANITES DEFICIENCY OF 
AND K IN RELATION 

GNEISSES TO U AND Th 

L 

W W 
E 
i= 

E 
I- 

r 

Fig. 10. Trends in geochemical evolution in greenstone-gneiss and granulite belts. 

L 

PY-GRANULITES RELATIVE 

CHARNOCKITES OF " A N D  Th 
AND DEPLETION 

IN RELATION 
b 

AMPHIBOLITES DEFICIENCY OF 
AND K IN RELATION 

METABASITES TO U AND Th 
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XSCUSSICN 

Fhe c o n t r a s t i r g  pa:zerns of radioelement d i s t r i b u t i c n  i n  t h e  rocks of t h e  granu- 

l i t e  3 e l t s  i n  ccrr.gariscn with thcse  of l o x e r  gra6e metanorphic c o q l e x e s  have been 

r epor t ed  by many e a r i i e r  workers. The r e l a t i v e  ra8ioelernenz enrichment i n  low- 

grade metancrp%ic rocks  and tk-eir  dep’etion ir g r a n u l i t e  f a c i e s  rocks k ,ve  been 

a s t r ibu5ed  t o  t he  up;card -rigcation of t hese  e l enen t s .  Z h i o v a  e t  al. (1973)  have 

s p e c i f i c a l l y  proposed e x t r a c t i o n  of uranium dur ing  metamorphism and t r a n s f e r  t o  

up2er c r m t a l  zones. 

The res.;lss re>cr.tej .  ir t h i s  paper i nd icaze  t h a t  r enob i l i s a t io r .  o f  radioelements ,  

e s p e c i a l l y  tho r iun ,  t a k e s  p l ace  dxc i rg  t h e  enplecement o f  yomger  i n t r m i v e s  i r ,  tk.e 

g ra r -u l i t e  f a d e s  rocks.  So eTiidence i s  a v a i l a b l e  f o r  a l a rge - sca l e  m i s a t i o n  of 

; tese  elements from t h e  g r a n u l i t e  f a c i e s  rocks  t o  t h e  greenstone b e l t s  of lower 

nezarr.orphic grace.  3eca..:se 3 and Fh a r e  f i x e d  i a r g e l y  L r  xhe l z c t i c e  o f  suck 

n i c e z a l s  as airccr , ,  r c n a z i t e  and a p a t i s e  i n  t h e  g z a x d i s e  f a c i e s  r o c k s ,  it  would 

be d i f f i c u l t  t o  mobil ise  these  elements without des t roy ing  t h e  s t r u c s u r e  o f  t he  

n i n e r a l s .  Puri;?.er, en r i ckxsn t  cf 2 and TI-- i n  r e l a t i c n  5 0  K s e e m  to be a f e a t u r e  

shared by a l l  tk.e rocks of t h e  greenstone b e l t s ,  bo?. t h e  3nFhiSol i tes  and associ-  

a t e d  g ra r . i t e s  and gne i s ses .  It would be d i f f i c u l t  t o  a r r i v e  a t  such a uniform 

enrichmer.z ir. a l l  t h e  rocks o r  a r eg iona l  s c a l e  b y  a process  cf .ipward migrat ion 

of t hese  e l e x e n t s  o n  t h e i r  s r a n s f e r  50 q p e r  zones,  as proaosed by v a r i o x  a J t i o r s ,  

kecause of tk.e nany phys ica l  b a r z i e r s ,  such a s  f a u l t s  ar,d shear  zones,  arid che!r.ical 

b a r r i e r s ,  sush a s  rocks a r 6  n i n e r a l s  i n  ?whick. C and T:? can be p r e f e r e c t t a l l y  

r’ixed. I n  view 05 skese c o z s i d e r a t i c n s  t h e  c m f r a s t i n g  t rer-ds  ir. e n r i c k e n t  of 

r ad ioe lenen t s  appear t o  be a r  i n z r i n s i c  f e a t u r e  of t h e  TWO b e l s s ,  t h e  geo log ica l  

reasons f o r  l,lhich a r e  s t i l l  not  we l l  uz i e r s tood .  
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EXPERIYZNTAL AND THERMOCYNAYIC EVIDEFICE FOR THE 
O P E 3 A T I O N  OF H I G H  PRESSURES I N  ARCEAEAN METAMORPHISF 

R .  C ,  Newton 
Department o f  t h e  Geophys ica l  S c i e n c e s ,  U n i v e r s i t y  of 

Chicago ,  Chicago F O E 3 7  I l l i n o i s ,  U.S.P.. 

A b s t r a c t  

Q u a n t i t a t i v e  a n a l y s i s  o f  t h e  p r e s s u r e s  of  g r a n u l i t e - g r a d e  

metsmorphism i s  now p o s s i b l e  as a r e s u l t  o f  r e c e n t  c a l o r i m e t r i c ,  

e x p e r i n e n t a l  and t h e o r e t i c a l  work. Three  l i n e s  o f  a?p roach  a r e  used  

t o  e s t i m a t e  t 3 e  a p p a r e n t  r e c r y s t a l l i z a t i o n  p r e s s u r e s  o f  w e l l - d e s c r i b e d  

samples  from Precambr ian  t e r r a n e s :  

1) The a s semblage  g a r n e t - s i l l i m a n i t e - q u a r t z .  If c o r d i e r i t e  i s  

a b s e n t ,  as i n  t h e  k h o n d a l i t e s  o f  s o u t h e r n  I n d i a ,  t h e  Kg P.1 Si3012 

c o n t e n t  of  t h e  g a r n e t s  y i e l d s  ninirr.um p r e s s u r e s  o f  metamorphism. 

E s t i m a t e s  f o r  two k h o n d a l i t e s  from t h e  P a l l a v a r a m  a r e a ,  Tami lnadu,  

g i v e  minimum p r e s s u r e s  o f  6 - 9  k i l o b a r s  i n  t h e  r a n g e  7 0 O o - 9 O O 0 C  from 
t h e  e x p e r i m e n t a l  and thermodynamic d a t a .  

3 2  

2 )  The e s semblages  hypersthene-sillimanite-quartz and s a p p h i r i n e -  

h y p e r s t h e n e - q u a r t z .  These a s s e m b l a g e s ,  c h e m i c a l l y  e q u i v a l e n t  t o  

magnes ian  c o r d i e r i t e ,  a p p a r e f i t l y  r e q u i r e  minimum p r e s s u r e s  o f  6-10 

k i l o b e r s ,  b a s e d  on e x p e r i m e n t a l  work. The lower  e s t i m a t e s  are  f o r  

t h e  c o m p l e t e l y  anhydrous  c o n d i t i o n .  

3 )  The o c c u r r e n c e  of g a r n e t  i n  b a s i c  and i n t e r m e d i a t e - c o m p o s i t i o n  

g r a n u l i t e s .  E x p e r h e n t a l  work a p p a r e n t l y  r e q u i r e s  a minii.um o f  8 

k i l o b a r s  f o r  g a r n e t  i n  b a s i c  c o m p o s i t i o n s  a t  t e m p e r a t u r e s  above 

70C°C, Thermodynamic c a l c u l a t i o n s  p e r t a i n i n g  t o  t h e  a s s e v b l a p e  

garnet-plagioclase-hypersthene-quartz y i e l d  p r e s s u r e s  of  8-10 

k i l o b a r s  f o r  two w e l l - d e s c r i b e d  g r a n u l i t e  s p e c i m e r . ~  fron Uganda an< 

Sweden, 

Thus we have  good e v i d e n c e  o f  a t h i c k  c o n t i n e n t a l  crust even  i n  

h c h a e a n  t i m e s .  I f  t h e r e  h a s  been  c o n t i n u e d  a c c u m u l a t i o n  o f  c r u s t a l  

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

c r u s t a l  t h i c k e n i n g  seem t o  be r e q u i r e d  t o  e x p l a i n  t h e  h i g h  p r e s s u r e s  

o f  Archae an  metamorphism . 
I N T R O D U C T I O N  

The c o n c e p t  t h a t  t h e  c o n t i n e n t a l  c r u s t  h a s  grown t h i c k e r  and s t r o n g e r  

t h r o u g h  t i m e  i s  an  o l d  and  perva,sive one  t h a t  has  i t s  o r i g i n s  i n  t h e  

i d e a  o f  c o n t i n e n t a l  a c c r e t i o n ,  wh ich ,  f o r  Nor th  America a t  l e a s t ,  i s  
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c l e a r l y  r e v e a l e d  i n  t h e  d i s t r i b u t i o n  of  r a d i o m e t r i c  d a t e s  ( G a s t i l ,  

1 9 5 0 ;  Gold ich  e t  a l . ,  1 9 6 5 ) .  The e a r l i e s t  c o n t i n e n t a l  n u c l e i i  may 

have a c c r e t e d  on a t h i n ,  weak, p r i m i t i v e  o c e a n i c  c r u s t  (Anhaeusse r  e t  

a l . ,  1969) and c o n t i n e n t s  may have  been  i n c r e a s i n g  i n  t h i c k n e s s  by 

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

g e o l o g i c  t i m e  ( S h a c k l e t o n ,  1 9 6 7 ) .  The c h a r a c t e r  o f  r e c r y s t a l l i z a t i o n  

o f  t h i s  c r u s t ,  i . e .  metamorphism, may have  changed  c o r r e s p o n d i n g l y ,  

from a t y p e  c h a r a c t e r i z e d  by h i g h - t e m p e r a t u r e ,  lower  p r e s s u r e  c o n d i t i o n s  

i n  t h e  most a n c i e n t  t i n e s  t o  c o o l e r  and o f t e n  more d e e p - s e a t e d  

c o n d i t i o n s  l a t e r  i n  g e o l o g i c  t i m e  ( 9 e  Roeve r ,  1 9 5 6 ) .  

T h i s  concep t  has  been  m o d i f i e d  i n  r e c e n t  y e a r s  by a growing  

r e c o g n i t i o n  o f  v e r y  d e e p - s e a t e d  c o n d i t i o n s  of  metamorDhism m a n i f e s t  

i n  some Precambr ian  t e r r a n e s .  The i n d i c a t i o n  o f  h i g h  te rn-pera ture  

( g r a n u l i t e  f a c i e s )  c o n d i t i o n s  r e r m i n s ,  b u t  i n d i c a t i o n s  o f  v e r y  h i g h  

p r e s s u r e s ,  o f  t e n  k i l o b a r s  or more, have  been  found ( L u t t s  and 

Kopazeva, 1 0 5 8 ;  Rabkin ,  1 9 5 8 ;  Morse and  T a l l e y ,  1 9 7 1 ) .  Most o f  These 

a r e  based  on r e l a t i v e l y  r e c e n t  e x p e r i m e n t a l  and t h e o r e t i c a l  work. I t  

i s  t h e  pu rpose  of  t h i s  p a p e r  t o  d i s c u s s  some o f  t h e  newer ,  

e x  pe r i m e  nt a i i y 'i: a s e d 2e  2u c t i c n s 3 f h i g h 7 r e  s s 'dr e c 3 nd it i a n  s ope  ?a t  in g 

i n  t h e  e a r l y  P recambr ian  c r u s t ,  and t o  a p p l y  v e r y  r e c e n t  thermodynamic 

d a t a  t o  r e c o n s i d e r  some o f  t h e  c a l c u l a t i o n s .  

MINERAL ASSEMBLAGES I M P L Y I N G  H I G H  PRESSURES 

The s i n g l e  most d i a g n o s t i c  m i n e r a l  i n d i c a t i n g  h i g h  p r e s s u r e s  i s  

g a r n e t ,  which can  o c c u r  i n  a wide v a r i e t y  o f  a c i d  t o  b a s i c  r o c k  

c o m p o s i t i o n s .  A t  h i g h  g r a d e s  t h e  m i n e r a l  c o r d i e r i t e  competes  w i t h  

g a r n e t  f o r  t h e  a v a i l a b l e  a luminium i n  n e a r l y  anhydrous  r o c k s ,  i . e .  t h e  

g r a n u l i t e s .  C o r d i e r i t e  withoulr g a r n e t  i s  u s u a l l y  t a k e n  t o  i n d i c a t e  

lower  p r e s s u r e s  o f  metamorphism; c o r d i e r i t e  and g a r n e t  commonly 

c o e x i s t  i n  r o c k s  which a r e  i n t e r p r e t e d  a s  p r o g r e s s i v e l y  more deep-  

s e a t e d  as t h e  two m i n e r a l s  become more magnes ian  ( F e n s e n ,  1971). 

R e l a t i v e l y  magnes ian  g a r n e t  w i t h o u t  c o r d i e r i t e  i n  a c i d  c o m p o s i t i o n s  
2 t  i s  c o n s i d e r e d  a h i g h  p r e s s u r e  a s semblage .  I n  r o c k s  o f  h i g h  Yg/Pe 

r a t i o ,  : ?ypers thene  p l u s  aluminum s i l i c a t e  p l u s  q u a r t z  may a p p e a r  

i n s t e a d  of g a r n e t  as d e n s e r  a s semblages  r e p l a c i n g  c o r d i e r i t e .  Garne t  

can  a p p e a r  i n  i n t e r m e d i a t e  and b a s i c  g r a n u l i t e  a s semblages  (Howie and 

S u b r m a n i a m ,  1 9 5 7 ;  Xaxna and S e x ,  1 9 7 4 ; )  if t h e  c r y s t a l l i z a t i o n  

p r e s s u r e s  were s u f f i c i e n t l y  h i g h .  The q u a n t i t a t i v e  a s p e c t s  o f  t h e s e  

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

examples ,  

1. Garne t  i n  h i g h - g r a d e  a luminous  f e l s i c  c o m p o s i t i o n s .  

I f  a n  a lmandine-pyrope  g a r n e t  i s  c r y s t a l l i z e d  i n  a c e r t a i n  



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

and q u a r t z  , t h e  f o l i o w i n g  r e a c t i . o n ,  d i v a r i a n t  in t h e  sys t em 

Mg0-FeC-A1 0 -Si02, a p p l i e s :  
2 3  

( A )  3 (Fe,Pfg)2A14Si5018$ 2 (Fe,Mg)3A12Si3012 + A12Si05 t 5 Si02 

c o r d i e r i t e  g a r n e t  s i i l i m a n i t e  q u a r t z  

Ir. P-T r a n g e s  where c o r d i e r i t e  i s  s t a b l e ,  t h e  a l m i n u m  s i l i c a t e  i s  

a lmos t  a lways  s i l l i m a n i t e .  

c o e x i s t i n g  c o r d i e r i t e  and g a r n e t  a r e  d i f f e r e n t  and ,  f o r  a d r y  s y s t e m ,  

depend on t e m p e r a t u r e  and p r e s s u r e  o n l y ,  i f  t h e  g a r n e t  i s  f a i r l y  low 

i n  o t h e r  components .  I t  h a s  been  shown t h e o r e t i c a l l y  and 

e x p e r i m e n t a l l y  t h a t ,  a t  l e a s t  f o r  s i t u a t i o n s  where w a t e r  p r e s s u r e  i s  

low, t h e  i s o p l e t h s ,  o r  c u r v e s  o f  c o n s t a n t  Kg/Mg+Fe r a t i o ,  for t h e  

m i n e r a l s  have f l a t  dP/dT s l o p e s ;  t h a t  i s ,  t h e y  a r e  n e a r l y  p a r a l l e l  t o  

t h e  Tempera ture  a x i s .  The s e t  of i s o c o r n p o s i t i o n a l  c u r v e s  o f  c o r d i e r i t e  

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

s c h e m a t i c a l l y  i n  F i g .  1. I n  t h e o r y ,  t h e  c o n p o s i t i o n s  o f  c o e x i s t i n g  

c o r d i e r i t e  and g a r n e t ,  i f  t h e y  a r e  a n  e q u i l i b r i u m  p a i r ,  y i e l d  b o t h  I-he 

t e m p e r a t u r e  and t h e  p r e s s u r e  of c r y s t a l l i z a t i o n  once  t h e s e  s c a l e s ,  

im .p l i c i t  i n  r e a c t i o n  ( A ) ,  a r e  c a l i b r a t e d  e x p e r i m e n l a l l y  o r  

t he rmodynamica i ly .  I n  p r a c t i c e ,  t h e  r e l a t i v e l y  s m a l l  t e m p e r a t u r e  

dependence of t h e  i s o p l e t h s  r e n d e r s  them good p r e s s u r e - d e t e r m i n a t i o n  

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

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

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

w i t h  independen t  t e m p e r a t u r e  e s t i m a t e s .  I f  t h e  a s semblage  g a r n e t -  

s i l l i m a n i t e - q u a r t z  i s  present -  w ichou t  c o r d i e r i t e ,  a s  i n  t h e  

k h o n d a l i t e s  o f  s o u t h e r n  I n d i a ,  t h e  compos i t ion  of t h e  g a r n e t  y i e l d s  

a minimum p r e s s u r e  for t h e  c r y s t a l l i z a t i o n ,  s u b j e c t  t o  an independen t  

t e m p e r a t u r e  e s t i m a t e .  If c o r d i e r i t e  i s  p r e s e n t  b u t  n o t  g a r n e t ,  t h e  

r e l e v a n t  i s o p l e t h  i s  an  uppe r  p r e s s u r e  l i m i t .  

I n  g e n e r a l ,  t h e  Mg/Ng+Fe2+ r a t i o s  o f  

2+ 

The geoba romete r  s c a l e  h a s  been  c a l i b r a t e d  e x p e r i m e n t a l l y  by C u r r i e  

( 1 9 7 1 )  and  Hensen and Green ( 1 9 7 1 ) ,  and d i s c u s s e d  t h e o r e t i c a l l y  by 

Lepez in  ( 1 9 F 9 ) ,  Wood (1973)  and Hutcheon e t  a l .  ( 1 9 7 4 ) .  The work of 

fiensen and Green (1971) d i f f e r s  s i g n i f i c a n t l y  from. t h a t  o f  C u r r i e  

( 1 3 7 1 ) .  C u r r i e ' s  d a t a  show s l i g h t  p o s i t i v e  dP/dT s l o p e s  f o r  t h e  

g a r n e t  i s o p l e t h s ,  and y i e l d  p r e s s u r e s  o f  c r y s T a l l i z a t i o n  s l i g h t l y  

lower  f o r  a g i v e n  g a r n e t  c o m p o s i t i o n  i n  t h e  r a n g e  700'-900°C t h a n  do 

t h e  d a t a  of Hensen and Green ( 1 9 7 1 ) .  T h i s  d i f f e r e n c e  was a s c r i b e d  by 
I 
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Cord ie r i te  -- 

TEMPE R A T  U R E  

F i g .  1. Schemat ic  r e p r e s e n t a t i o n  of i5g/YgtFe2+ i s o p l e t h s  o f  c c e x i s t i n g  
c o r d i e r i i e  and g a r n e t .  

IJood ( 1 9 7 3 )  t o  t h e  e f f e c t  of wal;er pressure. I t  was f i r s t  shown by 

Lepez in  ( 1 9 6 9 )  t h a t  t h e  " h u n i d i t y " ,  or c o r , t e n i  of m o l e c u l a r  w a t e r  i n  

t h e  c o r d i e r i i - e  framework c h a n n e l s  (Smi th  arid S c h r e y e r ,  1960), coulci 

a f f e c t  t h e  dP/dT slopes of t h e  d i s t r i b u t i o n  i s o p l e t h s  w i t h  g a r n e t .  

\ J o G ~ ' s  ( 1 9 7 3 )  c a l c u l a t i o n s ,  based on t h e  e x p e r i m e n t z l l y  d e t e r m i n e d  

dependence o f  q o r d i e r i t e  h u m i d i t y  on water  p r e s s u r e  and t e m p e r a t u r e  

( S c h r e y e r  and Yoder,  1 9 E 4 )  showeZ t h a t  C u r r i e ' s  e x p e r i m e n t s ,  which 

were done u n i e r  h y i r o t h e r m a l  cond. i t ions  o f  P equal t o  P could H 2 0  t o t a l  
SD, reZ';ifLe< ;<:+? 4 ~ 5 ; ~ s ~  of 3er.se: ay.2. gpe,, (Ls?:), +ien; ;:ere <oxe 

u n d e r  c o n d i t i o n s  of P Othe r  p o s s i b l e  r e a s o n s  for the 

d i s c r e p a n c y  i n c l u d e  d i ? f e r e n c e s  i n  a n a l . y t i c  p r o c e d u r e ,  ?yDe of h i g h  

p r e s s u r e  a p p a r a t u s  ( t h e  Hensen and Green ,  l g 7 1 ,  e x p e r i m e n t s  were done 

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

<< Ptotal, 
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pressure calibration somewhat inferior to Cursrie’s gas-pressure 

apparatus), and to the fact that Hensen and Green (1971) used a “modelft 

pe1.it-e” sysi-em with certain amounts of CaO and K20 present along with 

the ferronagnesian components. Their synthetic garnets contained a 

nearly constant 6 mole percent of grossular component. 

pressures of khondalites. Temperatures in the range 7OO0-9OO0C are 

usually assumed for granulite-grade rocks. This is based on a numher 

of criteria, including estimates of the dehydration temperatures of 

micas and amphiboles at low PH20 (Touret, 19711, the presence of 

associated migmatites in some granul.i.te terrains, which requires that 

temperatures exceed the beginning of hydrous melting in acid 

compositions (Winkler, 1976, p. 3121, and pyroxene-composition 

geothermometry (Hewins, 1975). The full chemical aRalyses of two 

garnets of khondalites from the Pall.avaram area, Tamil Nadu, are 

given by Howie and Subramaniam (1957). The garnet of specimen Ch 119 

has the composition: almandine ,649, andradite ,026, grossular 0.00, 
2+ pyrope ,321 and spessartine ,004 in mole fractions, giving a Mg/Fe +Mg 

ratio of ,331. Specimen Ch 121 has the respective composition: ,585, 

,027, 0.00, ,380 and ,008, or Mg/Fe2++Mg ,394. Departures from the 

pyrope-almandhe join are negligible. According to Hensen and Green 

(1.9711, the minimum pressure of crystallization for Ch 119 is 8.9 

kilobars at 77OoC and 7.8 kilobars at 900°C. 

for Ch 121 are 9.3 and 8.3 kilobars. The lowest possible temperature 

in this pressure range is about 750°, since the specimens contain 

sillimanite rather than kyanite (Holdaway, 1971). The data of Currie 

(1971) yield minimum pressures of 7.1 - 7.5 kilobars for The two 
specimens at 8OO0C and 7.4 - 8.0 kilobars at 900°C. The data of 

Hensen and Green may perhaps be preferred, since their experiments 

were carried out at very low water pressures, which seems more in 

keeping with granulite facies conditions (Winkler, 1976). 

of garnet-cbrdierite isopleths for the completely anhydrous situati.on. 

Their calibration suffers somewhat from the inadequate measured 

thermochemical data which were available to the authors. Additional 

thermodynamic information is available now, and it is tempting to 

check their calculations. For the equilibrium of reaction (A), 

considering only the Mg-end members, the governing equation applies: 

Specific application may now be made to estimate the crystallization 

The respective pressures 

Hutcheon et al. (19’74) constructed a thermodynamically based set 
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where , rCrd  d e n o t e s  t h e  a c t i v i t y  o f  MgAi2Si5 /209  i n  c o r d i e r i l - e  and egt 

d e n o t e s  t h e  a c t i v i t y  o f  MgA12/3Si0, i n  g a r n e t ,  AHo i s  t h e  e n t h a l p y  

change o f  t h e  end-member r e a c t i o n  a t  1 b a r  and T ,  and S o  i s ,  l i k e w i s e ,  

t h e  s l -andard  e n t r o p y  change ,  A V o  t h e  s t a n d a r d  s o l i d  volume change ,  ? 

t h e  p r e s s u r e ,  T t h e  a b s o l u t e  t e m p e r a t u r e ,  R t h e  g a s  c o n s t a n t ;  t h e  

approx ima t ion  s i g n  i s  used  b e c a u s e  o f  n e g l e c t  o f  t h e  d i f f e r e n t i a l  

c o r r , p r e s s i b i l i t i e s  o v e r  s e v e r a l  k i l o b a r s ,  which i s  a v e r y  a c c u r a t e  

a p p r o x i m a t i o n ,  T a b l e  1 g i v e s  r e c e n t  d a t a  f o r  t h e  s u b s t a n c e s  a t  1000 K ,  

from which we d e r i v e  AH' - 6 . 1 4  20 .73  k c a l .  

1 , 2  c a l / K ,  T h i s  i n c l u d e s  new d a t a  f o r  py rope  (Newton e t  a l . ,  1 9 7 7 ) .  
3 

AVO i s  1 5 0 . 5 6  2 . 8 0  cm . 
A t  t h i s  p o i n t  we d i v e r g e  from Hutcheon e t  a l .  ( 1 9 7 4 1 ,  who c o n s i d e r e d  

pyrope-a lmandine  g a r n e t  a s  an  i d e a l  s o l i d  s o l u t i o n .  An improvement on 

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

d e d u c t i o n s  and phase  e q u i l i b r i u m  measurements .  Fo l lowing  Ganguly and 

Kennedy ( 1 9 7 4 )  w e  r e g a r d  t h e  g a r n e t s  as " r e g u l a r "  s o l u t i o n s ,  whose 

components have  non-un i t  a c t i v i t y  c o e f f i c i e n t s  g i v e n  by :  

Mg Mg 

ASo comes o u t  t o  1 8 . 3 6  2 

w h e r e y  i s  t h e  a c t i v i y y  c o e f f i c i e n t  o f  a component,  X i s  t h e  mole 

f r a c t i o n  o f  t h a t  component,  and  W ,  t h e  i n t e r a c t i o n  p a r a m e t e r ,  i s  a 

c o n s t a n t .  Oka and Matsumoto ( 1 9 7 4 )  have  deduced a 14 f o r  t h e  pyrope-  

a lmandine  i n t e r a c t i o n  o f  2 . 5 8  k c a l  ( b a s e d  on o n e - a t o n  mix ing)  and 

Ganguly and Kennedy ( 1 9 7 4 )  and Wood(2ers. COKC. ,  1977) have deduced s i m i l a r  

v a l u e s ,  

I t  i s  l i k e l y  t h a t  c o r d i e r i t e  i s  much c l o s e r  t o  an  i d e a l  s o l u t i o n  o f  

t h e  Mg- and Fe-end members t h a n  i s  g a r n e t ,  on t h e  b a s i s  of  v e r y  
s i m i l a r  u n i t - c e l l  volumes and s t a b i l i t i e s  o f  t h e  end members. Even i f  

c o r d l e r i t e  i s  r ,on- idea l  t o  t h e  same e x t e n t  as g a r n e t  (W 2.5 k c a l ) ,  

which i s  improbab le ,  t h e  p r e s s u r e  c a l c u l a t i o n  t o  be  made would o n l y  be 

a f f e c t e d  by a b o u t  200 b a r s .  T h e r e f o r e  t h e  a c t i v i t y  o f  MgA12Si5/209 i n  

c o r d i e r i t e  may be  t a k e n  s a f e l y  a s  i t s  mole f r a c t i o n .  

c o r d i e r i l ~ e - g a r n e ~ - s i l l i m a n i t e - q u a r t z  g n e i s s  comes from a t r a n s i t i o n a l  

g r a n u l i t e  t e r r a n e  a d j a c e n t  t o  Hudson Bay i n  t h e  Nor th  West T e r r i t o r y ,  

Canada. The g a r n e t  h a s  a mole f r a c t i o n  c o m p o s i t i o n  o f  ,596  a lmand ine ,  

, 3 6 2  p y r o p e ,  ,032 g r o s s u l a r  and , 0 1 0  s p e s s a r t i n e ,  w i t h  Mg/MgtFe2' = 
, 3 7 8 .  The c o e x i s t i n g  c o r d i e r i t e  h a s  Mg/Mg+Fe2' = , 7 7 0 .  The pyrope  

a c t i v i t y  c o e f f i c i e n t  a t  6 8 O o C ,  which i s  t h e  t e m p e r a t u r e  c a l c u l a t e d  by 

Sample number 4 of F r o e s e  e t  a l .  s e r v e s  as a t e s t  i t e m .  The 



TABLE 1 

THERMODYNAMIC DATA OF MINERALS AT 7 2 7 O C  USED I N  CALCULATIONS 

" lume " En t h  a 1 py of S o lut i on  fc sk En t r opy'k fc fc 

Mineral cm /gfw kcal /gfw ca l /K 3 

Mg2 si 2'6 
6 3 . 9 4  

E n s t a t i t e  

Mg3A12 si 3 '12 
1 1 5 . 5 8  

Pyrope 

1 7 . 5 6  

2 7 . 7 9  

Mg2A114 5' 1 2  
234.06 2 7 . 9 5  

C o r d i e r i t e  

CaA12Si208 
101.78 

Anor th i te  

Ca3A12Si3012 
127.35 

Grossu lar  

A12Si05 
50.49 

S i l l i m a n i t s  

S i02  
23.70 

Quartz 

9 2 . 4 2  

185.15 

270.50 

1 5 . 2 5  1 2 7 . 2 8  

4 2 . 4 2  

7.07 

-1 .23  

184.30 

70.96 

2.7 .8 0 

Hutcheon e t  al., i s  1 . 6 9 4 ,  us ing  W 2 . 5 8 .  Equation (1) g ives  6 . 2 3  2 
. 5 4  k i l o b a r s  for t h e  c o r d i e r i t e - g a r n e t  p a i r  wi th  i n p u t  from Table 1. 

This compares very w e l l  wi th  t h e  p re s su re  o f  5 .8  k i l o b a r s  c a l c u l a t e d  

by Hutcheon e t  a l .  ( 1 9 7 4 ) .  A t  900°C t h e  p re s su re  would be about 7:O 

k i l o b a r s .  

fe Thermal expansions frorr. Skinner  ( 1 9 6 6 ) .  Average u n c e r t a i n t y  
.02 %,  

*'p Data from Charlu,  Newton and Kleppa ( 1 9 7 5 1 ,  except  for a n o r t h i t e  
and g r o s s u l a r ,  which are from unpubl ished d a t a  of t h e  au tho r .  
Average u n c e r t a i n t y  1 . 0  %. 

* f c f c  Data mainly from Robie and Waldbaum (1968). Pyrope en t ropy  from 
Newton, Thompson and Krupka ( 1 9 7 7 ) .  Grossu lar  en t ropy  from 
Westrum, Essene and Perk ins  ( 1 9 7 7 ) .  0.24 cal/K added t o  
c l i n o e n s t a t i t e  en t ropy  of  Robie and Waldbaum (1968) .  1 . 2 2  cal/K 
added f o r  c o r d i e r i t e  d i s o r d e r .  O . & G  ca l /K added f o r  s i l l i m a n i t e  
d i s o r d e r .  Average u n c e r t a h l y  i n  en t ropy  0.3 %. 



The two khonc la l i t e  garneirs r e p o r t e d  by  Kowie and S u b r a n a n i a z  ( 1957) 

a r e  c l o s e l y  s i n i l a r  i n  Mg/Ilg+Fe*+ and o t h e r  aspects t o  Eu tcheon  e t  

al.’s (1974) s p e c i n e n  number 4 .  Ch 1 2 1  c a l c u l a t e s  s l i g h t l y  lower i n  

p r e s s u r e  a t  a g i v e n  t e n - p e r a t u r e  and Ch 1 1 9  slightly h i g h e r  i f  a 

( f i c T i v e )  c o r d i e r i t e  o f  ? lg/I<g+Fe2t  0.77 is assumed.  

p r e s s u r e s  are minimurr ones  f o r  t h e s e  r o c k s  b e c a u s e  c o r d i e r i t e  i s  i io t  

p r e s e n t .  I f  water p r e s s u r e  i s  g r e a t e r  t h a n  zero, cordierite s t a b i l i t y  

i s  promoted  t o  h i g h e r  p r e s s u r e s  (Newton, 1972). 

The c a l c u l a t e 2  

3n t h e  b a s i s  cf t h e  f o r e g o i n g  e v i d e n c e  i - c  seen5 d i f f i c u 2 - c  t o  e s c a p e  

t h e  c o n c l u s i o n  that some v e r y  a n c i e n t  f e l s i c  g r a n u l i t e s  have  

c r j 7 s t a l l i z e d  a t  p r e s s u r e s  o f  a t  l e a s t  6 - 9 k i l o b a r s .  

2. Yigh D r e s s u r e  assemblages c h e m i c a l l y  e q u i v a l e n t  t o  magnes ian  
c o r d i e r i t e .  

C e r t a i n  r a r e  vagnes i - an  a lur r inous  r o c k s  a r e  known which  c o n t a i n  t h e  

as s e mb 1 age s I-. y p e r s t h e n e - s i 1 1 i mar. i t e - o_u a rt z an 2 s a p pli i r i n e -hype r s t I-. e n e - 
g u a r t z  , which a r e  c h e m i c a l l y  e q u i v a l e n t  t o  n a g n e s i a n  cor?ier i i :e ,  thou~h 

c o n s i 2 e P a b l y  mmre d e n s e ,  and which  T h e r e f o r e  loepreseni: t h e  high- 

p r e s s u r e  breakdown p r o d u c t s  o f  magnes ian  c o r d i e r i t e ,  These  

r e l a t i o n s h i p s ,  which were  d i s c o v e r e l  e x p e r i m . e n t a l l y  by S c h r e y e r  ar.l 

Yoder (1960, 1964) and d e l u c e d  c h e n o g r a p h i c a l l g  by Yess ( 1 9 E 9 )  and 

Hensen (1971), a r e  mode l l ed  i n  t h e  f o l l o w i n g  s i m p l i f i e d  r e a c t i o n s :  

e n s t a t i t e  s i l l i m a n i t e  Guar t z  c o r d i e r i t e  
or G P  

:: y2e I 5  4:’- PC e kyar.5+:s 

s a p p h i r i n e  e n s t a t i t e  q u a r t z  c o r d i e r i t e  

These r e a c t i o n s  a r e  d i v a p i a n t  i n  t h e  system. Fe0-Mg0-A1203-Si92 an? 

t h e  o v e r s i m p l i f i c a t i o n s  i n c l u d e  n e g l e c t  o f  a small A l 2 C 3  conten? o f  

e n s i - a t i t e  and v a r i a b l e  A1203 c o n t e n t  of s a 2 p h i r i n e .  The s a ~ p h i r i n e  

s t o i c h i o r n e t r y  e x p r e s s e d  i n  r e a c t i o n  ( c )  is c h a r z c t e r i s t i c  o f  ~.a?.y 

specirr,ens and a d h e r e s  t o  t h e  t h e o r e t i c a l  s t r u c t u r a l  f o r n u l a  (P!oore , 
1969). 

The assemblage s a p p h i r i n e - h y p e r s t h e n e - q u ~ r t z  i s  known i n  g r a n u l i t e  

f a c i e s  r o c k s  from. Labrador (Forse and T a l l e y ,  1971), Uganda (T:ixon e t  

a1. , 1973) and A n t a r c t i c a  ( D a l l w i t z ,  1968). The assenblage e n s t a t i t e  

o r  hypersthene-sillimanite-quartz i s  known f rom t h e  Aldan Shield, 
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S i b e r i a  ( I la rakushev  and  Kudryav t sev ,  1965) , Labrador  (Yorse  an6 

? a l l e y ,  1971), F i n n i s h  Lappland ( C s k o l a ,  1 9 5 2 )  , Irganda (ITixon, Pee?v,an 

and Burns ,  1973), Phodes i a  ( C h i n n e r  and Sweatnan ,  1 9 F 8 ) ,  and t3.e 

Vizagapatam D i s t r i c t ,  hdhra Pradesh, I n d i a  (P ia lker  and Col l i ins  , 1907). 
Coex i s t ence  of t h e  t h r e e  m i n e r a l s  i n  t h e  '?izagaI;a+cam s p e z i r e n  was 

v e r i f i e d  hy R. K. H e r d  ( p e p s .  comm., 1975). The Xhodesian o c c u r r e n c e  

i s  p a r c i c u l a r l y  i n t e r e s t i n g  b e c a u s e  t h e  a s semblage  i s ,  to a close 

a p p r o x i m a t i o n ,  c o n f i n e d  t o  t h e  s i n p l e  s y s t e m  I ? g 0 - A 1 2 0 3 - S i 0 2 .  

has n e a r l y  t h e  b u l k  c ~ m p o s i t i o n  o f  K g - c o r d i e r i t e .  Ch inne r  and Sweatrr.an 

(1962) p r o v i d e  c e x i - u r a i  e v i d e n c e  iiha'i kyani'ie was p r e s e n t  in t h e  

assemblage at one t i m e  r a t h e r  t h a n  s i l l i n m n i t e .  A l l  of t h e  above 

o c c u r r e n c e s  a r e  P recambr ian .  

The r o c k  

Various a u t h o r s  have  n o t e d  t h e  h i g h  p r e s s u r e s  t h a t  t h e s e  a s semblages  

i n p l y .  Much o f  t h i s  c o n j e c t u r e  i s  b a s e d  on t h e  M g - c o r d i e r i t e  s t a b i l i t y  

d iagram of Schreyer and Yoder ( l 9 6 4 ) ,  worked o u t  unde r  c o n d i t i a n s  of 

2H23 = P t o t a l ,  

f o r  ?he anhydrous  h i g h - p r e s  s u r e  breakdown producirs cf c o r d i e r i t e  iro 

a p p e a r .  Hocrever, TJewton (1972) and Hewton e t  al. (1974) have  shown, 

ex p e r h e  n t a 1 1 5 7  an  1. c a 1 or i n e  t r i c a 1 1 y , t5 at M g - c o r d  i e r i 1: e un de  r ar.hg.7 d r o  u s 

c o n d i t i o n s  b r e a k s  <own s e v e r a l  k i l o b a r s  l ower  in p r e s s u r e  t h a n  unde r  

hydrous  c i r c u m s t a n c e s .  T're l a t t e r  authors showed, ma in ly  

c a l o r i m e r r i c a i l y ,  that at t e m p e r a t u r e s  sbove  akout 80C°C lo:~;-iron 

c o p d i e r i t e  i n  n a t u r e  s h o u l ?  b r e a k  do:m t o  a w e l l - o r d e r e d  s z p p h i r i n e  

of  a p p r o x i m a t e l y  t h e  c o m p o s i t i o n  Yg A 1 , , S i 3 O U 0  a t  a p r e s s u r e  s e v e r a l  

hundred  b a r s  l ower  t h a n  I ? g - c o r d i e r i t e  r e a c t s  i n  t h e  s y n t h e t i c  sys t em.  

The s y n t h e t i c  p r o d u c t  of high t e m p e r a t u r e ,  h i g h  p r e s s u r e  c o r d i e r i t e  

breakdordn i s  a somewha-c d i s o r d e r e d  s a p p h i r i n e  of i i ear ly  t h e  

c o m p ~ s i t i o ~ i  Mg P,1 SiOlO. 

breakdown a s s e i h l a g e ,  s i n c e  c o r d i e r i t e ,  s a p p h i r i n e  and q u a r t z  are  

c o - l i n e a r  i n  t h e  system. Mg0-Al2O3-Si0 

F. l h i s  diagram. i n p l i e s  p r e s s u r e s  in. e x c e s s  of 11 k i l o b a r s  

7 -- 

I n  t h i s  c a s e  no  e n s t a t i t e  e n t e r s  t h e  
2 4  

2 '  
F i g ,  2 shows t h e  e x p e r i m e n t a l  and  c a l o r i m e t r i c a l l y  i n f e r r e d  n a t u r a l  

b r e a k d own c on d i t i on s o f n? a g n e s i an c o r d i e r i t e un d e r c o m.p 1 e 'i e 1 y an h y d r o u s 

Fig. 2 i n c l u d e s  v e r y  c o n d i t i o n s  and u n d e r  conditions of P 

r e c e n t  e x p e r i n e n t a l  work on t h e  r e a c t i o n  t o  s a p p h i r i n e  and q u a r t z  done 

ir. a g a s - p r e s s u r e  s y s t e m  w i t h  o p t h a 1  measurement of t h e  p r e s s u r e s ,  

The f o l l o w i n g  i n f o r m a t i o n  s e e m  c o n c l u s i v e ,  I f  t e n p e r a t u r e s  of 

g r a n u l i t e  metamorphism a r e  i n  t h e  r a n g e  7 0 C 0 - P 0 0 0 C ,  rrinimun q r e s s u r e s  

of  6 . 4  t o  7.0 kilobars a r e  r e q u i r e d  t o  p roduce  t h e  h i g h  p r e s s u r e  

breakdown as semblages  of v e r y  m.agnesian c o r d i e r i t e .  ?'he p r e s s u r e  

n e c e s s a r y  to break do;m d q 7  ! $ g - c o ~ d i e r i t e  to e n s t a d - i t e  , 

H20 = Ptotal' 

s i l l i m a n i t e  
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Fig. 2 .  Equilibrium P,T relations of Mg2A14Si5018 (Mg-cordierite) bulk 
composition. Upper pressure stability limits of cordierite, for the 
anhydrous case (Newton et al., 1974) and case of PH20 = Ptotal 
(Newton, 1972) are shown, Experimentally determined field of synthetic 
sapphirine shown within solid boundaries and calorimetrically estimated 
field of stability for a natural, well-ordered sapphirine shown within 
dashed lines. Kyanite-sillimanite boundary from Holdaway (1971). 

and quartz at 727OC may be easily calculated by the reader from this 

thermodynamic data of Table I, Neglect of a small amount of A1203 in 

the enstatite at this temperature produces no major uncertainty. The 

effect of ferrous iron on the equilibrium may be assayed in a manner 

entirely analogous to the discussion centering around reaction (A) 

and equation (1). Marakushev and Kudryavtsev (1965) give analyses of 

coexisting cordierite (Mg/Mg+Fe2' , 8  3 

(Mg/Mg+Fe2' = ,671. 

hypersthene solid solution to be nearly ideal at elevated temperatures 

(Saxena, 1973, p. 981 ,  shows that the lowering of the pressure 

requirements of magnesian cordierite breakdown by the presence of 

ferrous iron at this level to be only about 700 bars, 

If kyanite, instead of sillimanite, is among the assemblage 

alternative to cordierire, as is found in places at Wilson Bay, 

and hypersthene 

Using this distribution, and regarding the 



Labrador (Morse and Ta l l ey ,  1 9 7 1 )  and i n f e r r e d  f o r  t h e  Rhodesian 

specimen (Chinner  and Sweatman, 1 9 6 8 ) ,  minimum p r e s s u r e s  of 7 . 6  

k i l o b a r s  a t  7OO0C and 9 . 6  a t  8OO0C a r e  r equ i r ed  (F ig .  2 ) .  

A p a r t i c u l a r l y  i n t e r e s t i n g  rock has  been descr ibed  from t h e  Anabar 

Massif ,  S i b e r i a ,  by Lu t t s  and Kopaneva (1968) .  This  i s  ano the r  

example of  t h e  high-grade,  h igh  p r e s s u r e  magnesian-aluminous g r a n u l i t e s  

of dubious o r i g i n .  

c o r d i e r i t e  (Mg/Mg+Fe 

sapph i r ine  (Mg/Mg+Fe , 8 9 7 1 ,  b i o t i t e  and s i l l i m a n i t e .  The 

hypersthene i s  very anomalous, con ta in ing  1 0 . 8 1  % A1203 and 7 . 8  % 

Fe203. The c o r d i e r i t e  c r y s t a l s  a r e  s m a l l e r  than  t h e  o t h e r s ,  and t h e  

au thors  i n f e r  a low-pressure back-reac t ion  o r i g i n .  They e s t ima te  

condi t ions  of metamorphism of  95OoC and 1 2  k i l o b a r s  , based mainly on 

the  exper imenta l  work a t  h igh  P a v a i l a b l e  i n  1 9 6 8 .  Newton ( 1 9 7 2 )  

c a l c u l a t e d  from thermodynamic d a t a  t h a t  t h e  assemblage e n s t a t i t e -  

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

assemblage enstatite-sillimanite-quartz. 

t o  r e q u i r e  a minimum of 6 k i l o b a r s .  This  conclus ion  i s  rendered l e s s  

f o r c e f u l  by t h e  unknown e f f e c t s  of  t h e  h igh  A1203 and Fe20g con ten t s  

of t h e  or thopyroxene.  C e r t a i n l y  p re s su res  a s  h igh  as 1 2  k i l o b a r s  do 

no t  seem necessary  i n  l i g h t  of  more r e c e n t  exper imenta l  and 

thermodynamic d a t a .  

I t  con ta ins  pyrope-almandine (Mg/Mg+Fe2+ = . F 1 )  , 
2 +  = . 8 5 5 )  , hypers thene  (Mg/Mg+Fe2+ . 8 2 1 ) ,  
2 +  

H2  O 

A t  800°C, t h i s  would s e e m  

I n  summary, t h e  evidence from t h e  p e c u l i a r  a n c i e n t  magnesian gne i s ses  

i n d i c a t e s ,  aga in ,  t h a t  minimum p r e s s u r e s  o f  6 - 9 or more k i l o b a r s  

seem t o  be necessary .  The o r i g i n  of t h e s e  odd bulk  composi t ions i s  

q u i t e  obscure.  Chinner and Sweatman ( 1 9 6 8 )  sugges t  a l t e r e d  vo lcan ic  

ash d e p o s i t s .  

t r a n s f e r  may be an exp lana t ion  (Meng and Moore, 1 9 7 2 ) .  This  

combination of s u r f a c e  and deep-seated processes  does n o t  seem t o  have 

been o p e r a t i v e  i n  post-Precambrian t imes .  

3 .  Garnet i n  hypersthene-normative b a s i c  and inteE>mediate g r a n u l i t e s .  

L a t e r i t i c  or o t h e r  weather ing  and subsequent  metasomatic 

Garne t i f e rous  b a s i c  cha rnock i t e s  from a n c i e n t  t e r r a n e s  a r e  widespread;  

f o r  i n s t a n c e ,  Howie and Subramaniam (1957) r e p o r t e d  a g a r n e t i f e r o u s  

two-pyroxene g r a n u l i t e  from Pal lavaram (Ch 199) with  1 2 . 9  % normative 

o l i v i n e .  The composition of t h e  ga rne t  i s  almandine . 6 4 5 ,  a n d r a d i t e  

.057, g r o s s u l a r  .146, pyrope , 1 2 7  and s p e s s a r t i n e  .025, i n  mole 

f r a c t i o n s .  This  i s  t y p i c a l  o f  t h e  complex (polycomponent) g a r n e t s  

c h a r a c t e r i s t i c  of  g r a n u l i t e s .  Jawardena and C a r s w e l l  ( 1 9 7 6 )  r e p o r t  

s i m i l a r  garne t -bear ing  b a s i c  cha rnock i t e s  from t h e  Highland S e r i e s  o f  

sou theas t  S r i  Lanka. Wood ( 1 9 7 5 )  desc r ibed  and analyzed b a s i c  ga rne t  



g r a n u l i t e s  from t h e  Archaean t e r r a n e  o f  Sou th  H a r r i s ,  Ou te r  F iebr ides .  

Ringwood and Green ( 1 9 6 6 )  p r e s e n t e d  e x p e r i m e n t a l  e v i d e n c e  b e a r i n g  

on t h e  o c c u r r e n c e  o f  g a r n e t s  i n  b a s i c  g r a n u l i t e s .  T h e i r  work was done 

on v a r i o u s  s imwla ted  b a s i c  c o m p o s i t i o n s .  They show ( p .  8 3 )  minimum 

p r e s s u r e s  o f  8 - 9 k i l o b a r s  r e q u i r e d  t o  produce  g a r n e t  i n  an  a l k a l i -  

poor  o l i v i n e - n o r m a t i v e  t h o l e i i t e  c o m p o s i t i o n  ir. t h e  te?.Ferat?.ye r a z g e  

700'-900°C, 

r e l a t i v e l y  poor  p r e s s u r e  c a l i b r a t i o n  i n  t h e  p i s t o n - c y l i n d e r  s o l i d -  

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

polycomponent s i l i c a t e  s y s t e m s ,  and t h e  l o n g  e x t r a p o l a t i o n  n e c e s s a r y  

from t h e  h i g h  t e m p e r a t u r e  e x p e r i m e n t a l  r a n g e  ( above  l l O O ° C ) ,  

t h e  minimum p r e s s u r e s  n e c e s s a r y  t o  p roduce  g a r n e t  i n  t h e  b a s i c  

g r a n u l i t e s  o f  t h e  South  H a r r i s  t e r r a n e .  The b a s i s  o f  h i s  c a l c u l a t i o n  

i s  t h e  r e a c t i o n :  

T h i s  e s t i m a t e  i s  s u b j e c t  t o  t h e  u n c e r t a i n t i e s  of  

I n  an a l t e r n a t i v e  aFproach ,  "006 ( 1 9 7 5 )  c a l c u l a t e d  the rmodynamica l ly  

( D )  F e 2 S i 0 4  t CaA12Si208& 2 / 3  Fe3A12Si3012 f 1 / 3  Ca3A12Si3012 

i n  o l i v i n e  i n  p l a g i o c l a s e  i n  g a r n e t  i n  g a r n e t  

This  r e a c t i o n  i s  o f  h i g h  v a r i a n c e  i n  n a t u r a l  b a s i c  s y s t e m s .  I n  a r o c k  

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

r e c r y s t a l l i z a t i o n  can  be  c a l c u l a t e d  by an e q u a t i o n  s i m i l a r  to e q u a t i o n  

(1) i f  t h e  t e m p e r a t u r e  i s  i n d e p e n d e n t l y  e s t i m a t e d .  The r e q u i s i t e  

thermodynamic p a r a m e t e r s  a r e  p o o r l y  known f o r  t h e  i r o n - b e a r i n g  

components of t h e  m i n e r a l s ,  and  I.!ood e s t i m a t e d  t h e s e  from a v a i l a b l e  

e x p e r i m e n t a l  work, e s p e c i a l l y  t h a t  o f  Green and E i b b e r s o n  ( 1 3 7 0 ) .  

He c a l c u l a t e d  minimum p r e s s u r e s  of  9 - 1 2  k i l o b a r s  t o  s t a b i l i z e  t h e  

g a r n e t s  i n  t h e  H a r r i s  m e t a b a s i t e s  i n  t h e  t e m p e r a t u r e  r a n q e  70OC-90O0C. 

These p r e s s u r e s  a r e  minimum e s t i m a t e s  b e c a u s e  o l i v i n e  i s  n o t  a c t u a l l y  

p a r t  o f  t h e  p a r a g e n e s i s .  As a d d i t i o n a l  e v i d e n c e  o f  t h e  s u r p r i s i n g l y  

h i g h  p r e s s u r e ,  Vlood ( 1 9 7 5 )  p o i n t s  t o  t h e  p r e s e n c e  o f  k y a n i t e  i n  

c l o s e l y  associa3:ed m e t a p e l i t e s  which ,  i n  t h e  same t e m p e r a t u r e  r a n g e  , 
would c a l l  f o r  minimurn p r e s s u r e s  of 8 - 1 2  k i l o b a r s  (Holdaway, 1 9 7 1 ) .  

Garne t  i n  c h a r n o c k i t e s  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 s  l e s s  

w idesp read .  Garne t  i s  l a c k i n g  i n  m e t a t o n a l i t e s  o f  t h e  Sou th  H a r r i s  

and was n o t  r e p o r t e d  by Howie and Subramaniam ( 1 9 5 7 )  from P a l l a v a r a m .  

They d e s c r i b e d  g a r n e t i f e r o u s  i n t e r m e d i a t e  c h a r n o c k i t e s  from Uganda, 

Sweden and Ceylon. 

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

L i t t l e  e x p e r i m e n t a l  work i s  a v a i l a b l e  t o  e s t a b l i s h  t h e  p r e s s u r e s  o f  



t empera tu re  r a n g e .  Wood ( 1 9 7 5 )  a s c r i b e s  t h e  l a c k  of g a r n e t  i n  t h e  

South H a r r i s  m e t a t o n a l i t e s  t o  g r e a t e r  S i 0 2 - s a t u r a t i o n  t h a n  i n  t h e  

m e t a b a s i t e s ,  and t h i s  i s  bo rne  o u t  by t h e  expe r imen t s  of Ringwood and 

Green ( 1 9 6 6 )  on v a r i o u s  b a s a l t i c  c o m p o s i t i o n s ,  i n  which t h e y  found a 

h i g h e r  p r e s s u r e  n e c e s s a r y  t o  produce g a r n e t  i n  q u a r t z  t h o l e i i t e s  t h a n  

i n  o l i v i n e  t h o l e i i t e s .  Th i s  g e n e r a l  r e l a t i o n s h i p  was a l s o  found 

e x p e r i m e n t a l l y  by Kush i ro  and Yoder ( 1 9 6 6 )  i n  t h e  model system 

Ca0-Mg0-A1203-Si02. An e x t r a p o l a t i o n  from t h e i r  h i g h  t e m p e r a t u r e  d a t a  

t o  8OO0C on t h e  u n i v a r i a n t  r e a c t i o n  o f  a n o r t h i t e  + e n s t a t i t e  t o  g a r n e t  

+ c l inopyroxene  + q u a r t z  g i v e s  abou t  1 3  k i l o b a r s  t o  s t a b i l i z e  g a r n e t  

i n  a s imple  i n t e r m e d i a t e  sys t em.  However, t h e  s i m p l e  four-component 

system i s  t o o  r e s t r i c t e d  c h e m i c a l l y  t o  draw q u a n t i t a t i v e  c o n c l u s i o n s .  

An i n g e n i o u s  c a l c u l a t i o n  was made by Wood ( 1 9 7 5 1  t o  p r o v i d e  an uppe r  

p r e s s u r e  l i m i t  f o r  t h e  South H a r r i s  m e t a t o n a l i t e s .  H e  made u s e  o f  t h e  

e q u a t i o n  : 

( E )  Mg2Si206tCaA12Si208& 2 / 3  Mg3A12Si3012 + 1 / 3  Ca3A12Si3012 + S i 0 2  

i n  o r t h o -  i n  p l a g i o -  i n  g a r n e t  
pyroxene c lase  

i n  g a r n e t  q u a r t z  

This  r e a c t i o n  w i l l  b e  o f  h i g h  v a r i a n c e  i n  a complex n a t u r a l  system. 

The gove rn ing  e q u a t i o n  i s  s imilar  t o  e q u a t i o n  (1): 

where t h e  symbols have t h e  same meanings as i n  e q u a t i o n  (I). The 
g a r n e t  formulae a re" reduced  f o r  conven ience .  Key thermodynamic d a t a  

were n o t  a v a i l a b l e  t o  Wood ( 1 9 7 5 1 ,  s o  t h a t  h e  was f o r c e d  t o  e v a l u a t e  

t h e  pa rame te r s  o f  t h e  e q u a t i o n  from e x p e r i m e n t a l  phase  e q u i l i b r i a ,  

i n c l u d i n g  t h a t  o f  Kush i ro  and Yoder ( 1 9 6 6 ) .  S i n c e  g a r n e t  i s  l a c k i n g  

i n  t h e  m e t a t o n a l i t e s ,  Wood c a l c u l a t e d  t h e  compos i t ion  of t h e  g a r n e t s  

which cou ld  c o e x i s t  w i t h  t h e  o t h e r  m i n e r a l s  a t  v a r i o u s  t e m p e r a t u r e s  

by making u s e  o f  e m p i r i c a l  d a t a  on t h e  d i s t r i b u t i o n  of Fe , Mg and C a  

among pyroxenes and g a r n e t s  i n  o t h e r  r o c k s ,  i n c l u d i n g  t h e  South H a r r i s  

metagabbros.  H e  c a l c u l a t e d  g a r n e t  compos i t ions  of  abou t  g r o s s u l a r  .22, 

pyrope . 2 7 ,  a lmandine .51,  for t h e  g r a n u l i t e  t e m p e r a t u r e  r ange .  H e  

cons ideced  t h e  g a r n e t s  n o n - i d e a l ,  b u t  c o n s i d e r e d  o n l y  a Ca-Mg 
i n t e r a c t i o n  p a r a m e t e r ,  WCa-Mgy somewhat t e m p e r a t u r e  dependen t ,  w i t h  an 

2+ 
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average value of  about  3 k i l o c a l o r i e s .  This  i s  i n  keeping with a 

c a l c u l a t i o n  of t h i s  parameter  der ived  from phase equ i l ib r ium 

measurements subsequent ly  publ i shed  by Hensen e t  a l .  (1975).  Wood 

(1975) found an upper p re s su re  l i m i t  f o r  rocks o f  t h e  South Harris 

t e r r a n e  of 1 1 - 1 4  k i l o b a r s  i n  t h e  range 70O0-9OO0C. 

maximal because of t he  absence of  ga rne t  i n  t h e  m e t a t o n a l i t e s .  

Improved thermodynamic d a t a  now a v a i l a b l e  encourage a r e c a l c u l a t i o n  

of t h e  p re s su res  by t h e  Wood method. Table 1 l i s t s  t h e  thermodyiamic 

da t a  f o r  t h e  subs t ances ,  from which we d e r i v e  AHo = 1370 2 500 c a l  and 

bS0 = -7.03 2 . 4 6  cal /K a t  1000 K .  

c o e f f i c i e n t s  of t h e  ga rne t  components i s  now p o s s i b l e ,  owing t o  t h e  

work of Ganguly and Kennedy ( 1 9 7 4 )  and Ganguly ( 1 9 7 6 ) .  They de r ived  

r e g u l a r  s o l u t i o n  i n t e r a c t i o n  parameters  W f o r  t h e  major ga rne t  

components based on a combination o f  thermodynamic deduct ion from 

experiments and n a t u r a l  parageneses  invo lv ing  ga rne t s  where 

temperature  could be e s t ima ted  independent ly .  Following them, an 

express ion  f o r  t h e  a c t i v i t y  c o e f f i c i e n t ,  y , o f  a component i n  a 

r egu la r - so lu t ion  t e r n a r y  mixture  may be w r i t t e n :  

The e s t i m a t e s  a r e  

An improvement i n  t h e  a c t i v i t y  

where W1-2 i s  t h e  i n t e r a c t i o n  parameter  f o r  components 1 and 2 ,  e t c .  

I n  g r a n u l i t e  g a r n e t s ,  t h e  g r o s s u l a r  and a n d r a d i t e  components may be 

lumped t o g e t h e r  because they  s h a r e  a common c a t i o n ,  and because t h e  

mixing of a few pe rcen t  of Fe 

con t r ibu te s  a n e g l i g i b l e  amount t o  t h e  ga rne t  f r e e  energy,  An 

i n t e r a c t i o n  term f o r  s p e s s a r t i n e  may be ignored  because t h e  s p e c i f i c  

i n t e r a c t i o n  energy of Mn2+ wi th  t h e  o t h e r  d i v a l e n t  c a t i o n s ,  except  

Mg, i s  smal l  (Ganguly and Kennedy, 1 9 7 4 )  and because Mn i s  u s u a l l y  

very r e s t r i c t e d  i n  amount. 

Ganguly and Kennedy g ive :  WCa-Mg 3 . 8 3  k c a l ,  WCa-Fe 0.2 k c a l  and 

'Mg- Fe 
found exper imenta l  evidence f o r  a tempera ture  dependence of  WCamMg.  

A t  7 2 7OC WCa-Mg would be 3.16 k c a l .  

a 'Mg- Fe 
1 9 7 7 )  found a va lue  of  2.3 a t  h ighe r  tempera tures  i n  exper imenta l  Mg, 

3 +  w i th  A 1  on t h e  oc t ahedra l  s i t e s  

For t h e  e f f e c t i v e  Cay Mg and Fe components, 

= 2 . 9 5  k c a l  a t  about  630 C .  Hensen, Schmid and Wood ( 1 9 7 5 )  

Oka and Matsumoto ( 1 9 7 4 )  deduced 

of 2 .58  k c a l  from p e t r o l o g i c  ev idence ,  and Wood ( p e r s .  c o r n . ,  

Fe p a r t i t i o n i n g  of  g a r n e t  w i th  o l i v i n e .  Wood ( 1 9 7 7 )  found a WCa-pe o f  

n e a r l y  z e r o  by r educ t ion  of  phase equ i l ib r ium experiments .  The va lues  

= 3 . 2 ,  WCa-Fe = 0 and WMg-Fe 2 . 5  w i l l  be  used h e r e  f o r  'Ca-Mg 
c a l c u l a t i o n s  a t  1000 K .  Thus, t h e  a c t i v i t y  c o e f f i c i e n t s  of t h e  

CaA12/3Si04 ( g r o s s u l a r )  and MgA12/3Si0,+ (pyrope)  components a t  1000 K 



become : 

( 5 )  
2 1 . 6 2 1  X + 0.352 XalmXpyr 'w gross PYr 

X + 1 . 2 5 9  Xalm + 2 . 8 6 9  Xgross 
2 2 

In Ypyr = 1.621 Xgross 

- where X - C a  , e t c .  
g ros s  

Ca+Mg+Fe 2++Mn 

A t  t empera tures  above 7 O O 0 C ,  Fe-Mg orthopyroxenes a r e  s u b s t a n t i a l l y  

i d e a l  (Saxena, 1973) ,  e s p e c i a l l y  wi th  r ega rd  t o  t h e  Mg2Si206 component. 

The presence of o t h e r  c a t i o n s  (Ca, A l ,  T i ,  e t c . )  can be allowed f o r  by 

the  i d e a l  C-wo-site a c t i v i t y  model (Wood and Banno, hij7EAi i n  which t h e  

where M2 i s  a c t i v i t y  of Mg S i206  i n  or thopyroxene i s  given by X 

t he  l a r g e r  o c t a h e d r a l l y  coord ina ted  c r y s t a l l o g r a p h i c  s i t e  and M1 i s  

the  sma l l e r .  

from t h e  s t r u c t u r a l  formulae,  a long  wi th  r u l e s  o f  occupancy based on 

r e l a t i v e  s i z e s .  

by Wood and Banno (1973).  

7OO0C as a func t ion  of composi t ion by O r v i l l e  ( 1 9 7 2 )  from h i s  ca t ion -  

exchange d a t a  i n  c h l o r i d e  s o l u t i o n s .  He found a cons t an t  a c t i v i t y  

c o e f f i c i e n t  of 1 . 2 8  f o r  CaA12Si208 i n  t h e  composition range 0-50 mole 

percent ,  and t h i s  va lue  w i l l  be used here .  

Mg Mg' 2 

The s i t e  occupancies  o f  t h e  minor c a t i o n s  can be g o t t e n  

F e z +  i s  cons idered  e q u i p a r t i t i o n e d  between M1 and M 2  

The a c t i v i t y  of CaA12Si208 i n  s y n t h e t i c  p l a g i o c l a s e  w a s  c a l c u l a t e d  a t  

A s  a f i r s t  c a l c u l a t i o n  t h e  upper p re s su re  l i m i t  o f  Wood's (1975) 

me ta tona l i t e  specimen 0 1  may be c a l c u l a t e d .  H i s  m ic roana ly t i c  d a t a  for 

t he  or thopyroxene g ive  = .5275 and X .5775. The a c t i v i t y  of 

Mg2Si206 i s  thus  .3046. The p l a g i o c l a s e  i s  

. 5 7 3 .  The a c t i v i t y  c o e f f i c i e n t s  of CaA12/3SiOq and MgA12/3Si0 a r e ,  

r e s p e c t i v e l y ,  1 . 1 8  and 2.07, i n  t h e  model f i c t i v e  ga rne t  given e a r l i e r .  

These d a t a  l e a d ,  v i a  equat ion  ( 3 ) ,  t o  a p re s su re  of  12.70 2 1 . 7 7  

k i l o b a r s  a t  7 2 7 O C  where t h e  u n c e r t a i n t y  i s  due t o  u n c e r t a i n t i e s  i n  A H O  

and ASo. 

k i l o b a r s  given by Wood (1975) f o r  t h e  same tempera ture .  

M 2  
Mg Mg 

wi th  an a c t i v i t y  of 

4 

This compares w e l l  w i th  t h e  maximum p r e s s u r e  of  about 12 

This  method may be app l i ed  t o  two in t e rmed ia t e  cha rnock i t e s  descr ibed  

and analyzed by Howie and Subramaniam (1957) .  

Uganda has  p l a g i o c l a s e  An32, a g a r n e t  of  composition almandine . 6 7 1 ,  

and rad i t e  ,062, g r o s s u l a r  , 1 2 8 ,  pyrope ,107 and s p e s s a r t i n e  .032, an 

orthopyroxene of Mg/Mg+Fe2+ . 4 4 9 ,  q u a r t z ,  hornblende,  b i o t i t e  and 

i r o n  o re .  The c a t i o n  s i t e  occupancies  of  t h e  orthopyroxene a r e  

X . 4 5 0 ,  X ,411. The a c t i v i t y  c o e f f i c i e n t s  a r e  Y 

The specimen s347 from 

M M 
= 1.04 

gross  Mg Mg 



a n d  Y 2 . 6 3 .  The p r e s s u r e  i n d i c a t e d  bj7 t h e  a s semblage  a t  727@C i s  

0- .8C + 1 . 0  ]<<:chars, Tke c;:>er i=-:epT.el'aa:e =;:~rrsck<~:e, 52e-' ,-;len V . L  

from Varbe rg ,  Svreeen, h a s  a g a r n e t  o f  compos i t ion  a lmandine  ,713, 

a n d r a d i t e  .020, g r o s s u l a r  .1?3, pyroDe ,042, and s p e s s a r t i n e  ,352. 

The I4g S i 2 C 6  a c t i v i t y  of t h e  i r o n - r i c h  or thopyroxer !es  i s  

a v e r a g e  p l a g i o c l a s e  i s  B.n 6. 5. 

q u a r t z ,  k o r n b l e n d e ,  c l i n o p y r o x e n e ,  i l r . e n i t e  an2 r r a g n e t i t e .  The 

c a l c u l a t e d  P r e s s u r e  a t  727@C is 8.33 

- ?  - pyi- 
- 

,0644. The 
2 

The ot: ier r r i n e r a l s  are m i c r o c l i n e ,  

1.8 k i l o b a r s .  

As a r e s u l t  of t h e  f o r e g o i n g ,  i t  can  be  conc luded  t h a t  rr.inimun 

p r e s s u r e s  o f  7 - 10 k i l o b a r s  were n e c e s s a r y  to produce  t h e  

mineralogy o f  some g a r n e t i f e r o u s  c h a r n o c k i t e s ,  i f  t h e  t e m p e r a t u r e s  

were around 800@C. 

granulite t e r r a n e  seem t o  be v a l i d ,  b u t  s u f f i c i e n t  d a t a  to e v a l u a t e  

his c a l c u l a t e d  lower p r e s s u r e  l i m i t s  o f  9 - 12 k i l o b a r s  are n o t  y e t  

a v a i l a b l e .  I t  i s  p o s s i b l e  t h a t  t h e s e  l i m i t s  a r e  o v e r e s t i m a t e d ,  i n  

vie!$ of the lack o f  g a r n e t  i r ?  interrn.ediate c o m p o s i t i o n s  i n  t h i s  

r e r r a n e ,  whereas a g a r n e t - b e a n i n g  a s semblage  h a s  been  found  i n  

i n t e r m e d i a t e  c h a r n o c k i t e s  f r o n  o t h e r  terranes , w i t h  t lher rnodynanica l ly  

c a l c u l a t e d  pressures of c r y s t a l l i z a t i o n  of 8.? - 9 . 8  k i l o b a r s  for two 

examples ,  

IMPLICA?IO:JS FOR ARCHAPNT ??ET.4qC??HISY 

!dood's upper  p r e s s u r e  l i n i t s  f o r  t h e  Soutn S a r r i s  

Good e v i d e n c e  e x i s t s ,  f r o n  t h r e e  l i n e s  o f  a p p r o a c h ,  t h a t  p r e s s u r e s  of 

6-10 k i l o h a r s  were n e c e s s a r y  t o  p roduce  t h e  mine ra logy  o f  sor?.e A-rchaean 

g r a n u l i t e s .  P r e s s u r e s  o f  10-13 k i l o b a r s  have  been  e s t i m a t e d ,  Sut a r e  

less c e r t a i n .  Cor re spond ing  d e p t h s  of b u r i a l  a r e  20-33  kn for t h e  

n o r e  moderate e s t i m a t e .  These are d e p t h s  a p p r o a c h i n g  t h e  b a s e  of t h e  

p r e s e n t - d a y  normal  c o n t i n e n t a l  c r u s t .  The i n p l i c a t i o n  o f  t h i c k  

c o n t i n e n t s  a t  l e a s t  a s  f a r  back  2 s  2 4 0 0  m.y. ago seems u n a v o i d a b l e .  

That 1Tor-L-h A n e r i c a  grew i n  s i z e  t h r o u g h o u t  t h e  P recambr ian  seems 

requiiqed by t h e  d i s t r i b u t i o n  of r a d i o m e t r i c  d a t e s  (Goldich e t  a l . ,  
. _ .  e saze ;z,~-ica-:<o: e x i j r - s  f o r  t:-Ae z-;?.er coxcir icnts  

( S h a c k l e t o n ,  1 9 6 7 ) .  I n t u i t i v e l y ,  one might  t e n d  to c o r r e l a t e  t h e  

t h i c k n e s s  of a c o n t i n e n t  w i t h  a r e a .  The f o r e g o i n g  p e t r o l o g i c  e v i d e n c e ,  

however, i n d i c a t e s  that some c o n t i n e n t a l  masses i n  t h e  Arcl:aean, i f  

t h e y  were r e l a - ? - i v e l y  s r ra l l  i n  area, were n e v e r t h e l e s s  con?Darahle i n  

t h i c k n e s s  t o  the p r e s e n t  c o n t i n e n t s .  The widesp read  o c c u r r e n c e  of 

g r  an  u 1 it e - f ac i e s ne tamo r ph i c rock  s s t r o n g 1y s u gg e s t s tb. a t  A.r ch a e an  

geo the rma l  grad ien i -s  were g r e a t e r  t h a n  t h o s e  of mmre r e c e n t  time.. . 
E r n s t  (1972) i n v o k e s  a s e c u l a r  d e c r e a s e  i n  average t h e r n a l  g r a d i e n t  

to e x p l a i n  t h e  a p p a r e n t  r e s t r i c t i o n  of h i g h  p r e s s u r e ,  low t e r - p e r a t u r e  
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b l u e s c h i s t  metamorphism t o  r e l a t i v e l y  l a t e  g e o l o g i c  h i s t o r y .  

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

Br idgwa te r  e t  a l .  (1974)  s u g g e s t  t h a t  h o r i z o n t a l  t r a n s p o r t  r e s u l t e d  

i n  t e c t o n i c  t h i c k e n i n g  and r e d u p l i c a t i o n  o f  p r o t o c o n t i n e n t a l  ma te r i a l  

i n  t h e  Archaean t e r r a n c e  of West Greenland.  IJ indley ( 1 9 7 6  1 e n v i s a g e d  

m i c r o c o n t i n e n t a l  c o l l i s i o n s  due t o  p l a t e  mot ions  comparable  t o  modern- 

day g l o b a l  t e c t o n i c s ,  and Burke e t  a l .  ( 1 9 7 7 )  found no e v i d e n c e  t o  

i n v a l i d a t e  a u n i f o r m i t a r i a n  view o f  i s l a n d  a rc  c o l l i s i o n  and 

m i c r o c o n t i n e n t a l  and c o n t i n e n t a l  c o l l i s i o n  o p e r a t i n g  back i n t o  Archaean 

times. If  t h e  c o n t i n e n t a l  areas were n o t  l a r g e  enough t o  s u s t a i n  deep 

m a r g i n a l  g e o s y n c l i n e s  by 2400 m.y. ago ,  some s u c h  h o r i z o n t a l  t e c t o n i c  

p r o c e s s e s  would seem t o  b e  needed.  
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Abstract 

Irregular patches of Archaean hypersthene-bearing granulites, widely ranging 

in size, are common throughout the Wheat Belt of southwestern Australia 

(60000 km2) which is now composed dominantly of biotite or hornblende gneisses 

intruded by large coarse 2600 MA grey granitic domes. Some of the granulites 

were Archaean sediments, volcanic rocks (both mafic and silicic) and highly 

magnesian ultramafic rocks, whereas some large areas appear to be older Archaean 

basement now converted to dark greasy rocks like the silicic charnockites of 

India. Although some mafic granulites are strongly lineated and some silicic 

granulites show well-developed platy quartz grains, most granulites exhibit 

ill-defined linear elements, and present the appearance of having suffered 

thermal metamorphism rather than strong deformation. Cordierite, sillimanite, 

spinel and olivine are common in rocks of appropriate composition, but kyanite 

and high pressure clinopyroxene-garnet assemblages are unknown. 

Linear belts of granulites, which yield Proterozoic ages by Rb-Sr methods, ' 

engirdle on three sides the Archaean block of the Wheat Belt and adjoining 

greenstones to the east. The Fraser Block (8000 km2) ,  separated from the 

Archaean by an extensive mylonite zone and intense Bouguer gravity anomaly, 

is dominated by anhydrous mafic granulites of higher pressure than the Archaean 

granulites of the Wheat Belt. The mafic granulites were basic lavas and small 

intrusives of continental tholeiite type set within an intracratonic linear 

zone, and metamorphosed at 1338 MA (Rb-Sr). 

In the Musgrave Ranges silicic and mafic granulites were formed at about 

1380 MA, and are of both anhydrous and hydrous types, and range from low to 

intermediate granulites. These granulites are intruded by large bodies of 

"magmatic" charnockitic adamellite at about 1130 MA. 

Older silicic and mafic granulites (1860 MA) appear in the Strangways Range 

within the Arunta Block, and in places have recorded a second granulite event 

at c. 1470 MA. Archaean basement has not yet been recognised within the Arunta 
Block, and the granulites form imbricate thrust slices of deep'seated igneous 

and sedimentary rocks. 



Major and t r a c e  e l e n e n t  and REE s t u d i e s  reveal a c l o s e  cor respondence  o f  t h e  

mafic g r a n u l i t e s  o f  t h e  F r a s e r  Range t o  c o n t i n e n t a l  t h o l e l i t e s ,  whereas t h o s e  

o f  bo th  t h e  Xusgrave and Strangways 3anges mos t ly  show i s l a n d  a r c  o r  ocean ic  

t h o l e i i t i c  c h a r a c t e r s .  Element m o b i l i t y  du r ing  g r a n u l i t e  f a c i e s  metamorphism 

was s t r o n g l y  c o n t r o l l e d  by t h e m a 1  and f l u i d  g r a d i e n t s .  Large h c r e a s e  i n  t o t a l  

press'iire bu t  a t  approximate ly  c o n s t a n t  temperat.ure produced no s i g n i f i c a Y c  

element m o b i l i t y  i n  d ry  rnafic g r a n u l i t e s  a long  130 k x ~  t r a v e r s e  is t h e  F r a s e r  

Range, and U and Th v a l u e s  are n o t  c o r r e l a t e d  wi th  metamorphic g rade .  

In  t h e  Idusgrave Rar.ges, where g r a n u l i t e  hornblende  and b i o t i z e  are c o m o n ,  

Tr., U ,  Rb, X i  and Co were d e p l e t e d  wi th  i c c r e a s e  o f  bo th  t o t a l  p r e s s x e  and 

t empera tu re ,  whereas 3a, S r ,  RZE, Sa, Ca and 1 were en r i ched .  Elements showing 

l e s s  t t a n  20% change a r e  S i ,  Al, Ys,, Cay K, Zn, Cr, Y ,  Nb, Fe3,  Fe2 ,  I.Ig, ?i,  Zr, 

V and PS. 

In  t?.e a . i recle  o f  a l a r g e  c h a r - o c k i t l c  i c t r u s i v e  p l a t o n  where F was a c t i v e  

t h e r e  i s  a marked i n c r e a s e  i n  U ,  Th and Rb, bu t  a d e p l e t i o n  of Z r  acd ?i, two 

e lements  normally cons ide red  irtmobile e lements .  

S i l i c i c  g r a n u l i t e s  i n  a l l  t h r e e  t e r r a i n s  show d e p l e t i o n ,  w i th  i n c r e a s e  of 

g r a d e ,  o f  U, Th and Rb and i n c r e a s e  wi th  K/Rb, as r.oted i n  several  Archaean 

s h i e l d s .  

I?. view of t?.e va ry ing  i n f l u e n c e  of p a r t i a l  p r e s s u r e s  o f  t h e  f l u i d s ,  and 

t empera tu re ,  c o n p i i c a t i o n s  of p o l p e t a m o r p h l s m ,  and d i f f e r i n g  t e c t o n i c  s e t t i n g  

o f  many t e r r a i n s ,  s i g n i f i c a n t  chemica l  d i f f e r e n c e s  c a r n o t  y e t  3 e  r ecogn i sed  

between Archaean and P r o t e r o z o i c  g r a n u l i t e s .  

INTEiODUCTIOS 

Most o f  geoc?.exical r e s e a r c h  on A u s t r a l i a n  g r a n u l i t e s  ?.as been done on t h o s e  

y i e l d i n g  P r o t e r o z o i c  Rb-Sr a g e s .  However, it has been found t h a t  techniq i ies  

s u c c e s s f u l l y  a p p l i e d  and p r i n c i p l e s  e s t a b l i s h e d  i n  s t u d y i n g  t h e  P r o t e r o z o i c  

g r a r u l i t e  t e r r a i n s  a re  h e l p i n g  t o  x n r a v e l  ve ry  complex Archaean t e r r a i n s .  

I n  t h i s  paper  t h e  t e c t o n i c  s e t t i c g  o f  some o f  t h e  A u s t r a l i a n  g r a n u l i t e s  i s  

o u t l i n e d  prior t o  a d i s c u s s i o n  o f  t h e i r  geochemical f e a t u r e s .  Some g e n e r a l  

o b s e r v a t i o z s  l i k e l y  t o  h e l p  i z  f u r t h e r  s t u d i e s  are t h e n  made, 

TECTONIC SETTING OF AUSTRALIAN A R C H M A N  GRAWLITES 

The l a r g e s t  ou tc ropp ing  expanse o f  Archaean rocks  i n  A u s t r a l i a  i s  s i t u a t e d  

i n  t h e  southwes tern  p o r t i o n  o f  t h e  c o n t i n e n t  ( F i g .  l), Most of t h i s  r e g i o n  i s  

composed of rocks  c o m o n  t o  a l l  o f  t h e  g r e a t  s h i e l d s :  s i l i c e o u s  g n e i s s e s ,  

i n t r u s i v e  and metasomatic g r a n i t e s ,  and mar.y l i n e a r  b e l t s  o f  Archaean c l e s t i c  

and chemical s ed imen t s ,  maf ic  and u l t r a m a f i c  v o l c a n i c  rocks  and a s s o c i a t e d  

sha l low i n t r u s i v e s  and t u f f s ,  

In  A u s t r a l i a ,  as i n  I n d i a ,  Canada and o t h e r  s h i e l d s ,  much go ld  ( a s  a t  

K a l g o o r l i e )  i s  a s s o c i a t e d  wi th  t h e s e  maf i c  sequences .  The go ld  m i n e r a l i s a t i o n  
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i s  r e s t r i c t e d  t o  amphibolite and greenschis t  metamorphic t e r r a i n s .  

In t h i s  paper, however, we a r e  concerned with t h e  g r a n u l i t e  f a c i e s  t e r r a i n s  

of t h e  sh ie ld  (F ig .  1). The Archaean g r a n u l i t e s  a r e  r e s t r i c t e d  t o  t h e  c e n t r a l  

and southern por t ions  of t h e  a g r i c u l t u r a l  sec t ion  of t h e  s h i e l d  known as "The 

Fig.  1'. Granul i te  t e r r a i n s  of Aus t ra l ia .  The Wheat Bel t  g r a n u l i t e s  i n  Western 
Aus t ra l ia  a r e  Archaean, whereas a l l  o ther  g r a n u l i t e  b e l t s  y i e l d  Proterozoic  
ages by Rb-Sr. KAL, Kalgoorl ie ;  ALB, Albany; ESP, Esperance; E ,  Ernabel la ;  
AS, Alice Springs; BH, Broken H i l l .  

Wheat B e l t " .  

hornblende gne isses  which have been intruded a t  2600-2700 MA by l a r g e  plutons 

of coarse  grey g r a n i t e s .  Throughout t h i s  region t h e r e  a r e  i r r e g u l a r  patches of 

hypersthene-bearing g r a n u l i t e s  ranging from a few square metres t o  several  

square ki lometres  i n  a r e a .  However, even within t h e s e  patches of  g r a n u l i t e  

f a c i e s  rocks t h e r e  are normally l i n e a r  o r  anastomosing zones of  amphibolite o r  

greenschis t  re t rogress ion .  

This 60000 km2 region i s  composed dominantly of b i o t i t e  o r  

Within t h e  Wheat Bel t  g r a n u l i t e  t e r r a i n  t h e r e  a r e  numerous r e l i c s  (now 

g r a n u l i t e  f a c i e s )  of deformed t roughs of post-basement volcanic and 

sedimentary rocks,  o r  post-basement igneous i n t r u s i o n s  ( e  .g. Wilson, 1969a, 
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Fig. 2. 
The smaller outlined field represents the Fraser Range mafic granulites; 
the larger field represents the wider variety of mafic granulites from the 
Musgrave and Strangways Ranges. Skaergaard trend is after Wager &Deer, 1939. 
The numbers refer to basic rocks of Table 1. 

AFM diagram showing range in composition of mafic granulites. 

p. 243). 

gneisses themselves have suffered a superimposed granulite facies metamorphism, 

and the greasy dark bluish-grey o r  greenish-grey colour is indistinguishable 

from the Indian charnockites. 

In several places (e.g. Dingo Rock, ibid p. 246) the basement 

In earlier papers (Wilson, 1969a, 1971) I have maintained that the post- 

basement volcanic and sedimentary rocks (including the jaspilites) were of 

an age comparable with that of less metamorphosed volcanic and sedimentary 

rocks of the greenstone belts of the Goldfields, especially as the granitic 

bodies intruding both regions fall within the tight age bracket of 2600-2700 MA. 



Arriens (1971)  has shown, however, t h a t  at  l e a s t  some of t h e  gneisses  and 

granul i tes  of t h e  Wheat Bel t  a r e  considerably o lder  ( c .  3300 MA). Although he 

does not give a d e t a i l e d  t e c t o n i c  s e t t i n g  f o r  h i s  samples, s u f f i c i e n t  i s  known 

t o  say t h a t  a t  l e a s t  some of t h e  metamorphosed bas ic  rocks,  banded i r o n  

formations and assoc ia ted  f e l s i c  rocks suf fered  a regional  metamorphism of 

c.3300 MA, an age t h a t  has not ye t  been recognised i n  t h e  Goldfields  region.  

It i s  f o r  t h i s  and o ther  reasons t h a t  some geologis t s  ( e . g .  Gee, 1975) favour 

t h e  view t h a t  t h e  banded i r o n  formations and r e l a t e d  layered rocks of t h e  

g r a n u l i t e  t e r r a i n s  of t h e  Wheat Bel t  probably belong t o  an o lder  system than 

those of t h e  Goldfields  region.  Moreover, some envisage t h a t  t h e  most ancient  

nucleus comprises only t h e  extreme south-western t r i a n g l e  of t h e  cont inent ,  and 

t h a t  t h e  layered rocks of t h e  Wheat Bel t  g r a n u l i t e  t e r r a i n  were deposi ted t o  t h e  

eas t  of  t h a t  nucleus on oceanic c r u s t .  

Although these  views have some a t t r a c t i o n ,  they do not explain some 

important f a c t s .  The most obvious i s  t h e  presence o f  r e l i c s  of  j a s p i l i t e s  i n  

many p a r t s  of t h a t  proposed o lder  nucleus ( e . g .  at  Wundowie, severa l  places  

i n  t h e  Manjinup region,  e t c . ) .  Moreover, t h e  c l o s e  assoc ia t ion  of  highly 

metamorphosed r e l i c s  of Mg-rich mafic and u l t ramaf ic  rocks with many of t h e  

r e l i c s  of banded i ron  formations i n  t h e  nucleus as wel l  as  i n  t h e  Wheat Bel t  

g r a n u l i t e  t e r r a i n ,  p o i n t s  t o  a c lose  s i m i l a r i t y  between t h e  o ldes t  of t h e  

Goldfields sequences and t h e  layered  remnants within t h e  whole region south- 

west of t h e  Goldfields .  

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

separat ing t h e  extreme south-west gne iss ic  block and t h e  greenstone-rich 

Goldfields  region supports t h e  concept t h a t  t h e  g r a n u l i t e s  were developed 

within a "mobile b e l t "  between two cra tons ,  somewhat as appl ies  t o  t h e  Limpopo 

Belt of Afr ica  and t h e  Eastern Ghats of India .  Although t h e  Wheat Bel t  

g r a n u l i t e  t e r r a i n  has not y e t  been wel l  mapped, it i s  c l e a r  t h a t  it contains  

much l a r g e r  volumes of 2700 MA s i l i c i c  b a t h o l i t h s  ( l a r g e l y  adamel l i te )  than 

appear i n  t h e  African or Indian mobile b e l t s .  Thus, i f  t h e  g r a n u l i t e s  were 

developed through high heat  flow i n  t h i s  l i n e a r  zone of  low P t h e  zone 

must have remained mobile as a region i n  which Archaean a c i d  m a g m a t i s m  and 

K-metasomatism and ( l a t e r )  amphibolite f a c i e s  re t rogress ion  were very a c t i v e .  

The Archaean g r a n u l i t e  t e r r a i n  has not y ie lded  high pressure  assemblages 

charac te r i sed  by kyani te  or clinopyroxene-garnet; r a t h e r ,  t h e  g r a n u l i t e s  of 

t h e  t e r r a i n  d isp lay  high temperature-low pressure  assemblages. Thus, c o r d i e r i t e  

(with or without garne t )  i s  common i n  t h e  quartzose gneisses  and g r a n u l i t e s  

(e .g .  near Dangin ( P r i d e r ,  1945b) and i n  t h e  Dumbleyung d i s t r i c t ) .  Sapphirine 

has been recorded a t  Dangin ( P r i d e r ,  1945a) ,  and south of Quairading among 

various assemblages r i c h  i n  one or 'more of c o r d i e r i t e ,  corundum, hypersthene 

aand s p i n e l  (Wilson, 1962, 1971b). F o r s t e r i t e  and s p i n e l  have been recorded 

H20' 
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near Dangin ( P r i d e r ,  1945b) , and i n  t h e  Dumbleyoung region (Wilson, i n  prep,  ) , 
and f a y a l i t e  i s  known from a metagabbro a t  Burges Find near Burracoppin, and 

from m e t a j a s p i l i t e s  near Dumbleyoung and elsewhere. 

TECTONIC SETTING OF AUSTRALIAN PROTEROZOIC GRANULITES 

A l l  Aus t ra l ian  g r a n u l i t e s ,  o ther  than those  of t h e  Wheat B e l t ,  y i e l d  

Proterozoic ages by Rb-Sr techniques.  These should be considered minimum ages, 

f o r  t h e  degree of mobi l i ty  of e i t h e r  Rb o r  Sr during g r a n u l i t e  f a c i e s  

metamorphism i s  s t i l l  not known. Although i n i t i a l  r a t i o s  of S r  preclude 

Archaean ages from some of t h e  Proterozoic  b e l t s  (e .g .  Fraser  Range), o ther  

techniques may y e t  uncover an Archaean h i s t o r y  i n  some of  t h e s e  b e l t s .  

1. Tectonic s e t t i n g  of t h e  Fraser  Range 

An e a r l i e r  publ ica t ion  (Wilson, 1969a) discusses  t h e  range of t e c t o n i c  

s e t t i n g  and p e t r o l o g i c a l  c h a r a c t e r i s t i c s  of  t h e  l a r g e  number of  l i n e a r  b e l t s  of 

Proterozoic  g r a n u l i t e s  shown i n  Fig.  1. A s t r i k i n g  f e a t u r e  of t h e  g r a n u l i t e  

d i s t r i b u t i o n  i s  t h a t  l i n e a r  b e l t s  of Proterozoic  g r a n u l i t e s  engi rd le  on t h r e e  

s ides  t h e  Archaean block containing t h e  Wheat Bel t  g r a n u l i t e s .  The bes t  s tudied 

of these  i s  t h e  Fraser  Block (8000 km2) which i s  separated from t h e  Archaean by 

a complex l i n e a r  su ture  containing an extensive rnylonite zone and an in tense  

Bouguer grav i ty  anomaly. 

"The anomaly has a gradien t  of  12.5 mgal/km and c o n s i s t s  of a p o s i t i v e  

grav i ty  r idge  over t h e  western p o r t i o n  of t h e  Fraser  Block (+  30 mgal) and a 

gravi ty  t rough (down t o  -100 mgal) immediately t o  t h e  w e s t  of  t h e  f a u l t  zone. 

There appear t o  have been severa l  per iods of movement i n  t h e  Fraser  Faul t  Zone. 

Minor s t r u c t u r e s  i n  t h e  pyroxene g r a n u l i t e s  and t h e  g r a v i t y  p r o f i l e  suggest a 

s t rong reversed movement which has r a i s e d  t h e  eas te rn  block. Other s t r u c t u r e s  

suggest a s t rong  s i n i s t r a l  t ranscur ren t  component moving t h e  e a s t  block north- 

ward" (Wilson 1979a) .  

The Fraser  Block i s  e s s e n t i a l l y  anhydrous and composed l a r g e l y  of  mafic 

pyroxene g r a n u l i t e s ,  many of  which are der ived from b a s a l t s  (many seem t o  have 

been ves icu lar  and a few were pillowed - Wilson, 1975) and r e l a t e d  mafic 

in t rus ions .  Fe ls ic  and mafic garnet-bearing g r a n u l i t e s  a r e  common, p a r t i c u l a r l y  

i n  t h e  deformed zones i n  t h e  west near t h e  Fraser  Faul t  Zone, 

The age of t h e  g r a n u l i t e  metamorphism has been recorded by Rb-Sr a s  1328 MA. 

with an i n i t i a l  87Sr/86Sr r a t i o  of 0.7049 ? 0.0012 (Arr iens  and Lambert, 1969) ,  

but somewhat younger ages record thermal a c t i v i t y  down t o  about 1210 MA (Wilson, 

1966). 

The block appears t o  be composed l a r g e l y  of  cont inenta l  t h o l e i i t i c  b a s a l t s  

and r e l a t e d  i n t r u s i v e s ,  and some shallow water sediments deposi ted i n  an 

i n t r a c r a t o n i c  l i n e a r  zone. Metamorphism has been in tense .  However, c o r d i e r i t e  

i s  unknown i n  t h e  sedimentary rocks,  and t h e  pyroxenes of  t h e  mafic g r a n u l i t e s  
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show higher pressure characteristics than those of the Archaean granulites of 

the Wheat Belt (Wilson, 1976). 

Notwithstanding the high-grade of metamorphism, a remarkable feature is that 

in structurally favourable sites amygdales have been well preserved even in 

pyroxene granulites. However, in highly transposed granulites nearer the Fraser 

Fault Zone primary volcanic features have been obliterated (Wilson, 196913, 

1975). 

Other petrological data on the Fraser Block appear in Wilson (1969a and c, 

1971, 1975, 1976a) and Wilson and Middleton (1968). Geochemical features of the 

Fraser Block granulites are discussed in a later section. 

Some notes on two other belts of Proterozoic granulites need to be given 

before the geochemical features of these rocks are described. These are in the 

Musgrave Ranges and in the Strangways Range of central Australia where 

extensive tracts of granulites are found. 

2. Tectonic settinp of the Musgrave Ranges 

Fig. 1 shows a very large region of granulites within the Musgrave Block. 

Most of the geochemical data discussed below pertain to the Musgrave Ranges 

which occupy only the eastern half of that granulite region. Summaries dealing 

with the tectonic setting and aspects of the petrology and geochemistry of parts 

of the Musgrave Ranges have been published (Wilson,1960, 1969a; Hudson,1968; 

Collerson, 1975 and others). 

About 75% of the granulites are orthopyroxene-bearing felsic granulites of 

adamellite, granodiorite or tonalite composition. In colour they are a 

characteristic mauve-grey, and not the greasy dark bluish or greenish grey of 

the intrusive ferrohypersthene “granites” of the same region, or of the 

pyroxene gneisses and “charnockites“ of India and elsewhere. Cordierite or 

garnet-sillimanite felsic rocks of pelitic composition comprise about 10% of 

the granulites. Pyroxene and pyroxene-hornblende basic granulites, probably 

representing basalt, and basic feeder dykes and sills, make up about 10% of 

the granulites. 

Layered basic and ultrabasic intrusions form the large Giles Complex 

(Nesbitt and Talbot, 1966), and are best developed in the western Musgrave 

Block. These are somewhat later than the granulite metamorphism (1390 MA; 

Arriens and Lambert, 1969), and are represented in the eastern portion of the 

block by the Woodroffe Norite. 

One of the most distinctive features of the granulite terrain of the 

eastern Musgrave Block is the intrusion of several greasy dark bluish-grey 

ferrohypersthene “granites“ (actually, mostly adamellites or granodiorites). 

“One well exposed mass, the Ernabella Adamellite, is about 40 km long and 18 km 

wide (Wilson,1960, Fig. 7). Contacts with the granulites are normally sharp and 
locally discordant. Moreover, the contact phenomena together with the attitude 



ant n a t u r e  of xenoliths sh0-s tkat t h e  g r a n i s e  has n o t  f o r ~ . e +  1- glace, b:t hes 

been ir . trude2 t o  h ighe r  levels. Fhe h igh  t empera tu re  the rma l  metmorphlsm of 

t h e  g r a n u l i t e s  i n  t h e  narrow a u r e o l e  c o n f i r m  lts m a t i l i t j - . "  Iso:-., 1 4 5 5 ) .  
These 'co5les  -*.ere ir.tru5ed 1120 x 19'3 1% agc. %is  a.ge acd  t h e  i n i t i a l  

87Sr/86Sr o f  0.710 I G . l i G 1 ,  

fcr t h e   intrude^ g r a n u l i t e s  x i t h  t::eir i z i t l a l  87Sr/86Sr of 3.707 ? ~3,03? 

suppor t  t?.e rege:.erati;;e orlglr .  o f  t h e s e  f e r rohyper s t - ene  g ra r . i t e s ,  

when compare2 v i t h  t h e  1380 i 120 1.K i soc l - roc  

nl -r.e ur.expecte3 ro-rerr.ent o f  c e r t a i n  trace e l e a e r t s  withi?.  t h e  a;reole o f  

t n e s e  g ra r , i t e s  i s  d i s c u s s e d  belo;.. 

Unl ike  t?.e 'raser Range reg ior . ,  Arc?.aean basement has z o t  k e n  recogriised 

ir. t?.e ;,Iusgl-a,-e Ranges. C c l l e r s o n  e t  a l .  (1372;'  have rr.a$e a strLct.:rsl a n a l y s i s  

of' p a r t  o f  t h e  wes tern  :.>;;grave Aanges, an6 t h e y  can see no ev i3ence  of  t h e  

co rp lex  t e c t o n i c  histor3- t h a t  x-oul6 b e  expec ted  of re;-orke6 basement.  Indeed ,  

t 3 . q  .do .~ ld  i n t e r p r e t  t:e s t r u c t u r a l  sequence i n  t e r n s  of a s i n g l e  o rogen ic  

c j r c l e ,  end sugges t ,  no twi ths ta -Clcg  che g r a n u l i t e  metmorphism,  t h a t  t3.e 

g r a n u l i t e s  YeGresent a s e r l e s  of "cover  r o c k s "  ( i .  e .  Middle F roce rozo i -  

Ca rpen ta r i an  sed iments  1 r a t h e r  thac  reworked baseLent .  

The Rb-Sr studies cf  A-riens an6 L m b e r t  ( l 9 6 4 )  shoW t h a t  t h e  p r a n , l i t e  

rr.etam.or>hism took $ l a c e  138C 1,IA ago, ;-et t h e  g r a n u l i t e s  have a l o x  i n i t i a l  

87Sr/86S1. of  3.737 i 2.323. This i s  i n t e r p r e t e d  as  p r e c l u d i n g  t h e  p o s s i b i l i t y  

t:.at S r  i s o t o p i c  kcmcgenisa t ion  ?<as s u s t a i n e j  f o r  longer t h a n  aboJ t  300-530 I&$ 

by any p rocess  of r e g i o n a l  d i f f u s i v e  ex2hange. ?.e st ructL?ral  s t u d i e s  o f  

Collerson e t  a l .  -fl-ould appear  t o  siip3o'rt t h i s  view. A l t e r i a t i v e l y ,  +,he 

accumulated r a d i o g e n i c  8 7 S r  vou ld  Eeed t c  :-.ave been alzcst comple te ly  1ost 

from t h e  g r a n u l i t e  f a c i e s  r o c k s  over  t h e  szme p e r i o d .  :;ew d a t a  on t ' r e  

geocnen i s t ry  of t h e s e  g r a n u l i t e s  are examined beloii .  

3 .  Tec tcn ic  s e t t i n g  cf  t h e  Strangways Range 

Ijorth of t h e  hade.;s Trough i n  cestral A u s t r a l i a  lies L?.e A r u t a  Biock 

withir .  S;hic> l a r g e  expanses  of g r a n i i l i t e s  are be ing  r e c o r d e j  ( F i g .  l), S t r u c t u r a l  

maaping Is not  well ad-Janced, b>Jt s u 5 f i c i e n t  i s  knoiin t o  sho:; t h a t  t h e  g r a i l u l i t e s  

r e p r e s e n t  i m b r i c a t e  th - rus t  s l i c e s  of deep-seafed "cover rocks"  of  igneo.Js and 

sed imentary  t y p e s .  

The ne ta sed imen ta ry  rocks are mach %ore v a r i e d  i n  composition. t:-an i n  t h e  

i lusgrave 3anges. I n  a d s i t i o n  t o  many f e l s i c  rocks, a wide range  o f  ca rbona te  

rocks, h igh ly  magcesizn ar.d aluminous p e l i t e s ,  an5 many t y p e s  o f  b a s i c  and 

: i l t r a b a s l c  r o c k s  have been conve r t ed  t o  g r a n . A i t e  f a c i e s  roc:<s. 

The Strangways 3ange has  recorded more rf.etmorphism thar. t h e  :*lusgrave 

Razges. The o l d e s t  y e t  e s t a b l i s h e d ,  ho:+-ever, i s  t h e  f i r s t  g ran , l i t e  f a c i e s  

metmorphisrr. wr.ich took  p l a c e  a t  1860 ? 80 ( i i i t i a l  a 7 ~ r / 8 6 ~ r  = 0.704 * 
3.003 f o r  t h e  f e l s i c  grar .ul l tes  - I y e r  et a l . ,  1976:. Other  g r a 7 ; l i t e  

metamorphic ep l sodes  sinich a r e  be ing  r eco rded  f a l l  ir. t h e  range  1700 - 1600 :"!A, 
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and may r e p r e s e n t  phases  of  t h e  e a r l i e r  1860 even t .  A t  1470 MA ano the r  

g r a n u l i t i c  event  i s  r eco rded  ( I y e r  e t  a l . ,  i b i d ;  Woodford e t  a l . ,  1975). Severa l  

l a t e r  non-g ranu l i t e  igneous and metamorphic even t s  and r e t r o g r e s s i o n s  have been 

recorded (Black,  1975; A l l e n ,  1976)  bilt are not  p e r t i n e n t  t o  t h i s  s tudy .  Some 

of  t h e  m i n e r a l o g i c a l  and geochemical phenomena a s s o c i a t e d  wi th  t h e s e  

metamorphisms have been recorded ( I y e r  , 1974 ; A l l e n ,  1976 ; Woodford and Wilson, 

1976a, b ,  and i n  p r e p . ;  Wilson, 1977; Wilson and Baksi ,  i n  p r e s s ) .  

GEOCHEMICAL COMPARISONS 

One of  t h e  aims of  t h i s  p o r t i o n  o f  t h e  pape r  i s  t o  see i f  t h e r e  a r e  

s i g n i f i c a n t  geochemical d i f f e r e n c e s  between g r a n u l i t e s  o f  Archaean and 

P ro te rozo ic  age.  Another a i m  i s  t o  survey some o f  t h e  f a c t o r s  a f f e c t i n g  

f r a c t i o n a t i o n  elements  i n  rocks  i n  t h e  deep c r u s t .  

It should be ev iden t  from t h e  e a r l i e r  p o r t i o n  of  t h i s  paper  t h a t  an 

adequate  geochemical survey of t h e  g r a n u l i t e s  cannot  be  undertaken without  

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

metamorphism(s) s u f f e r e d  by t h e  rocks  i n  q u e s t i o n .  Indeed,  t h e  understanding o f  

t h e  degree of  m o b i l i t y ,  under deep c r u s t a l  c o n d i t i o n s ,  of  Rb, Sr, U ,  Thy K, Pb 

i s  b a s i c  t o  v a l i d  e s t i m a t i o n s  of  age of  metamorphism and l e n g t h  o f  t i m e  rocks 

were i n  t h e  c r u s t  p r i o r  t o  i n t e n s e  metamorphism. 

A s  Archaean rocks  commonly show s e v e r a l  deformations and metamorphic 

r e c o n s t i t u t i o n s ,  I s h a l l  f i r s t  l o o k  a t  some P r o t e r o z o i c  g r a n u l i t e s  t o  t r y  t o  

s e e  t h e  e f f e c t s  o f  metamorphism which a r e  more or less r e s t r i c t e d  t o  a s i n g l e  

orogenic  c y c l e .  An example from t h e  Musgrave Ranges, where t h e  e f f e c t s  of  a 

second g r a n u l i t e  metamorphism may be  seen ,  are then  cons ide red ,  a f t e r  which 

some of t h e  d a t a  from t h e  l i t e r a t u r e  on Archaean g r a n u l i t e s  a r e  d i scussed .  

Most of  t h e  d i s c u s s i o n  i n  t h i s  paper  w i l l  c e n t r e  on mafic  r o c k s ,  but  some 

o f  t h e  enunc ia t ed  p r i n c i p l e s  are known t o  apply t o  s i l i c i c  rocks  as w e l l .  

It must be emphasised t h a t ,  i n  t h e  fo l lowing  d i s c u s s i o n  of  t h e  chemical 

f e a t u r e s  of  t h e  g r a n u l i t e s ,  on ly  synopses of e x t e n s i v e  unpubl ished d a t a  (1974) 

from Wilson, Mateen, Woodford and I y e r  are p resen ted .  D e t a i l s  o f  i n d i v i d u a l  

rock  ana lyses  and c o r r e l a t i o n s  wi th  o t h e r  s h i e l d s  a r e  be ing  p repa red  f o r  

p u b l i c a t i o n  i n  s e v e r a l  pape r s  e lsewhere by Wilson, and Mateen and Wilson, and 

o t h e r s ,  

1. Geochemical f e a t u r e s  of  t h e  F r a s e r  Range 

The t e c t o n i c  s e t t i n g  of  t h e  g r a n u l i t e s  o f  t h e  F r a s e r  Range i n  Western 

A u s t r a l i a ,  and s e v e r a l  p e r t i n e n t  r e f e r e n c e s  have a l r e a d y  been given.  

S i g n i f i c a n t  f e a t u r e s  about t h e  sampling o f  t h i s  t e r r a i n  are as fo l lows :  

(1) Rocks of  b a s a l t i c  composi t ion a r e  abundant ,  and enab le  sampling o f  c l o s e l y  

comparable chemical u n i t s  throughout  t h e  t e r r a i n .  ( 2 )  The mafic  g r a n u l i t e s  are 

unusua l ly  "dry",  f o r  t h e y  a r e  two-rpyroxene g r a n u l i t e s .  Hornblende-bearing 
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TABLZ 1: Averzge conpcsitions of uafic granu1i:es and. imeous rocks f rom 
Precambrian and. Secent envirornents 

GRAWLITES 

AUSTMLIA 

1 2 3  

50.27 50.28 49.48 
1.71 1 . ~ 6  1.05 

15.62 l j .80 14.96 
2.08 4.33 2.91 
9.85 7.41 9-91 
3.25 0.23 0.23 
6.69 7.10 e.2L 
9.43 13.jL 10.61 

C.92 C . j g  C.33 

0.23 0.35 C.j3 
0.09 0.16 0.12 

2.43 2.15 1.39 

0.36 c.37 c.10 

c. K. R U Z I L  -- 
4 5  6 

48.00 52.00 51.39 
0.93 C.83 1.32 

12.8C 13.90 16.67 
- - 2.84 

12.33 10.17 8.68 
0.23 0.20 0.19 

11.50 8.6 5.05 
9.9 10.1 8.40 
2.00 2.40 3.74 
0.5C 0.50 1.23 - - - 

- lc.9c 
- 
- - 

27.7 12.j 3.3 
214 228 92 
366 2CO 91 
188 220 259 
193 195 317 
52 55 55 
80 65 109 
34 53 58 

112 111 146 
9.6 8 8 
175 99 71 
10 6 3 
40 34 35 
24 11 8 
j 4  29 18 
26 76 1 2  

C.61 0.48 C.47 
1.75 1.76 1.2j 
331 633 927 
3.1 3.6 3.2 

4.8 
116 
25C 

620 

332 
69 

112 

53 
3 
23 
27 

- 
- 

- 

870 

4.7 
,227 
328 

690 

267 
59 

1.05 

82 
4 
22 
39 

- 
- 

- 

660 

21.7 
45 1 
79 3 

116 
- 
- - 
61 

118 

114 
- 
- 

696 

L?CIIAEBN 

W.A. CLVADl 

m-iomrrms 
-- 

7 8 

51-30 49.70 
0.96 1 . c ~  

14.60 14.9C 
1.7C 2.50 
9.CO 8.80 
0.21 - 
6.70 6.31 

10.6 9-39 
2-70 2.11 
0.18 c.32 
0.12 - 

11.2C j2.76 

NODEWY THOLEIITES 
IS. 

OcEAlV ARC cow. 
9 1c 11 

49.92 y . 1 0  51.50 
1.53 0.63 1.20 

--- 

15-55 1 6 . 1 ~  16.30 
1.65 3.00 2.80 

0.17 0.18 C.17 
7.65 5.10 5.90 

8.19 7-30 7.9C 

11.17 1C.80 9-90 
2-75 2.00 2.50 
0.16 0.30 0.35 
0.13 - 0.21 

10.95 10.81 

2 5 22 
121 225 328 
15 60 246 

3C3 270 251 
296 5C 168 

37 20 48 
119 25 138 
66 80 90 
84 8 C  100 
1 - 4  
98 60 137 
5 - 13 
3 j  20 26 
4 4 15 
12 7 33 
1: 9 19 

1 = 3raser Range grznulites 
Strangways Raie granulites 4 & 5 = Scourie granulites, VK [L%f&& 
Lanbert, 1975); 6 = Brazilian grwulites (Sighinolfi, 1971b); 7 = Archaean 
fholeiite, W. Atlstralie (hllberg & Williams, 1972); 8 = Archeeen tholeiite, 
C d a  (Condie & Harrison, 1976); 9 & 10 = Ocean and. Island Arc tholeiites, 
resp. (Hart et al., 1972; Wedepohl, 1975; Con&ie, 1976; Jake& & Kiite, 1971, 
7972); 7 7  = Continental thoieiite (Fason, 7968; Prim, 1968; Wedepohl, 1975). 

2 = Musgrave Farges granuiites - 



g r a n n ~ i z e s  are exceed l rg l y  rare. :? )  -4 reg,>ar z e h c c r g k i c  gra2 ier . t  o-er a t  

l e a s t  100 ;Un bas  been e s t a b l i s h e d  by m i n e r a l  chemis t ry  (Wilson, 1976), and 

samples were c o l l e c t e d  t o  i n v e s t i g a t e  element v a r i a t i o n  w i t h  g r a d i e n t .  

In  t h e  e a s t e r n  F r a s e r  Range, about 20 km from t h e  F r a s e r  F a u l t  Zone, many 

zones i n  t r ie  pyroxene g r a n u l i t e s  c o n t a i n  q u a r t z  and p l a g i o c l a s e  e l l i p s o i d s  

which. r e p r e s e n t  amygdales i n  b a s a l t .  The major element a n a l y s e s  show t h a t  

t h e  metarorphosed b a s a l t s  are quar tz -poor  t h o l e i i t e s  (Wilson, 1975). Idany 

o t h e r  a n a l y s e s  o f  pyroxene g r a n u l i t e s  from t h e  c e n t r a l  and wes te rn  p o r t i o n s  

o f  t h e  range  r e v e a l  a lmost  i d e n t i c a l  t h o l e i i t i c  c o n p o s i t i o n ,  b o t h  i n  major  

and t r a c e  element composi t ion .  Thus,  a l though  i n  t h e s e  g r a n u l i t e s  no amygdales 

can be r e c o g n i s e d ,  t h e r e  a r e  numerous f e l s i c  s t r e a k s  and o t h e r  f e a t u r e s  t h a t  

c c u i a  be inze rp reced  as h i g h i y  de fo rxed  and c ransposed  v e s i c u i a r  Z O ~ S  of  

b a s a l t s .  

Table  1 s e t s  ou t  t h e  ave rage  composi t ion  o f  t h e  maf ic  g r a n u l i t e s  from t h e  

F r a s e r ,  i h s g r a v e  and Strangways Rariges, t o g e t h e r  w i th  d a t a  on some k c h a e a n  

g r a n u l i t e s  and comparable modern v o l c a n i c  r o c k s .  

I f  t h e  element d i s t r i b u t i o n  i n  t h e s e  g r a n u l i t e s  i s  cons ide red  as a group 

( i r r e s p e c t i v e  o f  t h e i r  geograph ica l  l o c a t i o n  on metamorphic g r a d i e n t s ,  

prese~ce o r  o t h e r v i s e  c? S i o t i t e ,  e t c . )  s o x  i q o r t a f i t  c o ? c l ~ ~ s i o n s  nay  be  

drawn : 

1. The Fe0-!4gO-Alkalies p l o t  ( F i g .  2 )  shows t h e  r e l a t i o n s h i p  o f  t h e  F r a s e r  

Range maf ic  g r a n u l i t e s  t o  t h o s e  of  t h e  Musgrave and Strangways Ranges, 

and TO some umetamorphosea  b a s a l t s ,  b o t h  a n c i e n t  and modern. It i s  

c l e a r  t h a t  t h e  F r a s e r  Range g r a n u l i t e s  form a ve ry  t i g h t  grouping  and 

r e v e a l  tmrna l  t h o l e i i t i c  c h a r a c t e r i s t i c s .  The i r  somewhat more a l k a l i n e  

c h a r a c t e r ,  however, i s  mere ly  a r e f l e c t i o n  o f  t h e i r  c o n t i n e n t a l  

t h o l e i i t i c  n a t u r e ,  f e a t u r e s  vhhich a r e  much more c l e a r l y  snowr. by o t h e r  

d i s c r i m i n a n t s  (TiO2-K2O-P205; F i g .  3 ) .  

2 .  The r a r e  e a r t h s  measured by XRF a r e  L a ,  Ce and Nd, and Y i s  p l o t t e d  a t  

t h e  -0 p s t t i o ~  i n  t h e  no,ma>ised RE2 p a t t e r n s ,  r e p r e s e n t i n g  t h e  

RZE p o r t i o n .  When t h e  normal i sed  p a t t e r n s  a r e  p l o t t e d  a g a i n s t  c h r o n d r i t i c  

v a l u e s  it i s  c l e a r  t h a t  t h e  F r a s e r  Range g r a n u l i t e s  conform wi th  

c o n t i n e n t a l  t h o l e i i t e s  ( F i g .  4). G r a n u l i t e s  from t h e  Musgrave and 

Strangways Ranges,  on t h e  o t h e r  hand, show va ry ing  degrees  o f  

cor respondence  t o  i s l a n d  a r c  t h o l e i i t e s .  

The d i s t r i b u t i o n s  o f  T i 0 2 ,  Y g O ,  K20, P205, 3a, Zn, Z r ,  Nb, Y and REE a r e  

c l o s e l y  c o r r e l a t e d  i n  t h i s  group o f  reeks, and such v a r i a t i o n s  as  30 

occur  would appea r  t o  i n d i c a t e  t h e  pre-metamorphic c h a r a c t e r  o f  t h e  rnafic 

rocks  and not  metamorphic e f f e c t s .  The r e l a t i o n s h i p s  o f  KgO wi th  Cr, N i ,  

and Zn, and o f  t o t a l  Fe ( a s  FeO) wi th  Zn r e f l e c t  t h e  f r a c t i o n a t i o n  

3 .  
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S i ,  T i ,  Al, Fe3, 

Fe2, Mn, K ,  Na, P, 

V ,  Co, Zn, Rb, Z r ,  

Ba, L a ,  Ce ,Nd ,Pb , Y  

t r e n d  s i m i l a r  t o  t h e  middle s tage  d i f f e r e n t i a t i o n  of a t h o l e i i t i c  

magma. The element r a t i o s  of Fe/Mg, T i / Z r ,  Zr/Nb, T i / Y ,  La/Y and Th/U 

also support t h e  view t h a t  t h e  Fraser  Range mafic g r a n u l i t e s  a r e  t h e  

metamorphic d e r i v a t i v e s  of cont inenta l  mafic igneous rocks of 

t h o l e i i t i c  composition. 

The small v a r i a t i o n s  i n  t h e  d i s t r i b u t i o n  of SiO2, Na20, Rb, Cu and U,  

and t h e i r  l a c k  of c o r r e l a t i o n  with immobile elements, may be a t t r i b u t e d  

t o  minor a l t e r a t i o n  p r i o r  t o  and during metamorphism of t h e  g r a n u l i t e s .  

However, when samples a r e  not bulked but  a r e  considered i n  r e l a t i o n  t o  

one another on metamorphic grad ien ts ,  o ther  conclusions may be drawn 

concerning t h e s e  and o ther  elements ( s e e  Table 2 ) .  

4. 

U,Cu(80);Th(70 

~ i ( 6 0 ) ;  Cr(43)  

TABLE 2. 

I I I 

Element v a r i a t i o n s  i n  Fraser  Range anhydrous mafic g r a n u l i t e s  along 100 km 
t r a v e r s e  showing increase  i n  pressure  a t  constant  temperature, and v a r i a t i o n s  
from t h e  Fraser  Range norm i n  a chemically anomalous zone unre la ted  t o  
metamorphic grade. 

S i ,  A l ,  Fe2/CFe2, 

Mn, Ca, K ,  Zn, C r ,  

Y ,  Nb Ce(50); P(40); La(30);  

Ba(220); Sr ,  K/Rb(l?O); 

Nd(80); Na(T0); Cu(60); 

Percentage v a r i a t i o n  with increase  Variat ions from norm i n  anomalous 
zone 

Th(75);  U(70); ~ b ( 6 0 ) ;  

Ni (40) ;  C O ( 3 0 ) ;  

Fe3, Fe2, Mg, T i ,  Zr, V ,  Pb(20);  



MUSGRAVE MUSGRAVE 

p2 O5 

F i g .  3 .  
Range rnaf'ic g r a n u l i t e s  i n  t h e  f i e l d  of c o n t i n e c t a i  b a s a l t s ,  srhereas t h e  bulk  
of t h e  maf ic  g r a n u l i t e s  from t h e  Kusgrave and Strangwtiys 3anges f a l l  Ir. t h e  
f i e l d  of o c e a r i c  b a s a l t s .  ?ke numbers r e f e r  t o  b a s i c  rocks  o f  Table  1. 

K2C-TiCi-?20j diagram ( a f t e r  Pearce  e t  a l . ,  1975) showing t h e  F r a s e r  
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Fig. 4. 
Range, Musgrave Ranges and Strangways Range compared with normalised chondrite. 
The fields f o r  continental tholeiites and oceanic tholeiites are shown for 
compar i son. 

The partial rare earths pattern of the mafic granulites of the Fraser 
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Table 2 shows t h e  v a r i a t i o n s  i n  element d i s t r i b u t i o n  i n  a group of eleven 

mafic g r a n u l i t e s  loca ted  according t o  t h e i r  p o s i t i o n  on a 100 km t r a v e r s e .  

The A1203 content  of coexis t ing  pyroxenes and Na i n  clinopyroxenes i n d i c a t e  

a constant decrease i n  pressure along t h i s  t r a v e r s e ,  but ca lcu la t ions  of 

temperature ( c .  860OC) show no s i g n i f i c a n t  d i f fe rences  along t h e  same t r a v e r s e  

(Wilson, 1976) .  Only "dry" pyroxene g r a n u l i t e s ,  i . e .  those  containing no 

s i g n i f i c a n t  b i o t i t e  or hornblende, were se lec ted  f o r  t h e  Table. 

The p l o t t e d  d a t a  ( d e t a i l s  w i l l  be presented elsewhere) show only very s m a l l  

v a r i a t i o n s  ( <  ? lo%), o r  no v a r i a t i o n s  with increase  i n  metamorphic grade f o r  

20 elements. The s m a l l  increase  i n  MgO (only 1 5 % ) ,  and increases  i n  t h e  r e l a t e d  

t r a c e s  Cu, N i  and C r  and S r ,  may i n d i c a t e ,  r a t h e r ,  a s l i g h t  s h i f t  i n  

composition of t h e  o r i g i n a l  magmatic parent  rocks,  f o r  more l i k e l y  mobile 

components such as K ,  Na, S i  and ( e s p e c i a l l y )  Rb show no s i g n i f i c a n t  changes. 

The most s t r i k i n g  apparent increases  with metamorphic grade a r e  i n  U (80%) 

and Th (70%). Even i f  t h e  most rad ioac t ive  sample ( t h e  sample o r i g i n a l l y  under 

highest  p ressure)  i s  omitted from t h e  averages, t h e r e  a r e  s t i l l  l a r g e  increases  

of 35 and 50%, respec t ive ly .  These r e s u l t s  a r e  contrary t o  those  obtained from 

t h e  Musgrave Ranges, and may be expl icable  i f  one envisages post-metamorphic 

f l u i d s  pene t ra t ing  rocks t h a t  have responded t o  off-loading on rap id  u p l i f t .  

On t h e  o ther  hand, t h e  p o s s i b i l i t y  t h a t  t h e  parent  rocks i n  t h e  higher  grade 

zone were enriched before  metamorphism should a l s o  be considered, espec ia l ly  as 

primary enrichments i n  U and Th appear within t h e  "anomalous" zone mentioned i n  

t h e  next paragraph. 

There i s  a prominent anomalous zone on t h e  t r a v e r s e  beginning about 11 km NNE 

of t h e  Microwave S t a t i o n  ( l o c .  M, Wilson, 1976) and continuing f o r  about 26 km 

NNE. The g r a n u l i t e s  of t h i s  zone are presumed t o  represent  cont inenta l  

t h o l e i i t e s  which show s i g n i f i c a n t  enrichments above t h e  average values  f o r  t h e  

r e s t  of t h e  assumed parent  rocks of t h e  100 km t r a v e r s e .  The enriched elements 

(Table 2 )  a re :  U (l50%), P and B a  (go%),  t h e  rare ear ths  L a  (80%) and Ce and N d  

( T O % ) ,  Th and Z r  (TO%), Rb and T i  ( S O % ) ,  Y (40%), K ( 3 0 % ) ,  and possibly Mn and 

Zn (15%). 

The f a c t  t h a t  K and P have increased,  whereas t h e s e  elements did not change 

with i n c r e a s e  i n  metamorphic grade,  shows t h a t  t h e  K-feldspar and f luor -apa t i te  

seen i n  a l l  of t h e s e  "anomalous" g r a n u l i t e s  represents  a r e l i c t  primary igneous 

composition. The high content of a p a t i t e  and zircon probably hos ts  t h e  r a r e  

e a r t h s ,  Y ,  Th and U ,  and t h e  K-feldspar probably holds t h e  %a and Rb. Elements 

depleted i n  t h i s  zone a r e  t h e  commonly c o r r e l a t e d  elements C r  (35%),  V (20%) 

and Mg (15%). These deple t ions ,  as wel l  as t h e  long l i s t  of a l l  t h e  o ther  

u n l i s t e d  elements which show no s i g n i f i c a n t  change from t h e  Fraser  Range norm, 

make untenable a metasomatic-influx 6 r i g i n  f o r  t h i s  zone. 



2 ,  Ceocl-.enical f e a t u r e s  o f  t h e  I h s g r a v e  3acges  

3 . e  r a f i c  g r a n u l i t e s  from t h e  Musgrave Ranges e x h i b i t  w i d e  var i a t i0 r . s  i:: t h e  

major and t r a c e  element a jundances ,  and t h e r e  a r e  some anomal ies .  ?he v a r i a t i o n s  

end anomaiies may be  due to one o r  more o f  t h r e e  main f a c c o r s :  (I.) some o f  t h e  

saxpled  maf ic  l a y e r s  a r e  narrow bod ies  on ly  i o r  2 m I n  wid th ,  an6 some r e a c t i o n  

i r l th  :i-.eir s i l i c  hosc rocks  i s  proSab le .  ( 2 )  E e r e  i s  a r e a l  range  i n  chemica l  

:orr.positIor. of o r i g i x a l  igneous  m a t e r i a l  I S o m  of ti-.e rr.ore xagnes i an  g r a n u l i t e s  

ailsear t o  r e p r e s e n t  ocean ic  and a r c  t h o l e i i t e s ,  w:-.ereas t h e  y.ore f e r r i f e r o u s  

rocks  resemble t h e  more h igh ly  f r a c t i o n a t e d  d e r i v a t i v e s  o f  o r i g i n a l  igneous  

m a t e r i a l .  ( 3 )  An i n t e c s e  r.etmorp:-.ism, r e l a t e d  t o  a s e r i e s  o f  i n t r u s i v e  

pyroxene g r a n i t e s ,  has  been superimposed on the mrmal r e g i o n a l  granu; i te  

metarrorphic p r o d u c t s ,  and has  caused  movement o f  c e r t a i n  e lements  which 

o the rwise  uou;d be s t a ' c l e .  

Eowever, notwit?.standlng t h e s e  l o c a l i s e d  a r o m a l i e s ,  t h e  c l o s e  c o r r e l a t i o n  

o f  T i O 2 ,  MgC, FzC5,  Zr ar.d RZE,  and t h e  r e l a t L o n s h i p s  o f  :Ego-Cr-Ni, tke Tk-Y- 

SEE and. 3-Y-REE, s?.cw t h a t  many c h a r a c 5 e r i s t i c s  o f  t h e  o r i g i n a l  maf ic  rocks  :%ave 

su rv ived  i n  most o f  t h e  granulites. ? i g .  2 shows t h e  r e l a t i o n s h i p  of FeO-Mg0- 

MkaLies  i n  t h e  ? r a s e r  Range maf ic  g r a n u l i t e s  t o  t h o s e  o f  t h e  Musgrave and 

Strangways Ranges. However, F i g s .  3 and 4 show t h a t  t h e  rocks from t h e  ?flusgrave 

Range a r e  s i m i l a r  t o  t h e  ocean ic  an8  a r c  t h o l e i i t e s .  

I n  F i g .  3 t h e  g r a n u l i t e s  o f  t h e  I.:usgrave Sanges and Strangways Range a r e  

poo le6 ,  and. a r e  showr. to f a l l  l a r g e l y  ir. t h e  f i e l d  o f  oceaz ic  and a r c  t h o l e i i t e s .  

Only a few samples t r a r . sg res s  i E t c  t h e  f i e l d  o f  t h e  c o n t i n e n t a l  t h o l e i i t e s  i n t o  

which t h e  F r a s e r  Rasge g r a c u l i t e s  f a l l .  

I n  F i g .  4 t h e  r a r e  e a r t h  p a t t e r n  o f  t h e  Musgrave Sange group i s  compared 

w i t > .  t h o s e  o f  t h e  Strangways acd  F r a s e r  Ranges. These p a t t e r n s  show t h e  g e n e r a l  

s i m i l a r i t y  between t h e  maf i c  gra .n .u l i tes  o f  t h e  Nuusgrave and Strangways Ranges, 

and. t h e  d i s t i n c t i v e  p a t t e r n  of t h e  Freser  Racge g r a n u l i t e s .  

As was n o t i c e d  i n  t h e  F r a s e r  Range, some o f  t h e  geochemical f e a t u r e s  a r e  

l o s t  wher. a l a r g e  pool  o f  g r a n u l i t e s  i s  no t  subd iv ided  a c c o r d i n g  t o  p o s s i b l e  

o r l g i c a l  magma t y p e s ,  or when e i t k e r  t h e i r  s t r u c t u r a l  se:ting o r  geographic  

p o s i t i o n  wi th  r e s p e c t  to metamorphic g r a d i e n t s ,  o r  minera logy  a r e  ignored .  

I n  an a t t empt  t o  s e e  t h e  e f f e c t  of' i n c r e a s i n g  metamorphism on t h e  g r a n u l i t e s  

(based  on a 2 0 3  and Na i n  pyroxenes ,  e t c . ) ,  a s e l e c t i o n  was xade o f  17 rocks  

wi th  s h i : a r  g r o s s  c h e n i s t r y ,  s i z e  c:" r33k .;nit ar.8 n k e r a l o g y .  These were 

p i c t t e d  on a t r a v e r s e  l i n e  which p a s s e s  from t h e  h i g h e r  g rade  g r m u l i t e s  i n  t h e  

west (beg inn ing  about 7 km NW o f  E r n a b e l l a ,  F i g .  1) th rough  t h e  i n t r u s i v e  

"cha rnock i t e "  ( t h e  ferrohypersthene-bearing E r n a b e l l a  Adamel l i te  - Wilson, 

1960; 

i z t r u s i o n .  D e t a i l s  a r e  no t  p r e s e n t e d  h e r e ,  .mt F i g .  5 Is a s k e t c h  t o  i l l u s t r a t e  

element d i s t r i b u t i o n  a long  t h e  t r a v e r s e .  The sample i s  n o t  l a r g e ,  bu t  i s  

A r r l e n s  an6 L m b e r t , i 9 6 9 )  a t  A l a l k a  t o  a p o i n t  abo-t  8 h. e a s t  o f  t h e  



sufficient to point out some unexpected geochemical features. 

The first feature to notice is some of the chemical characteristics of the 

"charnockitic intrusion". It is rich in Ba (1670 ppm), Zr (856), Ce (144), 
Y (8l), Rb ( 7 7 ) ,  Sr (347), U (0.40), Th (1 .20) ,  Ti02 (1.60%), P2O5 (0.86%) 

K20 (3 .47%) ,  and very depleted in Cr (1) Ni (8) and Cu (12). Its effect on 

the enclosing granulites may be noticed for upwards of 1 km, and banded 

granulites of the first metamorphism (1380 MA; Arriens and Lambert, 1969) were 

commonly recrystallised at 1120 MA, and now display textures dominated by 

polygonal grains. Temperatures reached were high, and the rare assemblage 

orthopyroxene-sillimanite-quartz is developed in an aluminous granulite 

(14795Q) about 350 m east of the intrusion. Sapphirine is also developed within 

the aureole (Wilson and Hudson, 1976). 
In Fig. 5 the chemical changes found within the aureole are shown. 

Calculation of percentage increases are meaningless owing to the sharp increase 

(or decrease) near the contact, and because of the small sample. 

The striking increases in U and Th are drawn to scale. The intrusion is more 

radioactive 

lower grade granulites in the eastern part of the traverse have similar values 

(0.44 (U) and 1.74 (Th) ppm). The s m a l l  increase in Rb is to be expected, as 

also is the slight increase in Fe2/IFe2, The slight increase (125%) in Cr was 

unexpected and may disappear on further sampling. 

(0.bO (U) and 1.20 (Th) ppm) than normal granulites, although 

The most surprising depletions within the aureole are of the two elements 

Zr and Ti which are generally considered to be immobile. It is known, however, 

that Ti can be mobile in the presence of the halogens and, as Zr readily forms 

a fluoride, an influx of fluorine into the aureole may have caused these 

depletions. The fall in K/Rb is interesting in view of the high $0 of the 

intrusion (3.47%) and K/Rb ratio of 387 and the small increase in Rb. The 
depletion of Cu (c. 100%) is more than would be expected from a very hot "dry" 

intrusion, and the halogens would appear to be responsible. The economic 

implications of the movement of Cu in the deep crust may well profit from this 

observation. 

The other features shown in Fig. 5 refer to overall changes in element 

proportions due to increasing grade of metamorphism. These are shown in Table 3. 

The following elements shown no significant change: Si, Al, Fe2/CFe2, Mn, Cay 

K, Zn, Cry Y and Nb. Another group show only minor losses of about 20%,  and 

further sampling may show that these may not be significant: Fe3, Fe2, Mg, Ti, 

Zr, V and Pb. There are few surprises here, for most of the elements normally 

considered to be immobile fall into one or other of these two lists. A very 

interesting element which shows no significant change is K. This element 

and Rb are normally considered together. In this traverse, as Rb is heavily 



depleted ( 6 0 % ) ~  t h e  K/Rb r a t i o  shows a l a r g e  increase  of about 130% from 460 

i n  t h e  e a s t  t o  1040 i n  t h e  west. 

AUREOLE 8 AUREOLE 8 
HIGHER ROOF PENDANTS ROOF PENDANTS LOWER 
GRADE GRADE 

PP m 'r h 
NO CHANGE 

-------I 
INCREASING -1 To WEST: 
Sr, K/Rb, Bo,Ce.La,(Cu) 

AUREOLE INCREASE: 
U,Th, Rb,Cr,  FeZ/S Fa* 

I 

Y DECREASING To WEST: 
U,Th,Rb; 
Zr, Ti ,  Ni,Co(Zn, Fa3) 

b- 
DECREASE: 

Zr, T i , K /  Rb,Cu 

Fig. 5 .  Sketch t o  i l l u s t r a t e  element d i s t r i b u t i o n  i n  mafic g r a n u l i t e s  on 
an E-W 25 km t r a v e r s e  through por t ion  of t h e  eas te rn  Musgrave Ranges. U and Th 
show a constant  f a l l  o f f  toward t h e  higher-grade western regions (average 
t rends  a r e  drawn t o  s c a l e ) ,  except i n  t h e  aureole  of t h e  ferrohypersthene 
adamell i te  i n t r u s i o n  where both U and Th show a sharp increase .  Some o ther  
elements show v a r i a b l e  but small decreases  towards higher grade, and o thers  
show small i n c r e i s e s .  I n  t h e  aureole  severa l  elements a r e  l o s t  and o thers  
gained. The only elements which show no s i g n i f i c a n t  change across  t h e  
regional  gradient  o r  i n  t h e  aureole  a r e  Y ,  Nb, and possibly V ,  Pb and P. 

The elements which show a deple t ion  of 30% o r  more a r e  Th (75%) , U' (70%)  , 
Rb (60%) , Ni (40%) and Co (30%). As Mg shows a deple t ion  o f  about 20% t h e  

N i  and Co deple t ions  may be r e l a t e d  t o  s l i g h t  s h i f t s  i n  p a r e n t a l  composition, 

and may not be metamorphic e f f e c t s .  The l a r g e s t  deplet ions a r e  i n  Th (75%) and 
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U (TO%), and many others have noted similar depletions in other deep crustal 

rocks with increasing metamorphism. These depletions, however, only became 

apparent when samples were removed which showed obvious chemical differences, 

or which were affected by the major influx of Th and U in the aureole, or those 

in which F-rich biotite is an important component. This shows the danger of 

basing element distribution studies on a large group of somewhat diverse samples. 

The elements which are concentrated in the higher grade granulites are: 

Ba (220%), Sr (120%), the rare earths Nd (80%), Ce (50%) and La (30%), Na (TO%), 

Ca (60%) and P (40%). The increase in P is an indication of an influx of F, for 

the apatite of all of these rocks is a fluor-apatite (see discussion of role of 

F and P in the charnockitic granites o f  the region in Wilson (1960); Hudson 

(1968) found F = 2.46% in apatite from the intrusive body shown in Fig. 5). 
The degree to which these element variations are directly related to increase 

in metamorphic grade is unknown, for variations in parental magmas cannot be 

ruled out. Indeed, the large number of immobile or near immobile elements on 

the traverse would support the view that some of the variations in elements 

such as REE, P, Mg, Ni and Co may be original. 

3. Geochemical features of the Strangways Range 

The Strangways Ranges mafic granulites appear to be related in composition 

to the Musgrave Ranges in several respects, and they are bulked together in 

the AFM diagram (Fig. 2). When the more magnesian granulites are separated out 

(details are being prepared for publication elsewhere), they are found to be 

characterised by extremely low abundances of Ti, K, P, Rb, Sr, Ba, Zr, Nb, Y 

and REE, and relatively high Cr and Ni. This suggests that these granulites 

could be metamorphosed oceanic tholeiites of low-Zr type (Lambert and Holland, 

1977). The more ferriferous granulites, on the other hand, form a loose group 

of mafic rocks from several localities and structural settings, and some appear 

to represent more differentiated magmas, exhibiting Skaergaard-like trends. 

In Fig. 3 the Ti02-KZO-P205 plot bulks the Strangways and Musgrave Ranges 

rocks, and shows that most o f  them f a l l  within the field o f  the oceanic 

tholeiites. The partial rare earth pattern of the bulked Strangways Range 

samples suggests the same general conclusion (Fig. 4). 
The use'of Ti, Zr, Y, P, and the REE to discriminate magma types and 

tectonic setting has been attempted. Although several tight groupings of mafic 

granulites may be made in this way, interpretation of magma type of the groups 

is rarely consistent with the known geology. Details are not recorded here. 

In view of the mobility o f  some of the so-called immobile elements, as 

shown by the Musgrave Ranges data, these elements should be used with caution. 

There it was noted that fluorine-rich emanations combined with very high 

temperatures would appear to have rdepleted both Zr and Ti from the aureole 



of t h e  I n t r u s i v e  ( F i g .  5 ) .  The Stracgways Rar,ge i s  a very ooxglex po lyxe taxorph ic  

t e r r a i n  I n  which t h e  e f f e c t s  o f  a t  l e a s t  two g r a r u l i t e  f a c i e s  metamcrphisns a r e  

ccm.only s e e n ,  iJoreover,  t h e r e  a r e  s:,icic igr.eous b o d l e s  and rasy f l . io r ine- r ;ch  

n e t a s c n a t i c  zones o f  s e v e r a l  a g e s .  Rocks r e e d  t o  be c a r e f u l l y  sampled and t h e i r  

e lementa i  composi t ion  cons ide red  i n  r e l a x i o n  t o  t h e i r  p r e s e n t  t e c t o n i c  and 

geographic  p o s i t i o n .  Only t k e n  i s  t h e  r e l a t i o n  o f  e i e n e n t  n i g r a t i c r .  t o  

netar..orp?.iz grade  l i k e l y  t o  b e  x d e r s t o o d  i n  t h e  S t ranguays  Rar.ge. 

. _  

C'5EJI~A.L ?'EA."'J3?S OF SChE A R C 3 E P I ;  IUF'IC GRANJLITZS 

Concerning A u s t r a l i a n  Archaean g r a n u l i t e s ,  t h e r e  i s  P.C body of d a t e  large 

enough f c r  coxpar i son  wi th  t h e  Proterozoic g r a n u l i t e s .  Ecwever, s e v e r a l  s t u d i e s  

of o t h e r  Archaean g r m i l i t e s  have r e c e n t l y  appeared  ar.d ch.err.Lcal d a t a  f r o x  two 

of ;hese r e g i o n s  a r e  shcwr. ir. Fab le  1. These a r e  9oT. t k e  Lewisian of Sco t l and  

( i i o i l a n d  ar,d LmLcert, 1 9 7 5 )  ar,C B r a z i l  ( S l g h i n o l f l ,  2:la and b). 

1. Some i e w i s i a n  g r a n u l i t e s  

:,:ear. analyses of t h e  Scour i e  assemblages i n  t?.e Leii isiar.  a re  grouped 

a c c c r d i s g  t o  s i l i c a  c o r t e n t  an6 appear  as 4 an3  5 of Ta'de 1. The f i r s t  gro'ip 

( +  ) I s  bo th  n o r e  magr.esiar, and more f e r r l f e r o u s  thar. th.e A u s t r a l l a r  g r a n ; l i t e s  I 

These r o c k s  a r e  o1iv;r.e-Searicg u l t r m a f i c  r o c k s ,  and a r e  not  s t r i c t l y  

comparable wit?. t1-e A u s t r a l i a n  rocks  which are o f  S a s a l t i c  c o r p o s i t i o n .  ?he 

second groug (S), however, i s  more s i m i l z r  t o  ou r  r o c k s ,  a l though  t h e  SiO2 

cc2ter.t ( 5 2 . 2 % )  i s  no tab ly  h i g h e r .  Rb is rich d e p l e t e d  ( c f .  Strangways I ianges) ,  

bu t  bo th  S i  and C r  a r e  h igh  and probably  reflect t h e i r  pre-metamorphic o l i v i n e  

c o n t e n t .  

The very low l e v e l s  o f  some incompa2lble e l emen t s ,  especia;ly K ,  R b ,  IJ-c, Y, 

Th and. U, are  th.oug?.t to res . i l t  fror. nagmat i sx  a3d netanorphlsm r e l a t e d  t o  a 

p rocess  c a l l e d  " s l o w  s u b - c r u s t a l  Eccre t io-"  (3.o:lazL an.' Lanbe r t ,  ;bid). 

I t  Is d i f f i c u l t  t o  a s s e s s  t h e  geochen ica l  nec?.anisrr.s ir.volved i n  b r i n g i n g  

abo.;t t h e  ' ~ A k e d  s a q l e  (colunr, 5) witho.i t  knowing d e t a i l s  of sax.gle l o c a t i o n .  

4 s  p o 1 p e t m o r p h i s n  lias p o j a b l y  ir .volved, th.e r e l a t i v e  r o l e s  of t o t a l  p r e s s u r e  

;emperature and " v o i a t i i e "  components ( e s p e c i a l l y  f l u o r i n e )  cannot  be a s s e s s e a .  

2 .  Sorr.e B r a z i l i a n  g r a n u l i t e s  

':he B r a z i l i a n  d a t a  f o r  t?.e mafic  g r a n u l i t e s  a r e  averaged  from 1: samples wi th  

Si32<55$, The K/Rb r a t i o  of 696 c m p a r e s  w e l l  w i th  633 from t h e  Musgreve Ranges, 

an6 i s  s i m i l a r  to t h a t  from o t h e r  g r a n u l i t e  t e r r a i n s .  Eowever, it i s  m c h  h ighe r  

thar. t h a t  o f  t h e  F r a s e r  Range. 5 . e  B r a z i l i a n  samples a r e  g e r e r a l l y  nuch r i c h e r  

i r  K $?.an ar.y o f  t h e  ot?.er g r a n u l i t e s  and b a s i c  rocks  l i s t e d  i n  Table  1. ThLs 

r a i s e s  t h e  q u e s t i o n  o f  t h e  e x t e n t  of K-metasomation th.at t h e s e  r o c k s  may have 

s u f f e r e d .  

S i g h i n o l f i  (19:1), i n  d i s c u s s i n g  f r a c t i o n a t i n g  e f f e c t s  i n  deep c r u s t a l  r o c k s  

o f  B r a z i l ,  c o n s i d e r s  2he whole range  o f  g r a n u l i t e s  r a t h e r  t h a n  on ly  t h e  b a s i c  
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rocks on which the present paper is concentrating. He states: "Assuming that 

granulites represent residuals of partial melting processes, partial melting 

is seen as both encouraging the attainment of trends of a magmatic type in the 

residuals, and causing fractionation between elements". These conclusions are 

pertinent when attempts are made (as in this paper) to recognise pre-metamorphic 

magma types from analyses of granulites. 

It remains to be seen, however, whether the data from the Brazilian rocks 

can be re-assessed in the light of some of the conclusions of this paper. The 

tectonic and geographic setting of the samples, their mineralogical composition, 

position of presumed metamorphic gradients, and possible polymetamorphic 

character, are likely to influence some of the conclusions about factors 

affecting element fractionation in the deep crust. 

CHEMICAL FEATURES OF THE SILICIC GRANULITES 

In many granulite terrains quartzose granulites, with Si02 ranging from 

about 60% and upwards, predominate over the mafic granulites which have been 

selected for discussion in this paper. If, as is obvious, deep crustal rocks 

suffer partial melting to varying extent, the recognition of the composition 

of pre-metamorphic silicic rocks will be much more difficult. 

Many quartzose granulites from the Fraser, Musgrave and Strangways Ranges and 

from the Archaean Wheat Belt region have been analysed. A detailed assessment 

of the data is not proposed for this paper. In these rocks it is found, however, 

that the metamorphic mineralogy is more important than in basic rocks for 

studying the effects of metamorphism. For example, the development of garnet 

(for whatever cause) appears to affect the retention in the rock of Y and the 

rare earths. 

In the Fraser Range, the small sample of silicic granulites shows a general 

depletion in both U and Th with the increase in total pressure (at constant 

temperature). It will be recalled that, in the mafic granulites, the 

distribution of U and Th is markedly different. It was concluded that either 

the mafic granulites retained originally high values of U and Th during 

metamorphism, or there was a significant increase in both U and Th with the 

increasing total pressure. The silicic rocks are garnetiferous and commonly 

contain biotite, whereas the mafic granulites contain no hydrous phases. 

In the Musgrave Ranges the sample of silicic granulites is also small. 

However, the regional distribution pattern of U and Th is similar to that of 

the mafic granulites, that is, there is a marked depletion of both U and Th 

with increasing metamorphic grade. The difference in metamorphic conditions 

in the Musgrave Ranges is that there the metamorphic gradient from E to W 

involves an increase in both temperature and pressure. Moreover, the rocks 

normally contain some hydrous minerals. 
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I n  t h e  S t rangvays  Range 1J and Th were d e p l e t e d  du r ing  t h e  f i r s t  g r a n u l i t e  

metamorphism, but a r e  cormonly found t o  be e n r i c h e d  du r ing  t h e  second g r a n u l i t e  

metamorphism. 

I n  a l l  t h r e e  g r a n u l i t e  t e r r a i n s  t h e r e  has  been a g e n e r a l  d e p l e t i o n  o f  Rb 

wi th  i n c r e a s i n g  g rade  of metamorphism, and, when cons ide red  wi th  t h e  K 

d i s t r i b u t i o n ,  t h e  r a t i o  K/Ro i s  found t o  i n c r e a s e  wi th  g rade .  

Thus, t h e  s i l i c i c  g r a n u l i t e s  o f  t h e  t h r e e  t e r r a h s  show d i s t r i b u t i o n  

pa t t2r r . s  f o r  Rb, I<, U and Th t h a t  a r e  s imi la r  t o  t h o s e  noted  i n  s i l i c i c  

g r a n u l i t e s  from s e v e r a l  s h i e l d  r eg io - s  ( L m b e r t  ar,d H e i r ,  1968; S i g h i n o l f i ,  

1971a and b ;  Eo l l and  and Lambert, 1975; and o t h e r s ) .  

CONCLUSIONS 

Throughout t h i s  pape r  t h e  impor tance  has  been emphasised o f  t h e  need t o  t r y  

t o  iook ac geocnex ica i  daza  o f  g r a n u i i z e s  i n  t n e  coa texc  o f  z h e i r  ceccon ic  and 

geographic  s e t t i n g ,  m i n e r a l o g i c a l  composi t ion ,  and p o s i t i o n  on assumed 

metamorphic g r a d i e n t s ,  and t o  t r y  t o  d i s c r i m i n a t e  i n  polymetamorphic t e r r a i n s  

t h e  e f f e c t s  o f  i n d i v i d u a l  metamorphisms. 

I n  t h e  F r a s e r  Range many samples can be iocaLed on a t r a v e r s e  a iong  :,rhich 

t o t a l  p r e s s u r e  ?.as changed s y s t e m a t i c a l l y  whereas t h e  t empera tu re  o f  

metamorp?.ism appea r s  t o  have remained c o n s t a n t .  I n  t h i s  s i t u a t i o n  ve ry  few 

changes i n  whole rock  composi t ion  have t a k e n  p l a c e  i n  t h o s e  rnafic rocks  which 

c o n t a i n  no s i g n i f i c a n t  b i o t i t e  or hornblende .  I n  t h e  a s s o c i a t e d  s i l i c i c  rocks ,  

however, t h e r e  i s  a r e g u l a r  i n c r e a s e  wi th  g rade  o f  t h e  r a t i o  K/Rb. N e v e r t h e l e s s ,  

anomalous element d i s t r i b u t i o n s  appear  vhe re  v o l a t i l e - r i c h  maf ic  rocks  a r e  

c on s i d e r  e d . 
I n  t h e  : h s g r a v e  iranges, however, s imi la r  s t u d i e s  r e l a t e d  t o  a metamorphic 

g r a 6 i e c t  (where t h e r e  were i n c r e a s e s  i n  bo th  t o t a l  p r e s s u r e  and t e m p e r a t u r e )  

show a d e p l e t i o n  i n  U, Tin and Rb i n  b o t h  maf ic  and s i l i c i c  g r a n u l i t e s .  

Enrichments appear  i n  Ba, Sr, REE, N a ,  Ca, and P ,  bu t  most o t h e r  measured 

elements show no s i g n i f i c a n t  change. These d i f f e r e n c e s  from t h e  F r a s e r  Range 

a r e  i n t e r p r e t e d  as due t o  t h e  h i g h e r  f l u i d  p r e s s u r e s  and t h e  p re sence  o f  a 

s i g n i f i c a n t  t he rma l  g r a d i e n t  on ly  i n  t h e  : lusgrave Ranges. 

The profound changes wrought by t h e  i n t r u s i v e  f e r r o h y p e r s t h e n e  a d a m e l l i t e  

pose an impor tan t  q u e s t i o n  f o r  deep c r u s t a l  s t u d i e s .  Although t h e  i n t r u s i o n  

has  chemical f e a t u r e s  so  d i f f e r e n t  from t h e  g r a n u l i t e s ,  t h e  rocks  i n  t h e  a u r e o l e  

have been in f luenced  fa r  more by t h e  h e a t  o f  t h e  i n t r u s i o n  t h a n  by i t s  'oulk 

chemis t ry .  The d e g l e t i o n  o f  Z r  and T i  w i t h i n  t h e  a u r e o l e  vas  unexpec ted .  

These e lements  a r e  normally cons ide red  t o  be  immobile du r ing  metamorphism. 

It i s  suspec ted  t h a t  an i n f l u x  of f l u o r i n e  i n t o  t h e  a u r e o l e  has  enab led  

movement of t h e s e  e lements .  

The l a r g e  i n c r e a s e s  i n  t h e  a u r e o l e  o f  b o t h  U and Th a r e  impor tan t  i n  view 



of t h e i r  g e n e r a l  6 e 2 l e t i o n  on a r e g i o n a l  s c a l e  w i t h  i n c r e a s i n g  grade  of 

ir.etamorpl-iism. Although t h e  i n t r u s i o n  w a s  a f a i r l y  "dry" body, it appea r s  t h a t  

i t s  h igh  h e a t  c o c t e n t  has  caused  p a r t i a l  m e l t i n g  of t h e  f e l s i c  g r a n u l i t e s  a t  

dep th ,  and has  t h e n  mob i l i s ed  t h e s e  e lements  enab l ing  them t o  become f i x e d  i n  
Ll bne - mafic grsn . c l i t ? s .  

Sugges t ions  f o r  f u t u r e  s t u d i e s  

I n  view of these ~ S s e r v a t i o n s  t h e  fo l lowing  sugges t ions  a r e  made f o r  element 

d i s t r i b u t i o n  s t u a i e s  o f  g r a n u l i t e s .  

. i. 'iandon? sampl ing ,  o r  s t a t i s t i c a l  sampling on a g r i d  b a s i s ,  i s  o f  l i m i t e d  

va lue  i n  a s h i e l d ,  f o r  rocks  showing one o r  nore metamorp'risms, and o f  d i f f e r e n t  

pa ren tages ,  nay  e a s i l y  be  b d k e d  t o g e t h e r .  ! /oreover,  owing t o  t h e  m i g r a t i o n ,  

ciuring ;r.etamorphlsm, o f  some e lements  from l imbs  t o  noses  of foids, and dur ing  

t r a n s p o s i t i o n  of l a y e r s ,  the  t e c c 3 r . i ~  se',ti.-.g of sezi;les s'nould be  recorded. 

2 .  Comparisons i d e a l l y  should be ma62 on ly  between rocks  o f  s imi la r  g r o s s  

chemis t ry  and minera logy .  Thus,  hornblende-bear ing  g r a n u l i t e s  shouid  n o t  

normally be grouped w i t h  "anhydro.is" g r a n u l i t e s  where g r a d i e n t  v a r i a t i o r , s  a r e  

be ing  sought .  

3 .  S i l i c i c  and maf ic  g r a n u l i t e s  may b e  pooled t o  e s t i m a t e  t h e  gross 

composition of a t e r r a i r . .  iiowever, i n  view of  t h e  marked d i f f e r e n c e s  found i n  

t h e  y .obi l i ty  o f  e lements  i n  s i l i c i c  and maf ic  rock  groups  i n  zhe  E'raser Range, 

e l m e c t  d < s t r i b u t i c z s  s k x l c ?  be  wcrke5 out oz c l o s e l y  d e f i z e d  compos i t iona l  

groups.  

L ,  kurec les  r e l a t e a  t o  l a r g e l y  h idden  very hot igneous  bod ies  may r e a d i l y  

be overlooked. S0rr.e i n t r u s i o n s  have caused  r e t r o g r e s s i o n ,  buz o t h e r s  , 
e s p e c i a l l y  t?.e "magnatic" c h a r n o c k i t e s ,  m a n g e r i t e s ,  a n o r t h o s i t e s ,  f a s u c d i t e s  

and gabbros ,  were ho t  enough and l a r g e  enough t o  cause non-deformat iona l  

g r a n u l i t e  metarr.orphic e f f e c t s  ( i n  r e a l i t y ,  a secon6 g r a r - u l i t e  f a c i e s  

metaTorphism) or. " r e g i o n a l "  g r a n u l i t e s  i n  whick, defor.nationa1 f a b r i c s  a r e  

normal .  

5 .  T'ne n a t u r e  of t n e  f l u i d s  or v o l a t i l e s  o t h e r  t h a n  H20 a r e  c r i t i c a l  i n  

a s s e s s i n g  element d i s t r i b u t i o n s .  F l u o r i n e  is p a r t i c u l a r l y  impor tan t  i n  deep 

c r u s t a l  r o c k s ,  and appea r s  t o  b e  r e s p o n s i b l e  f o r  t h e  movemenz o f  T i ,  Z r  and F, 

some of the e lements  g e n e r a l l y  r e l i e d  upon as remain ing  immobile d u r i r g  

metamorphism. 

6. 

may cause  ( a t  l i t t l e  01- no change i n  t e m p e r a t u r e )  hypers thene-bear ing  rocks  

t o  fort. at t h e  expe~se of :?ydrous ( a q ? ~ i b c l i t e  f a c i e s )  rocks. S i m i l a r l y ,  

t o rnb lende -bea r ing  g r a n u l i t e s  (where t h e  hornblende  i s  t h e  brownish " g r a n u l i t e "  

f a c i e s  horr.bler,de and no t  an  "amphibo l i t e  f a c i e s "  ho rnb lende )  a r e  commonly 

found i n t e r l a y e r e d  w i t t  "dry" pyroxene g r a n u l i t e s  o f  c i o s e l y  comparable 

An ir'flwc o f  CO2 w i t h  a co r re spond ing  lower ing  o f  the a c t i v i t y  o f  H20, 
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composition. This relationship would appear to represent juxtaposition of zones 

composed of differing proportions of C02, F, H20, SO3, or their dissociation 

products. Oxygen isotope studies (Wilson and Baksi, in prep.) are showing that 

inhomogeneities in the proportions of fluid phases may be very persistent, and 

have an important bearing on the distribution of elements and their isotopes. 

7. Large changes in total pressure without change in temperature, appear 

to cause very little chemical change to mafic rocks, as was noted in the Fraser 

Range. Moreover, in that region the whole-rock oxygen isotopes show no 

significant changes across the total pressure gradients. 

ARCHAEAN - PROTEROZOIC DIFFERENCES 

In view of the evident lack of correspondence in sampling and assessment 

procedures adopted by petrologists and geochemists working in this field, it 

is difficult at this stage to identify significant chemical differences between 

granulites of Archaean and subsequent ages. Sufficient is known, however, to 

show that granulites and the related mobilised or magmatic pyroxene-bearing 

silicic rocks (some so-called charnockites, etc.) may be formed under a range 

of total pressure, partial pressure of fluids, temperature, and ages. These 

variable conditions have resulted in significant differences in element 

mobility from rock to rock. Thus, before subtle chemical differences between 

Archaean and Proterozoic granulites can be established (I see nothing 

significant as yet), chemical differences must first be established for their 

unmetamorphosed equivalents. 

There may be some tectonic differences. The impression gained from the 

literature and Australian studies is that more higher pressure granulites are 

found in the linear fault-controlled Proterozoic belts than in the broader 

shield regions where high thermal effects are more evident. 
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Ab st r a c  t 

The charnocki t ic  gne isses  of North Arcot, T a m i l  Nadu, have a bimodal compo- 

The b a s i c  g r a n u l i t e s  show a t h o l e i i t i c  Fe-rich trend, s i t i o n a l  d i s t r i b u t i o n .  

while t h e  intermediate  and a c i d  charnocki tes  show a ca lc -a lka l ine  one. A 

similar compositional v a r i a t i o n  i s  apparent i n  amphibolite f a c i e s  gne isses  and 

assoc ia ted  mafic rocks and i n  t h e  low-grade s c h i s t  b e l t s  o f  Kolar and Holenara- 

s i p u r  of  southern Karnataka. 

respec t ive  t r a c e  element compositions, 

i o n  l i t h o p h i l e  (LIL) elements ( i . e .  K, Rb, Th, U, Pb) b u t  not  i n  o t h e r  normally 

incompatible elements ( i . e .  Ba, Sr, Z r ) ,  and have h igher  K/Rb and lower Rb/Sr 

r a t i o s  compared with t h e  lower grade gneisses .  The geochemical da ta  suggest 

t h a t  t h e  amphibolite f a c i e s  gne isses  of South Karnataka a r e  not re t rogressed  

charnockites; on t h e  o t h e r  hand, t h e  charnocki tes  may be der ived from t h e  high- 

grade gneisses .  There i s  no major chemical d i s t i n c t i o n  between Archaean and 

Proterozoic  g r a n u l i t e s .  A s  such, t h e  hypothesis  t h a t  g r a n u l i t e s  a r e  der ived 

from an igneous parent  magma that contained low l e v e l s  of  LIL t r a c e  elements 

does not  seem t o  be va l id .  

b e t t e r  with t h e  mafic enclaves within t h e  high-grade gne isses  than with t h e  

mafic components o f  t h e  s c h i s t  b e l t s .  

INTRODUCTION 

However t h e r e  a r e  notab le  d i f fe rences  i n  t h e i r  

The charnocki t ic  rocks a r e  low i n  la rge-  

The b a s i c  members of t h e  charnocki t ic  s u i t e  compare 

One aim o f  t h i s  paper i s  t o  compare t h e  geochemistry of  t h e  charnocki tes  of 

T a m i l  Nadu with those o f  t h e  amphibolite f a c i e s  gne iss  t e r r a i n  of southern 

Karnataka, in order  t o  provide geochemical c o n s t r a i n t s  on t h e  p r e v a i l i n g  ideas  

on t h e  r e l a t i o n  between these  two t e r r a i n s .  

inves t iga t ions  have s o  far mainly cent red  around magmatic (Holland, 1900; Smeeth, 

1916; Subramaniam, 1967) versus  metamorphic (Pichamuthu, 1953, 1965; Rama Rao, 

1962) o r i g i n  of charnocki tes .  

g ress ive  na ture  of  charnocki tes  with t h e  assoc ia ted  gne isses  has  been used by 

magmatists i n  t h e i r  favour, while t h e  conformable na ture  o f  the  rock units, 

including t h e  metasediments, l e n t  support t o  t h e  metamorphic theory. 

formation of  high-grade gne iss  t o  anhydrous charnocki tes  i s  reported i n  many 

Field,  petrographic  and geochemical 

The f i e l d  evidence i s  cont rovers ia l .  The t rans-  

The t rans-  
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l o c a l i t i e s  o f  southern Karnataka (Pichamuthu, 1960; Ziauddin and Yadav, 1975), 

while the same f i e l d  evidence i s  used t o  explain the retrogressive migmatisation 

of charnockites (Devaraju and Sadashivaiah, 1969; Ray, 1972). 

tectonic evidence indicates the truncation of the  N-S trend of the high-grade 

gneisses of Karnataka by the ENE-trending b e l t  o f  charnockitic gneisses 

(Narayana S-, 1966; Nautiyal, 1966). It is  hoped, therefore,  t ha t  the  geo- 

chemical evidence may constrain the possible a l te rna t ive  models. 

Diverse opinions preva i l  on the geochemistry of granulites.  

The regional 

A problem often 

discussed i s  whether chemical d i s t inc t ions  can be preserved under granulite-grade 

metamorphism (Lambert and Heier, 1968; Heier, 1973; Holland and Lambert, 1973). 

Depletion of many o f  the large-ion l i thophi le  elements i n  the lower Archaean 

crus t  takes place during granul i te  f ac i e s  conditions. 

with depth and increasing grade from amphibolite t o  granulite f ac i e s  has been 

demonstrated in several  regions (Ramberg, 1951; Eade and Fahrig, 1971; Lambert, 

1971; Glikson and Lambert, 1973). P a r t i a l  melting, depletion and migration o f  

the elements i n to  higher c rus t a l  l eve l s  a r e  said t o  be the  accompanying processes 

(Sheraton, 1970; Lambert, 1971; Tarney e t  al., 1972). The a l te rna t ive  prevail ing 

view i s  tha t  the present composition and the  t race  element leve ls  of granul i tes  

a re  inherited from the igneous parent rocks and, a s  such, there i s  no 'depletion1 

of any elements whatsoever. 

Lambert (1975) suggested tha t  calc-alkaline magmas were intruded d i r ec t ly  in to  

deeper leve ls  o f  the continental  c rus t  and recrys ta l l i sed  a s  granul i te  and 

amphibolite f ac i e s  gneisses. 

imply tha t  amphibolite and granulite f ac i e s  gneisses were derived from calc- 

alkaline tona l i t e s  containing l o w  values o f  L I L  elements. 

study o f  the geochemistry of Archaean and Proterozoic granul i tes  i s  deemed 

worthwhile i n  order t o  provide a constraint  on the above arguments. 

Decrease of L I L  elements 

Spooner and Fairbairn (1970) and Holland and 

The findings o f  McGregor (1 973) and Davies (1 976) 

Thus, a comparative 

The charnockites of North Arcot d i s t r i c t ,  T a m i l  Nadu, a re  taken as an example 

Their chemistry i s  compared with tha t  of amphibolite o f  Archaean granulites.  

fac ies  gneisses and of two of the  typical,  but l i t ho log ica l ly  d is t inc t ,  sch is t  

b e l t s  o f  South Karnataka - Kolar and Holenarasipur. The granul i tes  of the Ford 

and North River areas o f  the  Churchill-Nain boundary of the  Canadian Shield a re  

our Proterozoic example, investigated by the f irst  author. 

CHARNOCKITES OF NORTH ARCOT, TAMIL NADU 

Charnockites cons t i tu te  the  predominant rock type i n  the North Arcot d i s t r i c t  

where metasedimentary and meta-igneous rocks of acid, basic and ultramafic 

a f f i n i t i e s  occur as closely interbanded sequences. 

of t h i s  area was studied by the Geological Survey of India (Sugavanam e t  al., 

1976). 

pyroxene granulites of t h i s  area i s  about 2600 my (Venkatasubramanian e t  a l . ,  1977). 

The complex tectonic h is tory  

The F'b/Pb age of qyngenetic sulphide mineralisation associated with the 



TABL3 1 :  Chernical composition o f  g r a n u l i t e s ,  gne i s ses  and g r a n i t s s  o f  
7 ; o r ~ k  l i r co t  D i s t r i c t  

7 2 

76.18 
0.23 

1 3 . L  
'3,34 
1.61 
0.c; 
1.02 
2.82 
3.52 
0.93  
0 .C9 

61 .h9 
0.32 
14.33 

1 . 2 4  
6.08 
0 .0$ 
3.21 
0.09 
5.82 
1 * 2 7  
2.16 

i0.Lo 11.98 
0.28 0.06 
5.55 8.28 
5.38 12.25 
3.83 1 .52  
c.77 C.32 
3 . 1 2  0.39 

5 

47.13 
1 .L7 

16.10 
1.92 

15.73 
0.3L 
6.21 
9.23 
1 .L2 
0.31 
C.17  

6 7 

17.94 71 .82 
3.65 2.26 

1 2 . 1 5  lb.h2 
2.20 c.59 
15.75 3.04 

11.18 1.$3 
8.27 2.73 
0.93 3.09 
3.37 2.59 
0.76 0.07 

_______- 

3.13 G.C7 

C r  (ppm) 75 1!+2 123 $99 109 833 
i.8 1 2 5  115 358 1 %  L.55 

Xb 16 19 13 9 7 1 2  
S r  380 k75 579 187 175  163 
Ba 463 5 2 ~  333 740 577 616 
Z r  154 193 2h5 181 I 5 2  22l4 

13 7 6 
- 54 

Y L 
Ce h2 71  52 41 
La 30 29 - - 
Pb 12 7 14 19 13 27 
Th 0.9 1 .3 0.9 1.5 1.2 2.7 
u 9.3 0.7 1.5 0.9 1.0 1.1 

- 

- - 

- - 

9 

68.Ll5 
0.27 

15.21 
0.10 
2.71 
3.03 
0.89 
4.3L 
3.N 
4.56 
0 .C? 

37 
?1 
5 2  

41 2 
41 5 
176 

28 

18 
3.8 
2 , s  

- 

- 

1 .  Hypersther .e-biot i te  cha rnock i t e  (av. o f  6 samples) 
2. H3ipersthene-tio;iLe-hornblende cha rnock i t e  (av.  of i+ samFles) 
3. Kypersthene-diopside-hornblende cha rnock i t e  (av. of b sm.ples) 
A, Pyroxene g r a c u l i t e  (av.  o f  3 samples) 
5.  Nor i t e  (av.  of 2 samples) 
6. Nafic  ecclaves ( n o s t l y  amph ibo l i t e s )  i n  m i g r a t i t e s  (av. o f  LI samples) 
7. Iblignati t ic cha rnock i t e s  (av. o f  6 samples) 
8. Granite-Gingee group (av. o f  4 samples) 
A l l  ana lyses  r e c a l c u l a t e d  t o  H,0- and C02-free basis.  

The c h a r n o c k i t i c  rocks range from a c i d  t o  b a s i c  i n  composition; t h e y  inc lude  

gabbroic ,  n o r i t i c  m d  pTyroxene g r a n u l i t e s ,  and high-grade g c e i s s e s  and g r a n i t e s  

are c o n s m a t  z s s o c i z t e s .  

The average compositions of t h e  cha rnock i t e s ,  pyroxene g r a n u l i t e s ,  n o r i t e s ,  

mafic enclav;s, n?i ,qat i t ic  cha rnock i t e s  and t h e  Gingee g r a n i t e s  a r e  given i n  

Table 1 .  I n  t h e  AlIc-F-M diagram (Fig.  1 )  t h e r e  i s  a b inoda l  composi t ional  d i s -  

t r i b u t i o n ,  with +,he a c i d  groups i n d i c a t i n g  a c a l c - a l k a l i n e  t r e n d  while  t h e  

b a s i c  members S ~ O W  zri I ron - r i ch  tholeiitic t r e n d .  

t h i s  diagram ind ica5es  t h a t  t h e  rocks cannot  have a simple igneous h i s t o r y .  The 

composi t ional  v a r i a t i o n  nay be l a r g e l y  o r i g i n a l ,  b u t  w i th  some mod i f i ca t ion  due 

t o  a l lochemica l  r e c r y s t a l l i s a t i o n  during t e c t o n i c  a c t i v i t y .  

The s c a t t e r k g  cf p s i r . t s  i n  

The t r i a n g u l a r  
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Na O-CaO-K20 p l o t  (F ig .  1 )  deglc-cs 

inc reased  ;i @ con ten t  i n  t h e  migmati t ic  cha rnock i t e s  and t h e  a s s o c i a t e d  g r a n i t i c  

gne i s ses  i s  ev iden t .  

c 1.0)  compositions o f  t h e  cha rnock i t e s  grade i n t o  a d a m e l l i t i c  ( K  O/Na20 = 1.0-1.5) 

compositions of t h e  Gingee group. The m f i c - t h o l e i i t i c ,  f e l s i c / c a l c - a l k a l i n e  

t r e n d s  a r e  a l s o  shown i n  t h e  Fe@/Mg@ v s  S i02  and FeOhgO v s  FeO diagrams (F ig .  2 ) .  

Tne b a s i c  members p l o t  i n  t h e  f i e l d  o f  abyssa l  and i s l a n d  a r c  t h o l e i i t e s ,  while  

t h e  a c i d  group p l o t  i n  t h e  c a l c - a l k a l i n e  f i e l d  of Miyaskiro (1975).  

composi t ional  v a r i a t i o n  i s  a l s o  i n d i c a t e d  by t h e  cha rnock i t e s  o f  t h e  type  a r e a  

nea r  Madras, t h e  composi t ions o f  which a r e  a l s o  p l o t t e d  i n  F igs .  1 and 2 (compi- 

l a t i o n  o f  T.V.  Viswanathan, 1969).  The t h o l e i i t i c  Fe-enriched f r a c t i o n a t i o n  

p a t t e r n  o f  t h e  b a s i c  group does n o t  suggest  k o m s t i i t i c  chemistry,  c o n t r a r y  t o  

t h e  r e p o r t  o f  S. Viswanathan (1974).  

t h e  c a l c i c  n a t u r e  o f  t h e s e  rocks .  The 
2 

2 
The t o n a l i t i c  (K20/Ka20 < 0.6)  and g r a n c d i c r i i i c  (K,0/Ka2@ 

2 

The b inoda l  

The bimodal composi t ional  v a r i a t i o n  o f  t h e s e  rocks nay  suggest  a dua l  o r i g i n ,  

bu t  Yoder 's  (1973) expe r inen ta l  work demonstrated that r h y o l i t i c  and b a s a l t i c  

l i q u i d s  can be formed contemporaneously f r o n  t h e  p a r t i a l  me l t ing  o f  t h e  same 

pa ren t  m a t e r i a l  as a r e s k l t  o f  a d i a b a t i c  decompression. 

GBENSTONZ/HIGH-GitADZ GNEISS COMPLEX OF SOUTH KARNATAKA 

It i s  o f t e n  argued t h a t  b a s i c  cha rnock i t e s  a r e  de r ived  from t h e  m f i c  components 

A compara- o f  t h e  greenstone-granir;e complex through g ranu l i t e -g rade  metamorphism, 

t i v e  s tudy  o f  t k e i r  geochemistry may y i e l d  b e t t e r  i n s i g h t  i n t o  t h e  o r i g i n  of 

cha rnock i t e s .  

A complicated s u i t e  o f  o r thogne i s ses  and g r a n i t i c  rocks (Pen insu la r  Gneiss) 

Tkey c a r r y  abundant occupies  t h e  southern p a r t s  of Karnataka ( sou th  o f  1 3'N). 
v e s t i g e s  of s u p r a c r u s t a l  rocks  metamorphosed i n  t h e  amph ibo l i t e  and, l o c a l l y ,  i n  

t he  g r a n u l i t e  grade.  The s u p r a c r u s t a l s  have been termed t h e  Sargur  high-grade 

schisr;s (Viswanatha and Fhqakrishnan, 19%).  There a r e  s e v e r a l  c t h e r  s c h i s t  

b e l t s ,  mainly Composed o f  mafic rocks,  b u t  with u l t r a m a f i t e s ,  gabbros and 

a n o r t h o s i t e s  a s  r i e l 1  a s  netasediments .  These s c h i s t  b e l t s  a r e  surrounded by 

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  rocks .  The a v a i l a b l e  Rb/Sr i soch ron  d a t a  

f o r  t h e  high-grade gne i s ses  range from 3000-2600 my (Crawford, 1969; Venkata- 

subramanian, 1974).  Two t y p i c a l  greenstone b e i t s  (Koiar  and Holenarasipur)  a r e  

chosen for comparison wi th  t h e  chemistry o f  t h e  b a s i c  g r a n u l i t e s .  

The m f i c  rocks of t h e  Kolar s c h i s t  b e l t  (Table  2) show an  i r o n - r i c h  t h o l e i i t e  

2' t r e n d  (F ig .  3 ) ,  TAth FeO/Fe@ + MgO varying from 0.$0.83. 

and high Cr and N i ,  t h e  Na/K r a t i o  r anges  from b.7-11.3, K/& from 267-332, and 

Ca@/Al2CI3 from 0.62-0.98. The Kolar  mafic rocks  a r e  l o w - a l d n a  t h o l e i i t e s ,  a s  

i n d i c a t e d  by t h e  A1203/Si02 r a t i o  which i s  l e s s  t han  0.30. 

g r a n o d i o r i t e s ,  g r a n i t e s  and g n e i s s e s  show a c a l c - a l k a l i n e  t r end .  

vs Ye0 o r  Si02 d iag -am (Fig.  L ) t h e m a f i c  rocks mostly p l o t  i n  t h e  f i e l d  o f  

They have low T i @  

The a s s o c i a t e d  

On t h e  FeO/MgO 



0 CHARNOCKITES, N. ARCOT 

0 GNEISSES, MIGMATITES, 
GRANITES: N. ARCOT 

- mzo 
No20 

K f l  
+ 

Fig. 1, Alk-F-M and CaO-Na,O-K,O ( w t  %) diagrams f o r  charnockites of  North 
Arcot d i s t r i c t  and Madras. The line separat ing t h e  calc-alkal ine 
a n d t h e t h o l e i i t i c  f i e l d  i s  a f t e r  I r v i n e  and Baragar (1971). 
f i e l d s  shown i n  CaO-Na,O-K,O diagram f o r  b a s i c  and a c i d  groups. 

Separate  
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Fig. 2. FeO/MgO vs FeO and Si02 diagrams for the charnockites of North ArcDt 
and Madras. 
continental tholeiites (TI;) and calc-alkaline Sasalts (CA) axe 
indicated (Miyashiro, 1975). 

The fields corresponding to abyssal, island-arc (IA), 

Syinbols as in Fig. 1. 



HOLENARASIPUR SCHIST BELT KOLAR SCHIST BELT 

"r Fa0 .MAFIC ROCKS OF KOLAR SCHl 

A BELT 
MAFIC ROCKS OF HUTTI BELT / 

\ 0 AMPHIBOLITE ENCLAVES WITHIN 
/ THE GNEISSES 

A GARNETIFEROUS AMPHIBOLITES 
0 MAFICROCKS 

A TREMOLITE-CHLORITE SCHISTS 

PERIDOTITES AND DUNITES 

ANORTHOSITES AND ANORTHOSlTlC 
8 GRANODIORITES GABBROS 

A GNEISSES AND GRANITES / I=.,\ A TONALITES. GRANODIORITES AND 

Fig. 3 .  Alk-F-M diagrams (wt  %) fo r  the rocks of Kolar and Holenarasipur 
sch is t  be l t s .  Dotted lines indicate the  compositional limits f o r  
the  anorthosite su i t e  from Holenarasipur schist  be l t .  



TAELX 2: Chemical conpos i t i on  of m f i c  rocks o f  Kolar,  high-grade g n e i s s e s  
and mafic e n c l a r e s  

, 

SiO, 
Ti@ 

FQ 0, 
FeO 
i in0 
NgO 
Ca0 
La, 0 
K, 0 
pa 05 

fi, 0 3  

50 * 67 
0.68 
14.96 
1 .31 
12.c2 
c. 21 
6.53 
10.36 
2.50 
C.L5 
0.32 

51.05 
0.61 
13.53 

82.97 
10.96 
0.14 

11  .L!L 
8.39 
3.33 
0.27 
3.21 

, ,  

52.31 
1 .c2 
12.59 
I .17 
16.Z 
c ,23  
h.23 
9.10 
1.86 
0.h0 
0.50 

L 

9.63 
C.E1 
13.24 
0.33 

1 1  .I9 
C.17 
e .a2 
13.00 
1.59 
0.19 
0.13 

____ 
c: 5 ? 8 

65, 5c 
0.31 
18.66 
0.31 
3.32 
0.02 
I .h0 
2.65 
1.07 
3.36 
0.12 

04.96 
o.qa 
16.3C 
3. 583 
L.57 
0.39 
2.78 
5.32 
2.72 
1 .89 
0 .cg 

35.51 
0.38 
6.9h 
1.63 
7 .'3E 
3.12 
15.59 
11 .h7 
2.79 
0 . 4'3 
3.11 

53.57 
5.65 
13.2C 
1.75 
1'2.13 
0,21 
6.S5 

11  .be 
4.69 
12.h5 
0.L2 

Cr (ppm) 195 2lh 232 3h9 37 59 552 2h7 
N i  IlE 123 175 197 16 b2 30L 198 
Rb 17 7.8 13 5' 119 132 19 17 

61 L7 b9 307 j2L 122 130 
Sr 
Ba 

123 9E 1SQ 285 297 135 90 

z 1. 7h 52 66 65 102 26 80 Ikh 
Th 5.5 L . C  5.1 L.5 13 7 3.2 2.E 
U 2.h 1.2 1.5 1.3 21 1b 2.5 1.7 

i; 

1. Amphibolite,  west of Golconda s h a f t ,  K.G.F. ( av .  o f  h) 
2. Kmphiboiite,  e a s t  of Golconda s h a f t ,  K.G.F. (av.  of 5) 
3 .  jmphiboii-ce, I s $  ie;rei, iqandidurg 1.iine ( av .  o f  u) 
4. Amphibolite,  48120 level, Kandidurg Nine ( av .  of 6) 
5. Gneiss,  sonth o f  Bangalore (av.  o f  3) 
6. Granod io r i t e ,  southwest o f  Kolar s c h i s t  b e l t  ( av .  sf 7 )  
7. l i a f i c  enclave w i t h i n  gne i s ses ,  southwest o f  K d a r  schis: b e l t  ( av .  of 2) 
8. h a f i c  enclave w i t h i n  gne i s ses ,  souvhwest o f  Bangalore (av.  o f  3) 

abyssa l  t h o l e i i t e s .  The ultramafic-gabbro-anorthosite s u i t e  of rocks from t h e  

Holenarasipur  b e l t  fo l lows  an Fe -de f i c i en t  c a l c - a l k a l i n e  t r e n d ,  while  t h e  meta- 

volcanics ,  r ep resen ted  by t h e  amph ibo l i t e s ,  show an  Fe - r i ch  t h o i e i i t i c  t r e n d .  

Tona l i t e s ,  g r a n o d i o r i t e s  and gne i s ses  surrounding t h i s  s c h i s t  b e l t  fo l low bo th  

t h e  t h o l e i i t i c  and c a l c - a l k a l i n e  t r e n d s ;  seemingly t h e y  could be d i f f e r e n t i a t e s  

of both t h e  abcve s e r i e s .  

The mafic enclaves i-ritkin t h e  high-grarle g n e i s s e s  of South Karnataka a l s o  

s h o ~  a bimodal cbmposi t ional  d i s t r i b u t i o n  with FeO/FeO + T g O  ranging f r o n  0.23-83.75. 

The Mg-rich enclaves have lower Cr (702-1203 ppm) and K i  (503-1003 ppm) c o n t e n t s  

t h a n  t h e  u l t r a m a f i t e s  of  Holenarasipur .  A few of t h e s e  enc laves , coex i s t ing  with 

metasedimentary rocks,  show modified s p i n i f e x  t e x t u r e  and may correspond t o  t h e  

high-Pig b a s a l t s  o f  t h e  s u p r a c r u s t a l  sequence. I n  t h e  K O-ija20-Ca0 diagram, t'ne 

d i f f e r e n t  qua r t eo - fe ldspa th i c  components o f  t h e  kigh-grade g n e i s s e s  o f  South 

Karnataka p l o t  i n  the same f i e l d  a s  t h e  cha rnock i t e s ,  with t h e  average a n a l y s i s  

corresponding t o  g r a n o d i o r i t e  though t o n a l i t e  and g r a n i t e  components a r e n o t  uncommon 

2 
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Fig ,  4. FeODigO vs FeO and SiOz diagrams f o r  t h e  mafic rocks o f  Kolar s c h i s t  
b e l t  and assoc ia ted  grani to ids .  Symbols a s  i n  Fig.  3 .  

TRAC3 ELWENT GEOCHEMISTRY 

Dis t inc t  d i f fe rences  i n  t r a c e  element geochemistry a r e  observed between the 

charnocki tes  o f  North Arcot and t h e  high-grade gneiss  complex of South Karnataka. 

The pe t rographica l ly  i d e n t i f i e d  charnocki tes  of North Arcot a r e  genera l ly  low i n  

potassium, although. m n y  o f  t h e  reported analyses  o f  the charnocki t ic  rocks o f  



ISIadras i n d i c a t e  h ighe r  potassium va lues ,  similar i n  magr.itude t3 t h e  g n e i s s i c  

cha rnock i t e s  o f  k r t h  Arco t ,  

i n d i c a t e s  t h e  migmati t ic  c h a r a c t e r  o f  t n e  c h a r n o c k i w s .  

i . e .  Rb (9-20 pprn), Th (0.2-1 3 ppm), U ( C . 1 - I  .O ppm) and Pb (5 -25  pprn), a r e  

a l s o  loxi in t h e  cha rnock i t e s  o f  Korth Arcot .  The g n e i s s i c  cka rnock i t e s  and 

q u a r t z  monzonite of t h e  Gingee group have h ighe r  Fb (30-60 PI;;".) srd o t h e r  LIL 

element con ten t s .  On t h e  o t h e r  hand, o t h e r  normally incompatible  elements such 

a s  Ba (350-850 ppm), Sr (160-600 ppm) and Zr (60-250 ppm) show enrichment.  I n  

t h e  T i - Z r  diagram (F ig .  sa) t h e  cha rnock i t e  s u i t e  f a l l s  ou t  o f  t h e  d e l i n e a t e d  

f i e l d s  f o r  low-K t h o l e i i t e s ,  ocean f l o o r  and c a l c - a l k a l i n e  b a s a l t s  (Pearce and 

This  wide v a r i a t i o n  i n  potassium va lues  p o s s i b l y  

The o t h e r  LIL elements,  

i 

0 
0 

CHARNOCKITES,  N.ARCOT 
GNEISSES A N 0  GRANITES, N.ARCOT 
GRANULITES OF FOR0 AND NORTH 

GRANOOIORITE A N 0  GRANITES. KOLAR 

MAFlC ROCKS. KOLAR 
AMP H I BOL I TE ENCLAVES,  KOL AR 

t r  

Zr 

Ti/100 

Fig.  5 .  Disc r imina t ion  diagrams according t o  Pearce and Cam (1973) .  
LKT = low potassium t h m l e i i t e s ,  OFB = ocean f l o o r  Dasalts, 
CAB = c a l c - a l k a l i n e  b a s a l t s .  



Fig. 6. K/Rb and K/Sr re la t ions  in charnockites, h i g h - e e  gncisaes and mfic rocks. 
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Cann, 1973. 

(Fig. 9). 
concentrat ions than heavier  REE. I n  c o n t r a s t ,  amphibolites from t h e  Kolar 

s c h i s t  b e l t  have low K (0.12-0.45% K20) and Rb (3.4-17 ppm), while U (1.2-2.4 

ppm) and Th (3-5 ppm) a r e  h igher  than those of t h e  b a s i c  charnocki tes .  

g ran i to ids  of t h e  Kolar a r e a  have high K (1.9-3.5% K20) , Rb (1 39-209 ppm) , U 
(13-31 ppm) and Th (7-13 ppm). 

of North Arcot, while f o r  t h e  Kolar gne isses  it i s  about 0.40. 

element contents  a r e  noted for t h e  high-grade gne isses  coexis t ing  with charnocki tes  

o f  t h e  Kabbal area,  SE of Channapatna, where t ransformation of  gne iss  t o  

charnockite has  been reported by Pichamuthu (1960). 

and charnocki tes  of  Kabbal y i e l d  a Rb/Sr isochron age of 2670+ 60 my (Venkata- 

subramanian and Jayaram, 1976). 

r a t i o s  (Fig. 6a) which a r e  around 500,comparable with those of a c i d  and i n t e r -  

mediate charnocki tes  o f  North Arcot. 

300. 

t h e  mafic rocks o f  t h e  Kolar s c h i s t  b e l t  have low-K and Rb concentrat ions,  with 

K/Rb around 300. 

pointed out t h a t  t h e  re t rogressed  g r a n u l i t e s  of ten  r e t a i n  t h e i r  high K/Rb r a t i o s .  

Using t h i s  c r i t e r i o n ,  i t  i s  evident  t h a t  t h e  high-grade gne isses  of  South 

Karnataka were never i n  t h e  g r a n u l i t e  grade and a r e  not re t rogressed  charnocki tes .  

On t h e  o t h e r  hand, t h e  K/Rb r a t i o s  i n  t h e  Kabbal a r e a  show a systematic increase  

i n  going from gneisses  (K/Rb = 200), through greasy gne isses  (K/W = 300) t o  

charnocki tes  (K/Rb = 460-500). 

S imi la r  behaviour i s  observed i n  t h e  Ti-Sr-Zr t r i a n g u l a r  diagram 

Lighter  r a r e  e a r t h  elements represented by L a  and Ce show higher  

The 

W/Sr r a t i o  i s  about 0.04 f o r  the  charnocki tes  

Higher L I L  

Coexisting grani tes ,  gne isses  

Remarkable d i f fe rences  a r e  observed i n  t h e  K/Rb  

Basic members of North Arcot p l o t  c lose  t o  

The high-grade gne isses  of Karnataka have low K/Rb r a t i o s  around 150 and 

Sheraton e t  a l .  (1972), Heier (1973) and Tarney (1976) have 

Had a l l  these  u n i t s  been der ived from t h e  r e t r o -  

gression of charnocki tes ,  a l l  of t h e m  should show uniformly higher  K/Rb  r a t i o s .  

The lower K/Rb r a t i o s  of  t h e  mafic enclaves (around 150) compared with those of 

Kolar amphibolites i n d i c a t e  t h e  gene t ic  d i f fe rences  between these  two groups and 

r e f l e c t s  t h e  more cont inenta l  na ture  o f  t h e  mafic enclaves. 

Corresponding lower K/Sr and K/Ba r a t i o s  a r e  evident  i n  t h e  charnocki tes  

compared with t h e  amphibolite-grade gneisses ,  with mafic rocks as wel l  as 

charnocki tes  f a l l i n g  i n  d i f f e r e n t  a r e a s  of  t h e  K/Sr diagram (Fig. 6b). 

r a t i o s  f o r  t h e  charnocki tes  a r e  around 1-1 .5 f o r  a c i d  t o  intermediate  charnocki tes  

of North Arcot, whereas t h e  b a s i c  members have much higher  Ba/Sr r a t i o s ,  ranging 

t o  4.0. Oceanic b a s a l t s  and i s l a n d  a r c  t h o l e i i t e s  and andes i tes  have low Ba/Sr 

values and comparatively low Ba content .  

r a t i o s  a r e  found i n  t h e  ca lc -a lka l ine  complexes of  Andean-type cont inenta l  

margins (Jakes and White, 1972; Tarney, 1976). S imi la r  d i f fe rences  a r e  not iced  

between t h e  Ba/Sr r a t i o s  o f  Kolar amphibolites (0.4-0.6) and t h e  m f i c  enclaves 

(0.8-1.3); t h i s  i n d i c a t e s  t h a t  t h e  b a s i c  charnocki tes  and mafic enclaves within 

t h e  high-grade gneisses ,  though t h o l e i i t i c  have cont inenta l  margin a f f i n i t i e s .  

Ba/Sr 

The rock s u i t e s  with higher  Ba/Sr 
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Fig: 7. A&-F-K and Ca&NqO-K20 ( w t  $) diagrams for the granulites of Ford 
and North River m a s  (Canada). 
diagram as in Fig. 1. 

Fields delineated in Ca-Na20-K20 
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TABLE 3: Chemical composition of Proterozoic granulites (Ford and North 
River area) 

1 2 3 4 5 6 7 8 
- -- 

SiQ 49.35 53.87 61.20 67.86 59.53 60.28 72.80 61.73 
T i0, 1.49 1.28 0.57 0.40 1.46 1.33 0.26 1.48 
ALO, 14.34 22.05 16.42 17.55 16.06 16.93 15.40 16.45 

1.71 0.31 1.53 0.10 1.10 1.31 0.80 0.10 
Fe,03 FeO 13.44 5.93 5.61 2.96 8.38 4.94 1.10 6.40 
MnO 0.17 0.30 0.11 0.05 0.16 0.04 0.02 0.08 

8.12 2.18 2.96 0.92 1.79 2.32 0.70 4.16 
Mgo CaO 8.02 7.90 6.53 4.59 5.48 6.05 3.20 5.99 
Na, 0 2.21 4.47 3.98 4.59 3.59 3.83 4.40 2.34 

0.60 1.04 0.92 0.82 2.09 2.72 1.20 1.12 
0.22 0.00 0.08 0.03 0.01 0.00 0.01 0.01 

% O  

0.22 0.66 0.09 0.12 0.35 0.25 0.11 0.14 
co, 
pa 05 

Cr (ppm) 230 - - - - - - 
Ni 134 - - 
Zr 377 419 238 307 169 786 405 164 
Ba 331 628 479 250 868 1173 270 683 

Ce 131 - 

- 
- - - - - 

Sr 236 500 559 332 549 383 402 302 - - - - - - 

1. Hornblende-hypersthene granulite 
2. Biotite-hypersthene granulite 
3. Two-pyroxene granulite 
4. Biotite-hypersthene-garnet granulite 
5. Garnet-hornblende-hypersthene granulite 
6. Hornblende-hypersthene granulite 
7. Biotite-hypersthene granulite 
8. Biotite-hypersthene granulite 

GEOCHEMISTRY OF PROTEROZOIC GRANULITES 

Eastern Labrador is part of the disrupted portion of the North Atlantic craton. 

The Archaean block is bounded by linear mobile zones which were active during the 

Proterozoic. 

metamorphosed in the granulite facies, with whole-rock isotope ages ranging from 

1175-1680 my (Wanless, 1969). 

been recognised in this area and according to Taylor (1971) they are truly 

Proterozoic and not reworked Archaean gneisses. 

Rocks of the Churchill province west of the Ford river area are 

Only one period of folding and metamorphism has 

Relevant geochemical data for the granulites of this area are presented in 

In the Alk-F-M diagram they show a calc-alkaline trend (Fig. 7 ) ,  though Table 3. 

in the plots of FeO/MgO vs FeO o r  Si02 (Fig. 8) fhey fall both in the calc- 

alkaline and tholeiitic fields. 

(z 0.6$), Ba (250-628 ppm), Sr (236-559 ppm) and Zr (238-419 ppm). 

trace element characteristics comparable to the charnockites of North Arcot, as 

shown in Ti-Zr, Ti-Zr-Sr (Fig. 5 )  and K-Sr diagrams (Fig. 6). The geochemistry 

of the granulites of the North River area of Nain compares with those of the 

The basic granulites have fairly high K20 

They have 



adjacent  Ford River a r e a  of t h e  Churchi l l  province (Table 3 ) .  
geochemistry of  g r a n u l i t e s  i s  a t t r i b u t e d  only t o  t h e  chemistry of  t h e  parent  

rocks, one might expect marked d i f fe rences  i n  t h e  geochemistry of Archaean and 

Proterozoic  g r a n u l i t e s .  Since t h e y  exhib i t  s i m i l a r  geochemical t rends ,  t h e i r  

d i s t i n c t  geochemistry can only be  a t t r i b u t e d  t o  t h e  nature  of  t h e  g r a n u l i t e -  

grade me tamorphi sm. 

THE EVOLUTION OF A CHARNOCKITE TERRAIN 

If t h e  d i s t i n c t i v e  

Apparently uniform igneous t rends  are observed i n  t h e  Niggl i  v a r i a t i o n  

diagrams f o r  t h e  charnocki tes ,  as i n  mg vs  c ,  c v s  (a l -a lk)  and 100 mg-c-(al-alk) 

p l o t s .  

of  p o i n t s  i n  t h e  Alk-F-M diagram and FeO/MgO v s  FeO o r  Si02 diagrams as wel l  as 

from f i e l d  and t e x t u r e  evidence. 

charnocki tes  lack  p o s i t i v e  c o r r e l a t i o n  between these  two cons t i tuents ,  which i s  

unusual f o r  ca lc -a lka l ine  igneous rocks. The Niggl i  al-fm-c diagram a l s o  shows 

However, t h e  metamorphic na ture  of  t h e s e  rocks i s  evident from t h e  s c a t t e r  

P a r t i c u l a r l y  i n  t h e  K20-Si02 diagram (Fig. 9 ) ,  
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Fig. 9. SiO,-K,O ( w t  $) diagram f o r  charnocki tes  and assoc ia ted  rocks o f  
North Arcot and Madras. Symbols as i n  Fig. 1 .  



an i r r e g u l a r  p a i z e r n  f o r  t h e  cha rnock i t e s ,  t h i c h  has  been used b y  S e n  (197b) t o  

i l l u s t r a t e  s h e i r  m i g n a t i t i c  n a t u r e .  Chammckites t k u s  r e c r e s e n t  a h y b r i d  s u i t e ,  

chz major p a r t  o f  wkich. i s  a meta-igneo-us q u a r t z c - f e l d s p a t h i c  rock o f  t o n a i i t e -  

g r a n o d t o r i t e  conpos i t i on ,  conpcs i c iona l ly  rnodified throagh. concanina;ion from t h e  

a s s o c i a t e d  s u p r a c r u s x l s  5urk.g t h e  g r a n d i t e  grade netamorptism, and accompanied 

b y  p r o g r e s s i v s  dehydrat ion and p a r t i a l  s e p a r a t i o n  of a g r a n i t o p h i i e  m e l t .  

N ine ra log ica l  i n v e s t i g a t i o n s  of t h e  cha rnock i t e s  and a s soc ia szd  r o c k s  o f  Pjorth 

Arcot ha.ve dsmonsGrated t h a t  orthopyroxene c o e x i s t s  wich kigk-grade hornblende 

and b i o z i i n  ( I y e r  e t  a l . ,  1976).  It has been s k c m  t h a t  t h e  hornblende and 

b i o t i t e  v i t h i q  t h e  c h a m o c k i t e  fom! equilibrium. assemblages along wi th  the 

F J T G X ~ ~ ~ S  and L h t  t h e i r  i n t e r c o n v e r s i o n  i s  a two-way I ; ~ G C ~ S S ,  g e n e r a l l y  c a l l e d  

s l i d k - g  equ i l ib r ium.  I.ioreover, t h e  presence o f  opx-bezricg and opx-free meia-  

p e i i t e s  con ta in ing  c o r d i e r i c e ,  garnec, b i o t i t e  and s i l l h a n i c e  are unmistakable 

i n d i c a t o r s  of prograde  metanorpkisr.. It i s  obvious fron e - q e r i n e n t a l  pe t ro logy  

t h a t  g ranu l i t e -g rade  metamorphism t a k e s  p l ace  under ar ia teccic  cond l t ions ,  which 

narks t h e  broad b o u n h - y  between nagmatic and metanorphic processes. 

a7ic;hibolite-to-grar.Llli te f a c i e s  b o - m d a q  i s  c o n t r o l l e d  by P 

r a t i o s  which may approach u n i t y  b u t  a r e  no t  equai  t o  u n i t y .  

composition can b e  v a r i a b l e  and may no t  r e p r e s e n t  t h e  cond i t ion  o f  P ~ _ _ .  

The presence of c r y s t a l l i n e  limessones and co-mesanorphosed c a l c s i i i c a t e s ,  of 

h 3 ~ b l e n d e  and b i o t i t e s  con ta in ing  c h l o r i d e s  and f l u o r i d e s  i n  cha rnock i t e s ,  and 

of graphice i n  t h e  associa;ed n e t a p e l i t e s  i n d i e a c e s  t h e  presence of C02, HC1, HF 

and even hydrocarbons i n  =he f l u i d  phase. 

granu l i t e -g rade  metamorphism f a c i l i t a t e s  t h e  renoval o f  g r a n i t o p h i l e  n e i t s  and 

migra5ion o f  l i t h o p h i i e  e lements  a long wi th  t h e  f l u i d s ,  causing she  d e p l e t i o n  o f  

selected incGmpatib12 elertenLs of l a r g e r  i o n i c  r a d i i .  T k  geockemical d i f f e r e n c e s  

b e t m e n  ;he anphibcil ' ,e  f ac i e s  g n e i s s e s  o f  soutkern Karnataka and t h e  a s s o c i a t e d  

cha rnock i t e s  support  t h e  above arguments. 

The 

load"load + ' f l u id  
The f l u i d  phase 

f1LLl.d = 'EZc .*  

Open sys tem c o n d i t i o n s  &x-ing 

The gene ra l  geochernistry of t h e  c h a m o c k i t e s  does c o t  lend support  t o  t h e  

concept of c o n t i n e n t a l  grorJth during t h e  Arcliaean by l a t e r a l  a c c r e t i o n  of 

oceanic i s l a n d  a r c  or c a l c - a l k a l i n e  vo ican ic s ,  wkick i n p i i e s  unifo:n d e p l e t i o n  

o f  a l l  l i t l ' q h f i e s  from xke l ower  t o  upper cr?lst. 

t h e  t r a c e  e l enen t  s t u d i e s  t h a t  t h e  a w h i b o l i t e  enclaves wi tk in  t h e  kigh-grade 

g n z i s s e s  and che b a s i c  gran-ul i tes  wCthin t h e  cha rnock i i e s  have c o n t i n e n t a l  

r a t h e r  chan ocean ic  a f f i n i t i e s ,  and a r e  d i f f e r e n t  geochemically fron khe m f i c  

rocks of t h e  Kolar s ch i sk  b e l t .  A n a t u r a l  c o r o l l a r y  i s  t h a t  cha rnock i t e s  m y  b e  

'derived by t h e  g r a n u l i t e  f a c i e s  metamorphisn of t h e  high-grade g n e i s s  complex 

x i t h  i c s  mafic enclaves and o v e r a l l  g r a n o d i o r i t e  composition. Tke geothermal 

g r a d i e n t  necessary for t h e  g r a n d i t e  f a c i e s  metamor;hism c o ~ l d  be f a c i l i t a t e d  

by h o r i z o n t a l  t e c t o n i c  movements r a t h e r  t h a n  by down-sagging, and hence t h e  rocks 

;Iomver,  it ~ u l d  appear  from 



need not  be taken t o  g r e a t  depths i n  t h e  e a r t h ' s  c r u s t  t o  a t t a i n  g r a n u l i t e  f a c i e s  

condi t ions.  

gne iss  may be of l a t e r  o r i g i n ,  possibly during the  r e a c t i v a t i o n  of t h e  g r a n u l i t e  

t e r r a i n  during a Proterozoic  orogeny. 

The s t r u c t u r a l  discordance between the  charnockite and high-grade 

CONCLUSIONS 

1 .  Geochemical s t u d i e s  revea l  t h a t  t h e  amphibolite f a c i e s  gne isses  of  South 

Karnataka a r e  not  re t rogressed  charnocki tes  bu t  t h a t ,  conversely, t h e  charnocki tes  

could be derived by prograde metamorphism of t h e  gneisses .  

2. Both t h e  charnocki te  and high-grade gne iss  t e r r a i n s  incorporate  i d e n t i c a l  

l i t h o l o g i c a l  units, including shelf- type metasediments; greywackes and t u r b i d i t e s  

a r e  conspicuously absent  from both. 

3. The major element compositions of  both intermediate  and a c i d  charnocki tes  

compare with the  quar tzofe ldspa th ic  components of t h e  high-grade gneisses .  The 

r e l a t i o n  between charnocki tes  and the high-grade gne iss  does not support t h e  

o r i g i n  of  g r a n u l i t e s  from an igneous parent  magma t h a t  contained low l e v e l s  of 

L I L  t r a c e  elements. 

4. There i s  no apparent  chemical d i s t i n c t i o n  between Proterozoic  and Archaean 

granul i tes .  

5. Geochemically t h e  b a s i c  charnocki tes  compare b e t t e r  with t h e  mafic enclaves of 

t h e  high-grade gne isses  than with the  mafic components of  t h e  s c h i s t  b e l t s .  They 

do not have t r u e  komati i te  chemistry. Both b a s i c  charnocki tes  and mafic enclaves 

have t h e  c h a r a c t e r i s t i c s  o f  cont inenta l  t h o l e i i t e s .  Mafic rocks o f  the  s c h i s t  

b e l t s  have pr imi t ive  oceanic b a s a l t  charac te r .  

b e l t s  a r e  absent  in t h e  charnocki te  terrains. 
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SIGNIFICANCE OF OXYGEN ISOTOPE STUDIES ON 
GRANULITE FACIES ROCKS 
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Abstract 

Oxygen isotope geothermometry, which has been used to estimate the 

temperature of metamorphism of low-grade and hydrous metamornhic rocks, 

may also be used for rocks of granulite metamorphic facies, provided 

they contain suitable pairs of minerals which still retain the oxygen 

isotopic fractionation developed at the time of initial metamorphism. 

Coarse-grained orthopyroxene and quartz appear to be very suitable and 

yield "reasonable" temperatures of about 70OoC. Magnetite and ilmenite*, 

however, are generally unsuitable for they show oxygen isotope exchange 

with intergranular fluids during the slow cooling of the granulites. 

There is also evidence that under some conditions oxygen isotopic 

temperatures may be more meaningful than temperatures deduced from 

KD,Fe-Mg in coexisting pyroxenes. 

large bodies of mafic granulites show little change during granulite 

facies metamorphism. However, some narrow mafic layers set within a 

thick silicic metasedimentary sequence appear to have become 

equilibrated with the pore fluids of the sedimentary rocks. In one 

extensive metasedimentary terrane in central Australia abnormally 

light oxygen values of 6 l 8 O 3 %  for some quartzose granulites , and 
6 0 - 2 %  for some interlayered mafic granulites, are common and may 
reflect climatic or depositional conditions of the Precambrian 

sedimentation. 

Whole-rock oxygen values of some 

18 

INTRODUCTION 

For many years the partitioning of cations between coexisting 

minerals ha,s provided an important basis for estimation of temperature, 

oxygen fugacity and other parameters of igneous activity and 
metamorphism. Anomalous results, however, have commonly been reported, 
and are normally interpreted as disequilibrium phenomena. 

In recent years the partitioning of the oxygen isotopes (l8O and l60) 

in coexisting minerals has been used successfully for geothermometry 

* Present address: National Geophysical Research Institute, Hyderabad - 
500007, India. 
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( T a y l o r  and E p s t e i n ,  1962a ,  1962b; T a y l o r ,  1 9 6 8 ;  C lay ton  e t  a l , ,  1 9 7 2 ;  

and o t h e r s ) .  Anderson e t  a l .  ( 1 9 7 1 )  have  shown, however,  t h a t  oxygen 

i s o t o p e s ,  l i k e  t h e  c a t i o n s ,  commonly r e v e a l  d i s e q u i l i b r i u m .  Slow 

c o o l i n g  o f  l a r g e  i g n e o u s  b o d i e s  such  a s  t h e  Bushveld Complex, g r a n i t e  

b a t h o l i t h s ,  e t c . ,  h a s  r e s u l t e d  i n  many m i n e r a l  p h a s e s  o f  an i n t r u s i o n  

p a r t i c i p a t i n g  i n  oxygen i s o t o p e  exchange  for a l o n g  t i m e  a f t e r  t h e  

igneous  body h a s  e s s e n t i a l l y  s o l i d i f i e d .  Thus,  p a r t i t i o n  o f  oxygen 

i s o t o p e s  may i n d i c a t e  t e m p e r a t u r e s  some hundreds  of d e g r e e s  below t h e  

t e m p e r a t u r e  o f  i n i t i a l  f o r m a t i o n  o f  c r y s t a l l i n e  p h a s e s  i n  an  igneous  

body (Anderson ,  1 9 6 6 ) .  

3eca:se of ‘i:?e ? r o S l e z s  o f  l a t e  o r  ?ost-r.agya*:ic i s c t q e  exc?.a-ge, 

most a t t e n t i o n  h a s  been  g i v e n  t o  t h e  s t u d y  of t h e  m i n e r a l s  i n  r a p i d l y  

quenched igneous  r o c k s  such  a s  b a s a l t s  (Onuma e t  a l . ,  1970), or i n  

low-grade metamorphic r o c k s  ( G a r l i c k  and E p s t e i n ,  1 9 6 7 ) .  I n  low-grade  

metamorphic r o c k s  ? i s  n o r m a l l y  e q u a l  t o  Plead, and e q u i l i b r i u m  

assemblages  a r e  commonly r e g i s t e r e d  by oxygen i s o t o p e  and c a t i o n  

p a r t i t i o n .  

G a r l i c k  and E p s t e i n  ( 1 9 6 7 )  were  among t h e  f i r s t  to show t h a t  t h e  

m i n e r a l s  o f  h igh -g rade  metamorphic r o c k s  were  d i f f i c u l t  t o  u s e  f o r  

geothermometry .  Thus,  it i s  n o t  s u r p r i s i n g  t o  f i n d  t h a t  l i t t l e  work 

has  been p u t  i n t o  t h e  s t u d y  o f  t h e  i s o t o p e s  o f  v e r y  h igh -g rade  r o c k s  

such  as t h o s e  o f  t h e  g r a n u l i t e  f a c i e s .  One o f  us  ( A .  F .  W.) f o r  many 

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

t e m p e r a t u r e s  from g r a n u l i t e s  p r o v i d e d  s u i t a b l e  m i n e r a l s  a r e  s t u d i e d .  

The b a s i c  r e a s o n  i s  t h a t ,  a s  most o f  t h e  m i n e r a l s  a r e  anhydrous ,  i t  i s  

assumed t h a t  t h e s e  r o c k s  were formed unde r  ex t r eme  c o n d i t i o n s  where 

P 

have  been i n s u f f i c i e n t  f l u i d s  a v a i l a b l e  t o  e n a b l e  s i g n i f i c a n t  p o s t -  

c r y s t a l l i z a t i o n  i s o t o p i c  a d j u s t m e n t s  t o  t a k e  p l a c e ,  

H20 

was much l e s s  t h a n  Ptotal. Thus it i s  assumed t h a t  t h e r e  would 
H20 

The oxygen i s o t o p e  s t u d i e s  i n  g r a n u l i t e s  have  n o t  t u r n e d  o u t  a s  was 

f i r s t  hoped ,  

have been  unexpec ted  e x p e r i m e n t a l  p rob lems .  However, a t t e m p t s  t o  

e x p l a i n  t h e  anomal i e s  and t o  s o l v e  t h e  t e c h n i c a l  problems have  

combined t o  throw much l i g h t  on t h e  metamorphic and  pos t -metamorphic  

p r o c e s s e s  o p e r a t i v e  i n  t h e  deep  c r u s t .  

some o f  t h e s e  p rob lems ,  and  p o i n t  o u t  t h e  s i g n i f i c a n c e  o f  t h e  oxygen 

i s o t o p e  s t u d i e s  on g r a n u l i t e  fac ies  r o c k s .  

SELECTION OF APPROPRIATE MINERALS FOR GEOTHERMOMETRY 

Many t t anomal i e s ’ t  have  a p p e a r e d  i n  t h e  d a t a  and t h e r e  

I n  t h i s  p a p e r  w e  s h a l l  d i s c u s s  

The b a s i s  for oxygen i s o t o p e  geothermometry  i s  w e l l  s t a t e d  by T a y l o r  

(1968), t h u s :  ItIn a l l  known c a s e s  t h e  oxygen i s o t o p e  f r a c t i o n a t i o n s  



between any two m i n e r a l s  d e c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e  o f  

f o r m a t i o n ,  i n  a s i m p l e  s y s t e m a t i c  manner ( g e n e r a l l y  f a l l i n g  o f f  l i n e a r l y  

on a 1 / T  p l o t ,  where T i s  t h e  a b s o l u t e  t e m p e r a t u r e  i n  OK), 

r e l a t i o n s  a l l o w  us  t o  make q u a n t i t a t i v e  i n f e r e n c e s  a b o u t  e x i s t e n c e  of 

e q u i l i b r i u m  and t e m p e r a t u r e  of c r y s t a l l i z a t i o n  i n  a m i n e r a l  a s semblage  

( e . g . ,  s e e  O'Neil  and C l a y t o n ,  1 9 6 4 ;  and O ' N e i l  and T a y l o r ,  1 9 6 7 ) " .  

f r a c t i o n a t i o n  i n  t h e  sys t ems  f e l d s p a r - w a t e r  ( O ' N e i l  and T a y l o r ,  1 9 6 7 ) ,  

m a g n e t i t e - w a t e r  ( O ' N e i l  and C l a y t o n ,  1 9 6 4 )  and  muscov i t e -wa te r  (O'lu'eii 

and T a y l o r ,  1 9 6 9 ;  B l a t t n e r  and  B i r d ,  1 9 7 4 ) .  However, by a s e r i e s  of 

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

n o n - c a l i b r a t e d  m i n e r a l ,  e x p r e s s i o n s  have  been deduced f o r  t h e  

t e m p e r a t u r e  dependence  of t h e  f r a c t i o n a t i o n  o f  oxygen i s o t o p e s  between 

s e v e r a l  m i n e r a l s  whose f r a c t i o n a t i o n  w i t h  w a t e r  h a s  n o t  y e t  been  

e x p e r i m e n t a l l y  d e t e r m i n e d .  Thus it i s  p o s s i b l e  t o  use  ( w i r h  v a r y i n g  

r e l i a b i l i t y )  t h e  f o l l o w i n g  m i n e r a l s  f o r  geothermor .e t ry :  q u a r t z ,  

p l a g i o c l a s e ,  K - f e l d s p a r ,  py roxene ,  o l i v i n e ,  g a r n e t ,  amph ibo le ,  b i o t i t e ,  

m u s c o v i t e ,  i l m e n i t e  and m a g n e t i t e  ( 3 o t t i n g a  and Javoy ,  1976). A l l  of 

t h e s e  m i n e r a l s  may be found i n  g r a n u l i t e s ,  w i t h  t h e  e x c e p t i o n  o f  

m u s c o v i t e ,  T h e i r  c o m p o s i t i o n s ,  however ,  m y  be  v e r y  d i f f e r e n t  from 

t h o s e  f o r  which t h e  t e m p e r a t u r e  e x p r e s s i o n s  have  been c a l c u l a t e d .  

For example ,  f l u o r i n e  and t i t a n i u m  commonly a r e  h i g h  i n  g r a n u l i t e  

f a c i e s  amphiboles  and b i o t i t e s ,  and a s  t h e s e  e l e m e n t s  a f f e c t  t h e  (OH) 

and S i  s i t e s ,  r e s p e c t i v e l y ,  some anomal i e s  can  be e x p e c t e d .  

P e t r o g r a p h i c  s t u d i e s  show t h a t  t h e  slow c o o l i n g  o f  t h e  g r a n u l i t e s  

f a c i l i t a t e s  t h e  deve lopment  o f  e x s o l u t i o n  phenomena. For t h i s  r e a s o n  

a g r a n u l i t e  showing p e r t h i t i c  a n d / o r  a n t i p e r t h i t i c  f e l d s p a r s  must be 

t r e a t e d  w i t h  c a u t i o n ,  f o r  oxygen i s o t o p e  exchange  a t  s u b - s o l i d u s  

t e m p e r a t u r e s  i s  l i k e l y  i n  s u c h  a r o c k .  The problem a r i s e s ,  however,  

a s  t o  whe the r  & m i n e r a l  p h a s e s  i n  a g r a n u l i t e  a r e  a f f e c t e d  e q u a l l y  

by slow c o o l i n g  or l a t e r  metamorphism. 

Anderson ( 1 9 6 6 )  h a s  shown t h a t  i n  t h e  L a b r i e v i l l e  a n o r t h o s i t e  

r e c r y s t a l l i z h t i o n  d u r i n g  c o o l i n g  h a s  a f f e c t e d  a l l  of t h e  n e a s u r e d  

m i n e r a l s  t o  t h e  e x t e n t  t h a t  h e  p o s t u l a t e s  t h a t  t h e  rock must be 

c o n s i d e r e d  t o  be a c l o s e d  s y s t e m  w i t h  r e s p e c t  t o  oxygen. He s t a t e s  

t h a t  " a s  t e m p e r a t u r e  d e c r e a s e s  t h e  f r a c t i o n a t i o n  o f  oxygen i s o t o p e s  

between o x i d e s  anc: s i l i c a t e s  i n c r e a s e s ,  and ma te r i a l  b a l a n c e  w i t h i n  a 

l o c a l l y  c l o s e d  s y s t e m  r e q u i r e s  t h a t  t h e  r e s u l t a n t  oxygen i s o t o p i c  

compos i t ion  o f  a l l  m i n e r a l s  p a r t i c i p a t i n g  i n  t h e  r e t r o g r a d e  

r e c r y s t a l l i z a t i o n  r e f l e c t s  t h e  modal c o m p o s i t i o n  o f  t h e  r o c k "  ( i b i d . ,  

2 These 

L a b o r a t o r y  c a l i b r a t i o n s  have  been  done f o r  oxygen i s o t o p e  
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p. 1 6 9 0 ) .  He showed t h a t  p l a g i o c l a s e  ( b o t h  b u l k  f e l d s p a r  and 

m e g a c r y s t s ) ,  a p a t i t e ,  i l n e n i t e  and m a g n e t i t e  have  p a r t a k e n  o f  t h i s  

mutua l  oxygen i s o t o p e  exchange .  Al though o r t h o -  and c l i n o p y r o x e n e  

were n o t  measured ,  i t  h a s  been  assumed t h a t  th.ey have  a l s o  s h a r e d  i n  

t h i s  oxygen exchange .  A s  Anderson r e c o r d s  an  abundance  o f  e x s o l u t i o n  

l a m e l l a e  i n  t h e  py roxenes  o f  t h i s  i gneous  body t h i s  a s sumpt ion  i s  
r e a s o n a b l e ,  

3 u r  work shows, however , t h a t  t h e  2y roxenes  of  metamorphic r o c k s  

( r a t h e r  t h a n  p l u t o n i c  i g n e o u s  r o c k s )  may n o t  be as s u s c e p t i b l e  t o  slow 

c o o l i n g  e f f e c t s  a s  t h e  opaque o x i d e s  and f e l d s p a r .  Under e q u i l i b r i u m  

c o n d i t i o n s  b o t h  o r t h o -  and c l i n o p y r o x e n e s  s h o u l d  d i s p l a y  v i r t u a l l y  

i d e n t i c a l  oxygen i s o t o p e  f r a c t i o n a t i o n  ( B r o e c k e r  and Oversby ,  1 9 7 1 ,  

p.  162). We have  found t h a t  t h e  two pyroxenes  o f  o u r  g r a n u l i t e s  

no rma l ly  e x h i b i t  i d e n t i c a l  f r a c t i o n a t i o n  o n l y  i n  "d ry"  g r a n u l i t e  r o c k s .  

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

t h e  180/160 r a t i o s  o f  t h e s e  t h r e e  m i n e r a l s  (which  a r e  i n  t e x t u r a l  

e q u i l i b r i u m )  a r e  commonly opx > cpx > hbe  (',.!ilson and R a k s i ,  i n  p r e p . ) .  

We assume t h a t  o f  t h e  t h r e e  c h a i n  s i l i c a t e s ,  o r t h o p y r o x e n e  i s  t h e  most 

l i k e l y  t o  r e t a i n  i t s  i n i t i a l  ( 5 . e .  i t s  p r e - r e t r o g r e s s i o n )  oxyger. 

i s o t o p i c  c o m p o s i t i o n .  

i s o t o p i c  c o m p o s i t i o n .  Quar t z  i s  e s p e c i a l l y  goo? when it o c c u r s  a s  

l a r g e  g r a i n s .  

such  a s  t h o s e  showing g r a n u l a t i o n  and l o c a l  r e c r y s t a l l i z a t i o n .  Care 

must be  t a k e n  n o t  t o  i n c l u d e  i n  a m i n e r a l  f r a c t i o n  f o r  a n a l y s i s  q u a r t z  

p a r t i c l e s  of more t h a n  one g e n e r a t i o n .  Thus we b e l i e v e  t h a t  t h e  two 

m i n e r a l s  n.ost l i k e l y  t o  be  u s e f u l  f o r  geothermometry  of  normal  

g r a n u l i t e s  a r e  c o a r s e  g r a i n s  o f  o r t h o p y r o x e n e  and q u a r t z .  A n  example 

of  t h e  u s e  o f  t h i s  m i n e r a l  p a i r  h a s  been  p u b l i s h e d  (bdilson and B a k s i ,  

1 9 7 7 ) ,  where a n a l y s i s  o f  a hypersthene-cordierite-quartz g r a n u l i t e  

i n d i c a t e d  a t e m p e r a t u r e  o f  760°C. 

e x p e c t e d  to r e t a i n  t h e i r  p r e - c o o l i n g  oxygen c h a r a c t e r  a r e  some v e r y  

r e f r a c t o r y  m i n e r a l s  such  as s p i n e l ,  corundum, s a p p h i r i n e  , r u t i l e  , 
g a r n e t ,  c o a r s e  s i l l i m a n i t e  and  z i r c o n ,  N o t w i t h s t a n d i n g  t h e i r  g e n e r a l  

r e f r a c t o r y  c h a r a c t e r ,  p e t r o g r a p h i c  s t u d i e s  need t o  be done t o  e n s u r e  

t h a t  second g e n e r a t i o n  s p i n e l ,  corundum, e t c . ,  a r e  n o t  p r e s e n t  ( e . g ,  

Noodford and Wilson ,  1 9 7 6 a ) .  There  a r e  t e c h n i c a l  p rob lems ,  however,  

w i t h  most o f  t h e s e  m i n e r a l s .  For  example ,  an e a r l i e r  p a p e r  r e p o r t e d  

t h a t  o n l y  p a r t i a l  e x t r a c t i o n  o f  oxygen c o u l d  be  o b t a i n e d  from 

s a p p h i r i n e  f rom VJestern A u s t r a l i a  (Wheat 9 e l t  - F i g .  1) (I<Tilson and 

Quar tz  i s  a n o t h e r  m i n e r a l  which seems t o  r e t a i n  i t s  i n i t i a l  oxygen 

T e r r o g r a p h i c  s t u d y  of a rock can  r e v e a l  s u s p e c t  g r a i n s  

Othe r  m i n e r a l s  which c o u l d  be 



Green, 1 9 7 1 ) .  Very f i n e  g r ind ing  (under  anaerobic  c o n d i t i o n s )  and 

longer  r e a c t i o n  a t  h ighe r  tempera tures  than  i s  normal f o r  t h e  more 

common minera ls  w i l l  be needed t o  e x t r a c t  oxygen q u a n t i t a t i v e l y  from 

these  minera ls  on a r o u t i n e  b a s i s .  Experimentat ion i s  i n  p rogres s .  

Laboratory tempera ture  c a l i b r a t i o n  of t h e s e  minera ls  w i l l  be 

d i f f i c u l t ,  bu t  an empi r i ca l  approach us ing  c a r e f u l l y  s e l e c t e d  minera l  

assemblages con ta in ing  c a l i b r a t e d  phases  should be p o s s i b l e .  

S tud ie s  of t h e  Aus t r a l i an  g r a n u l i t e s  show t h a t  t h e  opaque oxides  

a r e  p a r t i c u l a r l y  s u s c e p t i b l e  t o  oxygen i s o t o p e  exchange dur ing  cool ing .  

The magnet i te  and i l m e n i t e  of bo th  s i l i c i c  and m a f i c  g r a n u l i t e s  a r e  

much dep le t ed  i n  l8O. 

Musgrave Ranges ( F i g .  1) t h a t  concordant  tempera tures  i n  excess  of 

I t  has  a l r e a d y  been po in ted  o u t  f o r  t h e  

Fig.  1. - Granu l i t e  t e r r a n e s  of A u s t r a l i a ,  The Wheat Be l t  g r a n u l i t e s  
a r e  Archaean, whereas a l l  o t h e r  g r a n u l i t e s  y i e l d  P ro te rozo ic  ages  by 
Rb/Sr. KAL, Ka lgoor l i e ;  ALB, Albany; ESP,  Esperance; E ,  Ernabel la ;  
A S ,  A l i ce  Spr ings ;  BH,  Broken H i l l .  The F rase r  Range occupies  most of 
t h e  F rase r  Block; t h e  Musgrave Ranges form t h e  e a s t e r n  t h i r d  o f  t h e  
g r a n u l i t e  p o r t i o n  of t h e  Musgrave Block; t h e  Strangways Range forms 
t h e  e a s t e r n  p o r t i o n  of t h e  g r a n u l i t e  p o r t i o n  of  t h e  Arunta Block, 

7 O O 0 C  may be obta ined  i f  t h e  measured d i f f e r e n c e s  beeween t h e  major 

minera ls  and t h e  magnet i te  a r e  reduced by 2 3 %  , (Wilson e t  a l . ,  1 9 7 0 ,  



p. 1 7 ;  Wilson and Green, 1 9 7 1 ,  p .  302).  This assumes t h a t  t h e  

s i l i c a t e s  ( p l a g i o c l a s e  and t h e  two pyroxenes) were una f fec t ed  by t h e  

coo l ing ,  and t h a t  t h e  oxygen of  t h e  opaque oxides  exchanged wi th  f l u i d s  

from o u t s i d e  of t h e  rock ,  This  may have been p o s s i b l e  i n  view of t h e  

s p e c i a l  t e c t o n i c  s e t t i n g  of t h e  samples:  t hey  form p a r t  o f  a l a r g e  

xeno l i th  o r  roof  pendant w i th in  a l a r g e  body of i n t r u s i v e  (magmatic) 

pyroxene adamel l i t e  (Wilson and Green, 1 9 7 1 ,  Fig.  2 ) .  

The tempera ture  express ions  as r e f i n e d  by Bot t inga  and Javoy ( 1 9 7 5 )  

confirm t h e  e a r l i e r  conclus ions  of  Wilson e t  a l .  (19701, t h a t  

magnet i te  and i l m e n i t e  have s u f f e r e d  oxygen i s o t o p e  exchange down t o  

th re sho ld  tempera tures  a l i t t l e  h ighe r  than  5 O O 0 C .  

pyroxene, on t h e  o t h e r  hand, appear  t o  conserve a s t a t e  of oxygen 

i s o t o p i c  equ i l ib r ium and i n d i c a t e  a tempera ture  of  a t  l e a s t  73OoC i n  

a qua r t z - r i ch  pyroxene g r a n u l i t e .  

If t h e s e  concepts  a r e  accepted ,  a r e i n t e r p r e t a t i o n  o f  t h e  i s o t o p e  

da ta  of Wilson and Green ( 1 9 7 1 )  from t h e  Razor H i l l  l o c a l i t y  i n  t h e  

Musgrave Ranges i s  p o s s i b l e .  The t o t a l  i s o t o p i c ,  p e t r o l o g i c a l  and 

f i e l d  evidence would seem t o  sugges t  t h e  fo l lowing  sequence: 

Quartz and 

I n t r u s i o n  of t h e  p lu ton  a t  a tempera ture  w e l l  i n  excess  o f  7 3 O o C  

(Bo t t inga  and Javoy, 1 9 7 5 ,  Table  1, No. 1 7 4 ) .  The q u a r t z - r i c h  

p o r t i o n  of t h e  l a r g e  g r a n u l i t e  x e n o l i t h  r e t a i n e d  a tempera ture  

of 73OoC ( < b i d .  No, 7 3 ) .  

Cooling f i s s u r e s  i n  t h e  p lu ton  and roof  pendant were f i l l e d  f i r s t  

wi th  pegmati te  ( i b i d .  No. 110) and then  wi th  a p l i t e  ( i b i d .  No. 

1 7 5 ) ,  and tempera tures  of  72OoC and 6 O O 0 C ,  r e s p e c t i v e l y ,  were 

r e g i s t e r e d .  

The qua r t z  and pyroxenes of  t h e  p lu ton  ( i b i d .  No. 73) ceased 

oxygen i s o t o p e  exchange a t  about  640°C, whereas t h e  f e l d s p a r  
and pyroxenes of t h e  b a s i c  g r a n u l i t e s  d i d  no t  cease exchange 

u n t i l  about 6 O O 0 C  ( i b i d .  Nos. 6 , 7  and 8 ) .  

As t h e  whole rock  mass f u r t h e r  cooled  t h e  opaque i r o n  oxides  

cont inued t o  r e a c t ,  poss ib ly  wi th  l a t e  f l u i d s  from t h e  p lu ton ,  

and tempera tures  o f  5 O O 0 C  and l e s s  were recorded ( i b i d .  a l l  

samples: Nos. 7 3 ,  110, 1 7 4 - 1 7 8 1 ,  

r e sea rch  was completed s e v e r a l  yea r s  ago. Fur the r  samples 

should now be c o l l e c t e d  t o  t e s t  more r i g o r o u s l y  t h e  conclus ions  t h a t  

rocks con ta in ing  some inequ i l ib r ium i s o t o p e  f e a t u r e s  may s t i l l  be used 

f o r  geothermometry. 



RELATIONSHIP OF OXYGEN ISOTOPE TEMPERATURES AND THOSE DEDUCED 

- D.Fe-Mg 
FROM KoPx-cPx 

Anomalous t e m p e r a t u r e  r e l a t i o n s h i p s  a r e  n o t  uncommonly found between 

c o e x i s t i n g  pyroxenes i n  metamorphic r o c k s ,  even though t h e  m i n e r a l  

phases appea r  t o  be i n  t e x t u r a l  e q u i l i b r i u m  (Woodford and Wilson,  

1976b) .  A d e t a i l e d  s t u d y  of t h i s  problem w i l l  be r e p o r t e d  e l s e w h e r e .  

However, some o f  t h e  p e r t i n e n t  p r e l i m i n a r y  c o n c l u s i o n s  may be s t a t e d .  

1. 

2 .  

3 .  

4. 

5 .  

Where t h e  o r t h o -  and c l i n o p y r o x e n e  of a two-pyroxene g r a n u l i t e  

have t h e  same 180/160 r a t i o  w e  may assume t h a t  t h e y  conse rve  a 

s t a t e  of  oxygen i s o t o p i c  exchange e q u i l i b r i u m .  Such a pyroxene 

p a i r  may be e x p e c t e d  t o  r e t a i n  c a t i o n  e q u i l i b r i u m  and t h u s  y i e l d  

a r e l i a b l e  t e m p e r a t u r e  by one of t h e  c a t i o n  p rocedures  ( such  as 

K D ;  Wood and Banno, 1973) .  

I n  ho rnb lende -bea r ing  two-pyroxene g r a n u l i t e s ,  however,  anomalous 

oxygen v a l u e s  are common, even though t h e  h o r n b l e n d e ,  

o r thopyroxene  and c l inopyroxene  a p p e a r  t o  be i n  t e x t u r a ;  

e q u i l i b r i u m .  (Note:  t h e  ho rnb lende  i s  s t a b l e  i n  t h e  g r a n u l i t e  

f a c i e s  and i s  n o t  due t o  r e t r o g r e s s i o n  t o  a m p h i b o l i t e  f a c i e s . )  

I n  some o f  t h e s e  rocks  t h e  l 8 O /  

opx > cpx > hbe ,  where t h e  d i f f e r e n c e s  a r e  abou t  0 .2  - 0 . 3 %  

( s e e  Appendix) ;  i n  o t h e r s ,  t h e  r e l a t i o n s h i p  i s  hbe > opx > cpx. 

T h e o r e t i c a l l y ,  6 f o r  opx and cpx i n  e q u i l i b r i u m  a t  g r a n u l i t e  

facies  t e m p e r a t u r e s  s h o u l d  show no measu rab le  d i f f e r e n c e  

(Broecke r  and Oversby, 1 9 7 1 ,  p .  1 6 0 ) .  

We presume t h a t  t h e  f l u i d  p r e s s u r e s  e n a b l i n g  t h e  g r a n u l i t e  

ho rnb lende  t o  form have  a l lowed  some oxygen i s o t o p e  exchange t o  

p roceed  a f t e r  t h e  two pyroxenes have becone s t a b l e .  The f a c t  

t h a t  t h e  two pyroxenes i n  such r o c k s  now show measurable  

d i f f e r e n c e s  i n  b s u g g e s t s  t h a t  o r thopyroxene  may be somewhat 

more s t a b l e  i n  t h i s  s i t u a t i o n  t h a n  c l i n o p y r o x e n e ,  t o  which t h e  

ho rnb lende  i s  p o s s i b l y  more commonly a d j o i n e d .  

Oxygen o c c u r s  i n  two “s i tes7’  i n  ho rnb lende :  as p a r t  o f  t h e  normal  

c a t i o h  l i n k a g e s ,  and i n  OK. The r e l a t i v e  s t a b i l i t y  of t h e  oxygen 

i s o t o p e s  i n  t h e s e  two s i t e s  i s  unknown. Moreover, F or C 1  may 

r e p l a c e  some of t h e  OH i n  some g r a n u l i t e s .  Both of t h e s e  f a c t o r s  

cou ld  a f f e c t  t h e  normal r e l a t i o n s h i p  between t h e  oxygen i s o t o p e s  

o f  ho rnb lende  and t h e  c o e x i s t i n g  pyroxenes.  

An example of t h e s e  c o n c l u s i o n s  i s  s e t  o u t  i n  Tab le  1. 

16 
0 r a t i o  i s  found t o  be  

The two samples  are from homogeneous l a y e r s  a b o u t  20m a p a r t  i n  a 

s t a b l e  g r a n u l i t e  b l o c k  abou t  3 km bJNW o f  Kenmore Park S t a t i o n ,  
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Musgrave Ranges (F ig .  1; and Wilson, i n  p r e p . ) .  Sample 1 7 9 6 7  i s  

pyroxene-quartz-andesine g r a n u l i t e .  The two pyroxenes,  which a r e  i n  

p e r f e c t  t e x t u r a l  equ i l ib r ium,  a r e  a l s o  i n  oxygen i s o t o p i c  equ i l ib r ium,  

f o r  bo th  opx and cpx have 6 = 5 . 4 %  , 
common f i g u r e  for a pyroxene g r a n u l i t e .  

The KD,Fe-Mg opx-cpx is 1 , 7 5 4 ,  a 

Sample 

opx % 

cpx % 

hbe % 

opx-cpx 
KD. Fe-Mg 

T°C 

TABLE 1 

1 7 9 6 7  

5 . 3 9  

5.40 
- 

1 . 7 5 4  

8 48 

Scap F 

6 . 5 7  

6 . 3 7  

6 . 1 7  

1 . 9 4 9  

8 6 9  

Sample Scap F, on t h e  o t h e r  hand, i s  a hornblende-r ich two-pyroxene 

mafic g r a n u l i t e .  The mafic  and f e l s i c  minera ls  of t h e  g r a n u l i t e  

d i s p l a y  p e r f e c t  t e x t u r a l  equ i l ib r ium.  The mafic mine ra l s ,  however, 

a r e  no t  i n  p e r f e c t  oxygen i so tope  equ i l ib r ium,  f o r  opx, cpx and hbe 

have 6 6 . 6 ,  6 . 4  and 6 . 2 %  , r e s p e c t i v e l y .  The anomalously h igh  KD 

f o r  t h i s  rock i s  1 . 9 4 9 ,  and t h i s  would normally be taken  t o  i n d i c a t e  

a lower temperature  of e q u i l i b r a t i o n  than  t h a t  of  sample 1 7 9 6 7 ,  wi th  

i t s  K D  of 1 . 7 5 4 .  We suspec t  t h a t ,  because t h e  oxygen i s o t o p e s  of  t h e  

hornblende-bearing g r a n u l i t e  have been d i s t u r b e d  i n  sample Scap F ,  

t he  c a t i o n s  should a l s o  be d i s t u r b e d .  This  would account  for t h e  

anomalously h igh  KD,  and f o r  a Wood-Banno c a t i o n  temperature  of  8 6 9 O C  

t h a t  i s  s p u r i o u s l y  h i g h e r  than  t h e  8 4 8 O C  of  t h e  two-pyroxene g r a n u l i t e .  

WHOLE-ROCK STUDIES 

Whole-rock oxygen i so tope  r a t i o s  a r e  measured on deep c r u s t a l  rocks  

f o r  two main r easons ,  One i s  t o  monitor  t h e  e x t e n t  of  change of  whole 
rock oxygen dur ing  h igh  grade metamorphism. Another i s  t o  use oxygen 

i so topes  t o  h e l p  determine The n a t u r e  of  t h e  unmetamorphosed rocks  and 

t h e i r  d e p o s i t i o n a l  or d i a g e n e t i c  environment.  

1. Effec t  of  Change i n  Oxygen During Metamorphism 

De ta i l ed  s t u d i e s  of  t h e  c a t i o n s  of  major and t r a c e  elements  of many 

mafic  g r a n u l i t e s  from s e v e r a l  p a r t s  of A u s t r a l i a  show t h a t  very l i t t l e  

( i f  any) change t akes  p l ace  du r ing  high-grade metamorphism i n  most of  

t h e s e  b a s i c  rocks ,  e s p e c i a l l y  i f  t hey  a r e  i n  l a r g e  compact igneous 

bodies  o r  wide ( s a y ,  g r e a t e r  than  about  1 0  m) t a b u l a r  bodies  (Wilson, 
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i n  prep . ) .  Whole-rock ana lyses  of oxygen i n  some of  t h e s e  m e t a -  

b a s a l t i c  rocks y i e l d  va lues  o f  about  6 t o  7% ( F r a s e r  Range - s e e  Fig. 

1; Wilson and Baksi ,  i n  p r e p . ) .  These f a l l  w i th in  t h e  range of  t hose  

obta ined  f o r  modern b a s a l t s  (Bo t t inga  and Javoy,  1 9 7 5 ) .  

i n t e r l a y e r e d  i n  metasedimentary rocks .  

tu f faceous  l a y e r s ;  o t h e r s  narrow b a s a l t i c  f lows or d o l e r i t e  s i l l s .  

Some of t hese  may have been emplaced i n  t h e  sedimentary p i l e  p r i o r  t o  

i t s  metamorphism. The oxygen i s o t o p e  r a t i o s  of  t h e s e  narrow mafic  

l a y e r s  a r e  commonly g r o s s l y  d i f f e r e n t  from normal b a s a l t i c  rocks ,  and 

are much more compatible  wi th  t h o s e  o f  t h e i r  sedimentary h o s t  rocks .  

This imp l i e s  i s o t o p i c  exchange throughout  t h e  sedimentary p i l e  du r ing  

t h e  metamorphic process .  I t  appears ,  however, t h a t  whereas narrow 

permeable b a s a l t i c  l a y e r s  have been a l t e r e d ,  t h e  l e s s  permeable l a r g e r  

mafic bodies  have r e t a i n e d  t h e i r  "normal" b a s a l t i c  oxygen i s o t o p i c  

va lues .  

Narrow mafic bodies  ( a  f e w  c m  t o  2m wide) a r e  commonly found 

Some appear  t o  be b a s i c  

2 .  Use of Oxygen I so topes  t o  Study Precambrian Depos i t iona l  or 
Diagenet ic  Environments 

Oxygen i so tope  s t u d i e s  of many g r a n u l i t e  f a c i e s  rocks from A u s t r a l i a  

show unexpectedly l i g h t  oxygen i n  many quar tzose  g r a n u l i t e s  ( 6  - 3 % ~ )  

and i n  some mafic  g r a n u l i t e s  (6 - 2%0 1, whereas "normalrr igneous or 

g n e i s s i c  va lues  a r e  common i n  o t h e r  qua r t zose  g r a n u l i t e s  (6 - 8 % 0 )  and 

mafic  g r a n u l i t e s  ( 6  - 6%0 1. 

180/160 r a t i o s  of  both carbonate  rocks  and c h e r t s  w i th  i n c r e a s i n g  

geologic  age has  been w e l l  documented. Many cons ide r  t h e s e  oxygen 

i so tope  t r e n d s  were caused by a cont inuous pos t -depos i t i ona l  

e q u i l i b r a t i o n  wi th  i s o t o p i c a l l y  l i g h t  meteor ic  waters, whereas o t h e r s  

sugges t  t h a t  t h e  t r e n d s  r e f l e c t  l i g h t e r  l 80 / l6O ocean waters  i n  

Precambrian t i m e s .  As our  s t u d i e s  of  metamorphosed Precambrian 

sediments show a wide range o f  oxygen i s o t o p e  r a t i o s ,  o t h e r  

explana t ions  f o r  our  l a r g e  body o f  Precambrian rocks  wi th  unusual ly  

l i g h t  oxygen must be sought .  

Veizer and Hoefs ( 1 9 7 6 )  p o i n t  o u t  t h a t  t h e  tendency towards l i g h t e r  

The exp lana t ion  given f o r  t h e  presence  of unusua l ly  l i g h t  oxygen i n  

rocks u s u a l l y  invokes an i n t e r a c t i o n  between a h o t  igneous body and 

l i g h t  meteor ic  wa te r s  (Taylor  and F o r e s t e r ,  1 9 7 1 ) .  Light  waters a r e  

known t o  be caused i n  modern t imes  by p r e c i p i t a t i o n  i n  h igh  l a t i t u d e s .  

Moreover, i n l a n d  r eg ions  and h igh  a l t i t u d e s  are a l s o  important  

c o n t r i b u t i n g  f a c t o r s  (Eps te in  and Mayeda, 1 9 5 3 ) .  

Thus t h e  presence  of  l i g h t  oxygen i n  Precambrian metasedimentary 

rocks  raises t h e  ques t ion  as t o  whether t h e  v a r i a t i o n s  o f  meteor ic  



w a t e r s  were comparable i n  Precambrian t i m e s .  The d i s c o v e r y  by Tay lo r  

( 1 9 7 4 )  o f  a low l 8 O  l a t e  Precambrian b a t h o l i t h  i n  t h e  S e y c h e l l e s  

I s l a n d s  s u g g e s t s  t h a t  s i m i l a r  p r o c e s s e s  indeed  were a c t i v e  i n  l a t e  

Precambrian t i m e s .  The normal model i n v o l v i n g  r e a c t i o n  o f  l i g h t  

m e t e o r i c  waters  and h o t  i gneous  r o c k s  c o u l d  n o t  a p p l y  among t h e  

r e g i o n a l  metamorphic r o c k s  o f  t h e  Strangways Ranges ( F i g .  1) where 

t h e  l a r g e s t  number of l i g h t  oxygen r o c k s  have been found.  However, 

w e  have sugges t ed  e l sewhere  (Wilson and Raks i ,  1 9 7 7 )  t h a t  t h e s e  

m e t a s e d h e n t s  may have d e r i v e d  t h e i r  l i g h t  oxygen by r e a c t i o n  w i t h  

l i g h t  h i g h  l a t i t u d e  w a t e r s  t h a t  were h e a t e d  n o t  by igneous  a c t i v i t y  

bu t  by v i r t u e  o f  b e i n g  b u r i e d  i n  a deep a r t e s i a n  b a s i n .  S t u d i e s  a r e  

i n  hand t o  t e s t  t h e  r e a c t i o n  o f  t h e  90°C w a t e r s  i n  t h e  Grea t  A r t e s i a n  

Basin o f  A u s t r a l i a  w i t h  t h e  m i n e r a l s  of t h e  a q u i f e r s .  

The measurement of D/H ra t ios  of t h e  w a t e r  i n  whole r o c k s  and 

m i n e r a l s  w i l l  g r e a t l y  e x t e n d  t h e  u s e f u l n e s s  o f  t h e  180/160 o f  deep 

c r u s t a l  r o c k s .  Th i s  w i l l  e n a b l e  t h e  provenance o f  t h e  w a t e r  t o  be 

d e f i n e d  much more a c c u r a t e l y ,  a s  h a s  been done s o  e l e g a n t l y ,  f o r  

example, i n  many r e c e n t  s t u d i e s  o f  porphyry coppe r  d e p o s i t s  ( T a y l o r ,  

1 9 7 4 ;  Sheppard and T a y l o r ,  1 9 7 4 ) .  The a i m  o f  T h i s  approach w i l l  be l o  

s t u d y  t h e  f l u i d s  found i n  r o c k s  o f  t h e  deep c r u s t ,  and t o  t r y  t o  

d i s c r i m i n a t e  between j u v e n i l e ,  conna te  and m e t e o r i c  f l u i d s .  
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APPEPIDIX 1 

EXPZRIMENTAL TECHYIQUES 

M i n e r a l  s e p a r a t i o n s  were  nade  f rom t h e  s a n p l e  by s t a n d a r d  p e t h o d s .  

P a r t i c u l a r  care e n s u r e d  a t  l e a s t  9 9 . 9 4  p u r i t y .  

Oxygen was e x t r a c t e d  by means o f  t h e  bromine  p e n t a f l u o r i d e  (Br F5) 

method d e s c r i b e d  by  C l a y t o n  and I4ayeda ( 1 9 6 3 ) .  Our p r o c e d u r e s  d i f f e r  

from o t h e r  l a b o r a t o r i e s  i n  t h a t  no c o n v e r s i o n  o f  oxygen t o  c a r b o n  

d i o x i d e  i s  made, as has been  r e p o r t e d  i n  e a r l i e r  p a p e r s  (Wi l son  e t  al., 

1970 ;  Wi lson  & Green ,  1 9 7 1 ) .  

R e s u l t s  a r e  r e p o r t e d  a s  v a l u e s ,  d e f i n e d  as : 

16 16 = ”O/ 0 i n  t h e  sample ,  and RSr.Io~, l 8 0 / -  0 i n  S t a n d a r d  where Rsarnple 
Mean Ocean Water s t a n d a r d  ( C r a i g ,  1 9 6 1 ) .  

F r a c t i o n a t i o n s  be tween c o e x i s t i n g  m i n e r a l s  i n  t h e  same rock a r e  

rep=r : -e l  z s  C v a l u e s ,  2 e f k e d  as AA-F 122: Ir. Y A-F; - - jA - . he re  

i s  i h e  f r a c t i o n a i i o n  f a c t o r  f o r  t h e  c o e x i s t i n g  m i n e r a l s  A and B. A- B 
Our d a t a  a r e  t i e d  t o  SYO’.’ by  r e p e a t e d  a n a l y s e s  o f  VJ3S Ouar t z  2 8  

which we a r e  c u r r e n t l y  a c c e p t i n g  t o  b e  9 . 5 % 0  ( M a t s u h i s a ,  1 9 7 4 ) .  

Repea ted  a n a l y s i s  o f  many samples  i n d i c a t e s  t h a t  t h e  a p r e c i s i o n  i n  

o u r  6 v a l u e s  i s  a b o u t  2 0.05%, , 

c o e x i s t i n g  t r i p l e t s  of  opz, cpx  and  hbe  i s  0 .2  - 0 , 3 % 0 .  T h i s  

i n d i c a t e s  t h a t  f o r  some of  t h e  m i n e r a l  p a i r s  t h e  6 v a l u e s  o v e r l a p  a t  

t h e  2a o r  30 c o n f i d e n c e  l e v e l s ,  However, w e  a r e  s u r e  t h a t  t h e  

i;j tias r?.entioned on 2 . 7 ,  ?he g e n e r a l  l i f f e r e n c e  ir 6 v a l u e s  5etxeer 



_. i n d i v i d u a l  v a l u e s  a r e  m e a n i n g f u l l y  d i f f e r e n t ,  f o r  the same d i s c o r d a n t  

p a t t e r n  has now b e e n  n o t e d  for many coexisting t r i p l e t s .  
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DPLICATIOIiS OF PMSE EOUILIBRIA AND CHLMICAL P A M E T E R S  
FOR. THLT ORIGDJ OF ARCHJKEAN ULTRW4FIC A I D  IWFIC LATIAS 

P. Krishnamurthy 
Atomic Minerals Division, Begurnpet, Hyderabad 5 C O O l 6 ,  Ind ia  

Abstract  

Polybaric phase e q u i l i b r i a  o f  k o m t i i t i c  l i q u i d s  along with p o s s i b l e  upper 

mantle compositions i n  5F.e pseudo-quarternary Ca0-Mg0-A1 C -Si02 (CMAS) system 

indica te  t h a t  t h e  p a r e n t a l  rocks from which these l i q u i d s  were derived were 

probably r i c h e r  i n  CaO and hence i n  clinopyroxene than comparable source rocks .  

Available data  i n d i c a t e  t h a t  tF.e u l t r a n a f i c  and mafic l i q u i d s  or ig ina ted  a t  

c .  20-40 Kb ( c .  60-120 kn); a remaining problem r e l a t e s  t o  the  a v a i l a b i l i t y  o f  

higher  t e q e r a t u r e s  r e q - i r e d  ( c .  16CO-1700°C) t o  Frsduce t h e s e  l i q u i d s  a t  such 

depths. 

e s s e n t i a l  for t h e  p r e s e n a t i o n  o f  the  p r i n i t i v e  ck-aracter o f  these l i q u i d s .  

Consideration o f  major and ninor  oxide variaLion ol t h e  I tomt i iLic  s u i t e  

ind ica tes  t h a t  t h e  u l t r m a f i c  members may have been t h e  p a r e n t a l  l i q u i d s  t o  t h e  

b a s a l t i c  and/or The pgroxeni t ic  komaciites, and t h a t  f racc iona t ion  of o l i v i n e  and 

t o  a l e s s e r  ex ten t  clinopyroxene? orthopyroxene m y  have cont ro l led  such a n  

evopirtion. 

2 3  

Nelting a t  deeper l e v e l s  poses problems of quick t ranspor t  which i s  

A conrparat.ive study i s  m d e  o f  t h e  tex5ural  a d  chemical f e a t u r e s  of Archaean 

komati i tes ,  e s p e c i a i l y  b a s a l t i c  types , with those o f  non-cumulus and poss ib ly  

primary or pr imi t ive  p i c r i t i c  l i q u i d s  of younger age. (I) Falaeozoic b a s a l t i c  

komati i tes  o f  t h e  Rambler area,  Newfoundland, a re  c l o s e l y  comparable i n  compo- 

s i t i o n  r,.ith s i m i l a r  rocks of t h e  Archaean (mean o f  9: MgO Ih .21%,  Ti0 

CaO/A1203 = 1 ,  K20 0.1 2%), although they lack  t h e  s p i n i f e x  or quench tex tures .  

(2) P i c r i t i c  rocks o f  the  ~ o r t h  A-tlantic Prs r ince  (s-ch a s  ~ a f f i r i  say)  and t h e  

Karroo Province (Nuanetsi) a re  charac te r i sed  by s k e l e t a l  forms o f  o l i v i n e  

ind ica t ing  rap id  cooling or quenching, akin t o  the  quench t e x t u r e s  of k o m t i i t e s .  

-mereas t h e  former have chemical a f f i n i z y  Nizh komatiiLes, the  l a t t e r  a r e  r i c h e r  

i n  K and T i .  
2 3  

r a t i o s  ( i . e .  > I ) ,  but  un l ike  b a s a l t i c  komati i tes  they  are enriched i n  incompatible 

elements (e.g. T i ,  K and F) and have ev ident ly  undergone much more heat  l o s s  

before  er-irption beca.;se s p i n i f e x  t e x t u r e s  a r e  not developed a d  o l i v i n e  pheno- 

c r y s t s  are abundant. 

analogous t o  komati i tes  i n  chemistry (NgO > lo%, K20 < I % ,  Ti02 < 0.6$, CaO/ 
k l2O3  = 0.9-1.0). 

0.16%, 2 

(3) Deccan p i c r i t i c  b a s a l t s  c h a r a c t e r i s t i c a l l y  have high CaG/Al 0 

(4) Solonon Is land p i c r i t e s  lack s p i n i f e x  tex ture  but  a r e  

I 

(5) Among minor oxides, T i G 2  appears zo be very diagnos t ic  i n  
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d i s t i n g u i s h i n g  k o m a t i i t i c  from o t h e r  t ypes ,  a l though t h e  enrichment of minor and 

t r a c e  elements i n  u l t r a m a f i c  and mafic l i q u i d s  could be a t t r i b u t a b l e  t o  s e v e r a l  

f a c t o r s .  

Broad chemical s b i l a r i t y  between Archaean and y o m g e r  b a s a l t i c  k o m ' , i i t e s  and 

p i c r i t i c  rocks,  e s p e c i a l l y  o f  major elements,  suggests  t h a t  me1tir.g and c r y s t a l l i -  

s a t i o n  even t s  :hat produced t h e s e  rocks were r epea ted  throughout e a r t h  h i s t o r y ,  

whereas p e r i d o ; i t i c  I iomati i tes  a r e  xnique t o  t h e  Arckaean inp ly ing  t h e  importance 

of e a r l y  s t e e p  thermal  g r a d i e n t s  i n  % e i r  f o r n a t i o n .  

I N T m D U C T  I O N  

Seve ra l  i n p o r t m c  ques t ions  a r i s e  when we cons ide r  t h e  phase e q u i l i b r i a  and 

chemical f e a t u r e s  of Archaean u i t r a m a f i c  and l raf ic  l a v a s :  

p r e s s u r e  (depth)  and temperature  cond i t ions  o f  t h e i r  formaclon and ;he e x t e n t  

o r  degree of mel t ing of t he  s c a r c e  rock t o  produce l i q , i l d s  of ;his  type? ( 2 )  

What were t h e  source rocks from which. t h e y  might have been der ived and what a r e  

',he p o s s i b l e  r e s i d u a l  t ypes  a f t e r  t k e i r  e x t r a c t i o n ?  (3)  Are t h e s e  u l t r a b a s i c  and 

b a s i c  l a v a s ,  p r e s e n t l y  known by t h e  ',em k o n a z i i t i c  s u i t e ,  unique -co t h e  Archaean 

when compared -.rith younger p r imary  or v e r y  p r i m i t i v e  l i q u i d s  suck a s  t h e  non- 

c m d u s  p i c r i t i c  i ypes  from c o n t i n e n t a l  and i s l a n d  a r c  regions? (4)  Can any 

t e c t o n i c  s i g n i f i c a n c e  be a t t a c h e d  TO t h e  presence of such a rock s u i t e ?  

( 1 )  hkat  a r e  %he 

An at tempt  i s  made he re  t o  p rov ide  p o s s i b l e  answers t o  some o f  t h e s e  ques t ions  

from a c o n s i d e r a t i o n  o f  komatii:ic compositions f r o m  t h e  Archaean L e r r a i n s  of 

South. A f r i c a  ( V i l j o e n  and Vi l joen ,  1969), Canada (Arndt e t  a l . ,  1 9 7 7 )  and Western 

A u s t r a l i a  (Anhaeusser, 1971;  n'esbit', and Sun, 1976) a s  p l o t t e d  i n  e s t a b l i s h e d  

po lyba r i c  phase diagrams and i n  s imple oxide v a r i a t i o n  d i ag rans .  Non-cumulus 

p i c r i t i c  rocks o f  younger age,  which have been shown f r o n  n i n e r a l o g i c a l ,  chemical 

and phase e q u i l i b r i a  50 be e i t h e r  pr imary o r  v e r y  p r i m i t i v e ,  a t  l e a s t  - d t h  

r e f e r e n c e  t o  m a j o r  oxides ,  occur  ( s e e  Table 1 )  i n  t h e  Kvanets i  i n  sou',h.ern 

A f r i c a  (Cox and J m i e s o n ,  1974), t h e  Deccan Traps,  I n d i a  (Krishnamurthy, 1974; 

Krishnamurthy and Cox, 1977), t h e  a a f f i n  Bay a r e a  of e a s t e r n  Canada 

Western Greenland (Clark,  1970), and t h e  Kew Georgia a r e a  i n  t h e  B r i t i s h  Solomon 

I s l a n d s  (S tan ton  and B e l l ,  1969; Cox and B e l l ,  1 9 7 2 ) .  These a r e  compared with 

t h e  Archaean rocks t o  f i n d  t h e i r  comon  f e a t u r e s  i n  o r d e r  t o  b e t t e r  understand 

t h e  evo lu t ion  o f  t h e  Archaean rocks.  This  i s  relevan', t o  ',he concept of u n i -  

f ormit ar ianism.  

and 

It must b e  empkasised at t h e  o u t s e t  t h a t  t h e  o r i g i n  o f  t h e  Archaean u l t r a -  

mafic and rraf ic  s u i t e  cannot be t r e a t e d  i n  i s o l a t i o n ,  b u t  a s  par-c of the m 2 o r  

b a s i c  vo lcan ic  episode during t h e  Archaean. It i s  well known t h a t  bo th  t h o l e i i t i c  

Qr sub-a lka l ine  and c a l c - a l k a l i n e  types  of magmatism predominate i n  Archaean 

greenstone b e l t s  i n  d i f f e r e n t  p a r t s  o f  t h e  world, and t h e  p ropor t ion  among t h e s e  

of komatii-cic rocks,  e s p e c i a l l y  of t h e  u l t r a h a s i c  members, i s  i n s i g n i f i c a n t :  t h e y  



TARLE 1 .  Brief s u m m a r y  of t h e  sal~ient fea tures  of p i c r i t i c  Lypes 

Solomon I slancls 

Nuanetsi, Karroo 
Province. Tr iass ic -  
Lower J u r a s s i c  

Island arc 

Continental f lood 
basalL associa- 
t ion  (CFBA) ,  
Karroo voiccmic 
cycle 

Baffin Bay, Baff in  CFBA, NorLh 
Island i n  eas te rn  A t l a n t i c  Province 
Canada, anti Svartcn- 
huk Pcnirisula i n  
W. Crecnl and. Ter t ia ry  

Bore hole flows a t  CFBA, Drccan 
Dhandhuka, Wadhwan. Province 
Junct ion and Botad 
Deccan Traps, 
wes1,ern India  

Lava fl ows and 
t u f f s  

Phenocrysts of  o l i v i n e  (Fo i i9-8i i)  Possible  primary or 
up t o  5 rm a c r o s s  rind c l ino-  very pr imi t ive  uit,ra- 
pyroxenes i n  a grourithtss which mafic l i q u i d s  w i t k  c .  
i s  glassy t o  p a r t l y  c r y s t a l l i n e  15-20$ MgO (Stanton & 

Bell, 1969; Cox & 
H c l l ,  19'72) 

0livi.ne (E'o 78-71) c r y s t a l s  Pr imit ive or primary Lava fl.ows a 1  
the base of t,he usual ly  show skelcLa1 and embayed liquicls with c.ls-l8% 
succession form. Minor clinopyroxenn i n  MgO (Cox anti Jmieson ,  

slcelctal forms. Orthopyroxene 1974) 
phenocrysts (high pressure rcLics)  
mnt1.cd by cliriopyroxene over- 
growbhs; glassy Lo f i n e l y  c r y s t a i -  
1 ine  groundmas:; 

Lava flows Skcle ta l  crystals of  o l iv ine  
(Fo 90-88) ind ica t ing  rapid 
cool  i~ng ; c linnpyroxene s rare 

Possible  p r imary  
rilagmas Prom the 
upper mantle produced 
by c .30 Kb with c . 
1b-20$ MgO (Clarke, 
1970) 

P i c r i t i  c lava Equarit o l i v i n e  (Fo 80) pheno- Possible  primary or 
flows from bore crys1,s up t o  2 cm across  along 
holes associat,ed with v a r y k g  amounts o f  c l ino-  
w i t h  miliily a lka -  pyroxene; groundmass glassy t o  
l i n e  types, f i n e l y  c r y s  L a 1  l i n e  (Krishnmurthy, 1974; 
g e n e m l l y  a t  base 

o f  succession 1977) 

very pr jmi t ive  u l t r a -  
inafic l i q u i d  with a t  
l e a s t  16% MgO 

Krishnanurthy & Ccx, 

(N c> 
-1 



c o n s t i t u t e  l e s s  than 1 %  i n  t h e  Canadian Superior Province (A.M. Goodwin, pers .  

corn.) and i n  Western Aus t ra l ia  (Nesbi t t  and Sunn, 1976) and probably i n  South 

Afr ica .  

PHASE EQUILIBRIA 

There i s  general  agreement among e a r t h  s c i e n t i s t s  t h a t  t h e  upper mantle i s  

l a r g e l y  composed of  a p e r i d o t i t i c  type of  rock. Mineralogical ly  it comprises 

f o r s t e r i t i c  o l iv ine ,  orthopyroxene, clinopyroxene and an aluminous phase which 

may be plagioclase,  s p i n e l  or garnet  depending upon t h e  pressure  and temperature. 

Bulk compositions of such source rocks as wel l  as t h e i r  cons t i tuent  minerals can 

be shown t o  b e s t  advantage i n  t h e  pseudo-quarternary Ca0-Mg0-A1203-Si02 (GUS) 

system of O'Hara (1968). 

of l i q u i d s  r e s u l t i n g  from p a r t i a l  melting under varying pressures  along with 

t h e i r  poss ib le  course of descent .  

of  compositions o r  mineral phases which a r e  commonly present  e i t h e r  i n  t h e  

so l idus  or l i q u i d u s  phases i n  t h e  melt or i n  t h e  res idue  such as o l iv ine ,  

clinopyroxene or orthopyroxene) can be used t o  look i n t o  t h e  nature  of poss ib le  

l i q u i d  l i n e s  of descent a t  varying depths, t h e  probable na ture  of t h e  source 

rocks and t h e  r e s i d u a l  types r e s u l t i n g  from varying degrees of p a r t i a l  melting 

o f  t h e  source. 

The system can a l s o  show empir ica l ly  t h e  compositions 

Sub-projections within t h e  system ( e s p e c i a l l y  

Fig. 1 shows t h e  s a l i e n t  f e a t u r e s  of the  CMAS system and t h e  pos i t ions  of  t h e  

two sub-projections wi th in  t h i s  system used here .  Fig. 2 shows t h e  perspect ive 

view of  t h e  two  surfaces  or l o c i  o f  l i q u i d s ,  namely the  harzburgi te  and e c l o g i t e  

surface, which a r e  important i n  u l t r a b a s i c  and b a s i c  magma genesis  a t  higher  

pressures  ( c .  30 Kb), as wel l  as t h e  p o s i t i o n  of  t h e  t w o  poss ib le  source rock 

compositions f o r  which t h e  C a O / A l  0 

r e l a t i v e l y  r i c h  i n  clinopyroxene) or < 1 (composition 0, r e l a t i v e l y  r i c h  in 

garne t ) .  Also ind ica ted  is  t h e  poss ib le  composition of t h e  i n i t i a l  l i q u i d  

formed a s  a r e s u l t  of p a r t i a l  melting, and t h e  subsequent movement of t h e  l i q u i d  

as a r e s u l t  o f  increased or advanced s t a g e s  of melting. Melting starts when t h e  

temperature exceeds t h e  so l idus  and i n i t i a l l y  t h e  l i q u i d  so  produced i s  i n  

equi l ibr ium with a l l  f o u r  c r y s t a l l i n e  phases, v i e .  o l iv ine ,  orthopyroxene, 

clinopyroxene and garnet .  This i s  t h e  composition of t h e  l i q u i d  at  ' B f  i n  

Fig. 2. During subsequent s tages  as melting continues e i t h e r  garnet  or c l ino-  

pyroxene w i l l  be  t o t a l l y  consumed. For source rocks whose compositions l i e  i n  

t h e  c r i t i c a l  plane ( i . e .  t h e  plane containing o l iv ine ,  orthopyroxene and l i q u i d  B), 

t h e  l i q u i d  composition e s s e n t i a l l y  remains a t  B as melting proceeds. 

c r i t i c a l  plane a l s o  d iv ides  source rock compositions which a r e  r e l a t i v e l y  r i c h  

i n  A 1  0 

( i n  clinopyroxenes such as Z ) .  

f o r  source rocks such as 0 or Z i s  as follows. 

r a t i o  i s  e i t h e r  > 1 (composition 2, 
2 3  

The 

( i . e .  i n  garne ts  such as i n  0) from compositions r e l a t i v e l y  r i c h  i n  CaO 
2 3  

However, t h e  locus  of  l i q u i d s  which can be developed 



Fig. 1. The CaO-MgO-AbOo, -SiO, (GUS) system of  O'Hara (1969) showing t h e  
d i f f e r e n t  minerals involved, i . e .  o l iv ine  (Fo), e n s t a t i t e  (En), 
pyrope (Py), grossu lar  (Gr), sp ine l  (Sp) 
(Wo), kyani te  (Ky), calcium tschermackite (Ca T s )  magnesium tscher-  
mackite (Mg T s )  and quartz  (Qz), along with important planes of sub- 
pro jec t ions  within the  CMAS tetrahedron. 

a n o r t h i t e  (An), wollastoni te  



SiOx 

DIOPS 

Fig. 2. The upper p a r t  gives  a perspect ive view of the  harzburgi te  and e c l o g i t e  
surface.  BAED i s  t h e  locus  of l i q u i d s  i n  equi l ibr ium with o l i v i n e  and 
orthopyroxene (harzburgi te)  while t h e  shaded sur face  extending t o  the  l e f t  
of t h e  l i n e s  S-B-T i s  t h e  locus  of l i q u i d s  i n  equi l ibr ium with gasnet  and 
clinopyroxene (ec logi te )  ( a f t e r  O ' H a r a ,  1970).  The lower diagram i s  a pro- 
j e c t i o n  from o l i v i n e  onto t h e  p lane  diopside-enstatite-alumina showing t h e  
p o s i t i o n  of pos tu la ted  upper mantle compositions, i . e .  0 or Z, and t h e i r  
probable melting pa ths .  Clinopyroxene and orthopyroxene s o l i d  so lu t ions  a re  
a l s o  shown ( a f t e r  O'Hara, 1970; Cawthorn and Strong, 1974). 



For 0, which has  a C a O / A l  0 r a t i o  of < 1 and i n  which garnet  i s  more than  

clinopyroxene, clinopyroxene i s  t h e  first phase t o  disappear  and t h e  locus of 

t h e  l i q u i d ,  as melting proceeds, moves along the  p a t h  BW. During t h i s  s tage,  

once diopside i s  exhausted, garnet  s tar ts  going i n t o  t h e  l i q u i d  u n t i l  t h e  poin t  W, 

where it has a l l  gone i n t o  t h e  l i q u i d .  The successive r e s i d u a l  phases here  a r e  

garne t - lherzol i te ,  garnet-harzburgi te  ( g t  + opx + cpx), harzburgi te  (opx + cpx) 

and var ious r e s i d u a l  phases such as 0' and 0"; a l l  these  (B-0-0' or B-0-011) are 

co-l inear .  For a source rock composition Z, which has  a CaO/A1203 r a t i o  of  > 1 

and i n  which clinopyroxene i s  i n  excess o f  garnet ,  garnet  i s  t h e  f irst  phase t o  

disappear and as melting advances t h e  locus  of t h e  l i q u i d  moves along t h e  p a t h  

BY; a f t e r  garnet ,  clinopyroxene i s  gradual ly  exhausted u n t i l  a t  Y t h e  whole of 

it goes i n t o  t h e  l i q u i d .  

rock i s  melted a r e  garne t - lherzol i te ,  l h e r z o l i t e  and harzburgi te .  For any f u r t h e r  

increase  i n  temperature leading t o  s t i l l  higher  s t a g e s  of melting, e n s t a t i t e  

p r e f e r e n t i a l l y  goes i n t o  t h e  l i q u i d  and t h e  l i q u i d  compositions l i e  i n  t h e  cont ro l  

plane WXO or YNZ, t h e  l i n e s  jo in ing  t h e  res idue  and l i q u i d  invar iab ly  passing 

through 0 or Z.  

appears t o  be t h e  case with t h e  u l t r a b a s i c  members of the  komat i i t i c  s u i t e )  t h e  

residue invar iab ly  may be e i t h e r  harzburgi te  or between harzburgi te  and duni te .  

2 3  

The successive r e s i d u a l  phases when t h i s  type of source 

Thus, wherever a higher  degree of melting has taken p lace  (as  

Having seen t h e  poss ib le  l o c i  o f  l i q u i d  compositions during advanced s tages  

o f  p a r t i a l  melting from r e l a t i v e l y  CaO-rich and/or A1 0 - r i c h  source cornpositions, 

it i s  i n t e r e s t i n g  t o  t reat  t h e  n a t u r a l  corpos i t ions ,  i . e .  t h e  komat i i t i c  s u i t e  

of  rocks, i n  a similar p l o t .  This i s  done i n  Fig. 3 which shows t h a t  t h e  d a t a  

from South Afr ica ,  Western A u s t r a l i a  and Canada (Munro Township) seem t o  support 

t h e  p o s t u l a t i o n  t h a t  t h e  l o c i  of l i q u i d s  genera l ly  followed t h e  pred ic ted  p a t h  

o f  BYZ o r  away from it  towards t h e  c r i t i c a l  plane.  

probable r e l a t i v e  enrichment of t h e  source rock i n  CaO i s  provided by clinopyroxene- 

r i c h  nodules from t h e  Motsoku k imber l i te  p ipe  (Cox e t  al . ,  1973) (Fig. 3 )  and 

recent ly  reported 3.4 by o l d  s p i n e l  l h e r z o l i t e  containing as much as 35% of 

modal diopside (Basu and Murthy, 1977). 

s tage t h a t  t h e r e  a r e  wide v a r i a t i o n s  i n  t h e  modal percentage of pos tu la ted  

source rocks such as garnet  l h e r z o l i t e  and s p i n e l  l h e r z o l i t e  (Cox e t  al . ,  1973; 

Maaloe and Aoki, 1977); i n  t h e  l a t t e r  clinopyroxene predominates over sp ine l .  

Thus i t  i s  not  improbable t h a t  t h e  source rocks from which t h e  komat i i t i c  s u i t e  

w a s  derived were r e l a t i v e l y  r i c h e r  i n  C a O  and hence i n  clinopyroxene ( thereby 

giving a C a O / A l  0 r a t i o  of > 1 or n e a r l y  equal  t o  1 )  than c l o s e l y  comparable 

pos tu la ted  sources. However, t h e  p r e s e n t  scheme d i f f e r s  from t h a t  of Cawthorn 

and Strong (19711) i n  t h a t  i t  does not  imply a layered  mantle i n  which t h e r e  i s  

a clinopyroxene-rich l a y e r  a t  shallow depths. 

from t h e  f a c t  t h a t  t h e y  considered o h y  a l i m i t e d  number of  source rocks, all of 

2 3  

Further  support f o r  t h e  

It i s  p e r t i n e n t  t o  poin t  out a t  t h i s  

2 3  

Thei r  p o s t u l a t i o n  seems t o  arise 
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Fig 3 

En 
Di 5 0  4 0  3 0  20 10 MgSi03 

c-CaSioj W t .  % 

MODIFIED AFTER O'HARA (1968) a CAWTHORN AND 
STRONG (1974)C MC IVER (1975) 

Project ions from o l i v i n e  i n t o  p a r t  of  t h e  sysr;em CaSiO, -MgSiO, -Also3 
ind ica t ing  t h e  p o s i t i o n s  o f  t h e  pseudo-invariant p o i n t s  a t  var ious 
pressures  and t h e  l o c a t i o n  of t h e  komat i i t i c  compositions, p i c r i t i c  
l i q u i d s  and some pos tu la ted  source rocks. South Afr ica :  BB = Barberton 
type; BD = Badplass type; GL = G e l d  type; HO = Hoogenoeg meta- thole i i tes ;  
SA = Sandspruit u l t ramaf ic  type; MT = Onverwachr; meta- thole i i tes .  
W. Auszrzl ia :  W 3, W 5 ,  W 10 (Williams, 1972,  t a b l e  1, Nos.3, 5 ,  10) .  
k r r c  Tomskip: P (PyIte s', EL., :973 ,  t a b l e  1, ?:o. 3) Pkanerczclc 
p i c r i t i c  types:  G = Rambler a rea ,  Newfoundland (Gale, 1973).  Other 
samples, such as f r o m  Deccan (Krishnamurthy, 1974) and Baff in  Bay (Clarke, 
1970), p l o t  within the  shaded area.  
nodules from kimber l i tes  (Cox e t  a l . ,  1973; Nos. LMB 9, 36A, 27,  11); 
K 1 - K 2  = l h e r a o l i t e  and p e r i d o t i t e  nodules from kimber l i te  ( I t 0  & Kennedy, 
1968) ( f o r  r e f s .  t o  o t h e r s  see Fig. 4). The upper p a r t  i s  a pro jec t ion  
of t h e  above da ta  from o l i v i n e  i n t o  p a r t  of t h e  system C,A-M-S. 
encloses  t h e  pos tu la ted  upper mantle compositions ( a f t e r  Cawthorn & 
Strong, 197L; McIver, 1975). 

Upper mantle source rocks: Cl-Ch = 

UMP 
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which had i n i t i a l l y  low C a C / A l  0 

t h e  wider range  d e t a i l e d  h e r e  i n  a l a t e r  s e c t i o n .  It nay be p o s s i 5 I e  t h a t  under  

r e l a t i v e l y  sha l low d e p t h s  ( s a y  between 20-30 Kb) w i t h i n  t h e  s t a b i l i t y  f i e l d  o f  

s p i n e l - l k e r e c l i t e  m e l t i n g  of t h e  source  rock  took  p l a c e  r e s , A t i n g  i n  t h e  p a r e n t a l  

l i a -u ids  o f  t h e  k o m a t i i t i c  s u i t e .  Slipport f o r  such  a p o s s i b i l i t y  comes from t h e  

me l t ing  s t u d i e s  conducted by Nysen and Fhsh i ro  (1976)  on a shea red  C r e t a c e o w  

g a r n e t - p e r i d o t i t e  nodule  f r o m  2 k i m b e r l i t e .  They produced l i q u i d s  ana logous  t o  

p e r i d o t i t i c  k o m a t i i t e  a t  c .  2C Kb at  t empera tu res  o f  1700°C (anhydrous)  aqd l j j5 'C 

a t  1 6 O O o C ,  and 17jO°C wi th  I . %  ii20 i n  t h e  sou rce  rock .  

t o  any th ing  over  L j %  rxe l t ing  l e a v i n g  g e n e r a l l y  an o l i v i n e  o r  d u n i t e  r e s i d u e  ( s e e  

F igs .  21-25 and Table 16 of Mysen and Kushi ro ,  02.  c i t . ) .  T h e i r  work a l s o  s t r o n g l y  

suppor t s  t h e  csr,:entioti t h a t  p a r t i a l  me1tir.g o f  p e r i s o t i t e  ir, t h e  q p e r  x a q t l e  is 

c l o s e l y  approximated by e x p e r i n e n t s  i n  some s imple  sys tems such as t h e  CaSiO 

MgSi03-A1 0 (0s-WS-A) 
2 3  

Green (1975) p o s t u l a t e d  a s t e e p e r  geothermal  g r a d i e n t  d u r i n g  t h e  Archaean wi th  

a minimum dep th  of  C.  200 !a f o r  mant le  d i a p i r i s m ,  l e a d i n g  t o  u l t r a m a f i c  e x t r u s i o n s  

a t  t h e  s u r f a c e  at  1650f20'C. 

f r c m 4 c .  2 C O  kn ,  t hey  p a s s  t h r o u g t  a s t a g e  o f  10-2% m e l t i n g  i n  wh ic t  g a r n e t  i s  

s e l e c t i v e l y  l e f t  behind and o l i v i n e  and e n s t a t i t e  a r e  e n t r a i n e d  t o  h i g h e r  l e v e l s  

where h i g h e r  deg rees  of p a r t i a l  r . e l t i n g  ( c .  T w o )  ensue .  

in garnet n o t  on ly  y i e l d s  t h e  h igh  CaO/A1  0 

s u i t e s ,  as i n  South A f r i c a ,  bu t  a l s o  accoun t s  f o r  t h e  d e a l e t i o n  i n  heavy r a r e  

e a r t h  e lements  observed  i n  scze  p e r i d o t i t i c  e x t r u s i o n s .  Frcr. a c o n s i d e r a t i o n  o f  

r a r e  e a r t h  f r a c t i o n a t i o n  p a t t e r n s  i n  d i f f e r e n t  rr.elt f r a c t i o n s  ob ta ined  a f t e r  

me l t ing  a shea red  g a r n e t  p e r i d o t i t e  nodule  from a k i m b e r l i t e ,  Mysen and Hcl lovay  

(1976) q u e s t i o n  t n e  pr imary  n a t u r e  of some of  t h e  p e r i d o t i t i c  k o m a t i i t e s  as weii 

as some p i c r i t i c  r o c k s ,  s i n c e  both. a r e  s l i g h t l y  d e p l e t e a  i n  l i g h t e r  r a r e  e a r t h s  

r e l a t i v e  t o  c h o n d r i t e s .  T h e r e f o r e ,  t h e  p o s s i b i l i t y  t h a t  p e r i d c t i t i c  k o m t i i t e s  

were d e r i v e d  from s t i l l  more p r i m i t i v e  l i q a i d s  cannot  be r u l e d  ou t .  From r . e l t i n g  

and c r y s t a l l i s a t i o n  s t u d i e s  a t  v a r y i n g  p res s 'me  c o n d i t i o n s  (1 a tmosphere ,  10 k b ,  

20 kb, 30 kb and 40 kb)  Arndt (1976) concludes  t h a t  e i t h e r  p e r i d o t i t i c  k o m a t i i t i c  

l i q u i d s  a r e  minimm mel5ing components at  c .  50-60 kb ( o r  150-180 km) from 

p e r i d o t i t i c  source  r o c k s ,  o r  t h e y  r e s u l t  from h i g h  degrees  of m e l t i n g  of normal 

n a n t l e  o r  lower deg rees  o f  m e l t i n g  o f  mant le  m a t e r i a l  d e p l e t e d  e a r l i e r  i n  f u s i b l e  

co-m..ponents a t  c. 120 km. depth .  

r a t io s  ranging from 0.59 t o  0 .69 ,  compared wi th  
2 3  

These l i q u i d s  cor respond 

3- 

Xowever, d u r i n g  t h e i r  a s c e n t  on a d i a b a t i c  P-T p a t h s  

F r a c t i o n a t i o n  o r  d e p l e t i o n  

r a t i o s  observed  i n  some k o m a t i i t i c  
2 3  

Clarke  (1970) cons ide red  t h e  p i c r i t i c  rocks  of B a f f i n  Bay as p r i m a r y  magmas 

from 2 t r e a h e n t  o f  t h e i r  composi t ions  i n  t h e  CMAS system and of t h e i r  geochemis t ry .  

A dep th  of o r i g i n  of C.  100 hn and C .  2w0 m e l t i n g  of a g a r n e t - l h e r e c l i t e  was 

proposed. From h i g h  p r e s s u r e  p t a s e  e q u i l i b r i a  s t u d i e s  on p i c r i t i c  s w , p l e s  from 

t h e  Nuanets i  a r e a ,  Cox and Jamieson (1974) proposed sha l low d e p t h s  o f  o r i g i n  and 

ve ry  h igh  l o c a l  t he rma l  g r a d i e n t s .  I n i t i a l l y  t t e s e  p i c r i t i c  l i q u i d s  were i n  
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Scath Africa: Viljoen and 
Viljoen (1969) i n  Viswsnathan 
( tab le  111, 1974). 
IvIunro Township, Canada: 
Arndt ef al. ( tab le  7,  1977). 
Western Australia: 
Anhaeusser (1971) i n  
Viswenathan m d  Saniraran 
(tab19 11, 1973); Nesbitt 
and Sun ( tab le  I, 1976). 
India: s c l i d  dots suffixed 
with I-K o r  I-Ku, 
Viswanathan ( tab le  11, 1974). 
Phaqerozoic g i c r i t i c  
sanples: Baffin Bay 
(Clzske, t ab le  7 ,  1970); 
Deccan (Krisi-Jlanurt:?y, 1974; 
Krisnnamurtny aria Cox, 
t ab l e  5 ,  1977); Xuanetsi 
(Ccx, tab ie  2, 1972). 
R = Rznbler (Gale, t ab l e  1 ,  

PR = Puertc Rico; 
A 1  = Aleutianq Islands 
(Bxsks  am? Eazte, fable 1, 
1974); 
S = Solcrnon Islands 
(Stanton and Bell ,  t ab le  I ,  

1973)1 

1969) 4 

Upger mantle compositions: 
P = per idot i te  (Nockolds, 

Rin Glik = range of 
compositions i n  15 garnef 
l he rzc l i t e  i n c h s i o n s  i n  
k inbe r l i t e  (Carswell end 
Dawson, tab le  3, 1970); 
AV-GLIK = average of the  
ab oxre ; 
KA = l be rzo l i t e  ccchles 
based on FgO/ZFeO r a t i o  
(Kuno and Aoki, t ab le  16, 
1973); 
D.-KA = postulated 
primitive upper mantle 
source (Kunc and Aoki 
tab le  17, So PL, 1970j; 

1954); 

Fig. 4. Variation of scne major and ninor oxides with It80 as an index of 
evoht ion .  
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Py I11 = pyrolite I11 
(Ringwood, 1966); 
H = Harris (1967); 
W = White (1967); 
N = Nicolls (1967); 
NOS.7,2,4-6 = compositions 
of the upper mantle 
estimated from the major 
element oomposition and 
modal percentage of 
constituent minerals 
(Maaloe and Aoki, table 2, 

triangles plot the experi- 
mentally melted sheared 
garnet peridotite and the 
peridotitic komatiitic 
compositions of Mysen and 
Kushiro (1976). 

AOT and ACT are average 
olivine tholeiite and 
average tholeiite, 
respectively (Manson, 

1977) ; 

1967, P* 217). 

Olivine, clino- and ortho- 
pyroxene compositions from 
Arndt et al. (tables I1 & 
111, 1977); Krishnamurthy 
and Cox (tables 1 & 2, 1971 
Kuno and Aoki (table 13, 
c o l ~ s  2,9,12-14, 1970); 
Deer et al. (table 2, 
Nos* 3,496, 1963). 

Fig. 4b. Variation of some major an8 minor oxides with M g O  as an index of 
evolution. 
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equilibrium with olivine and orthopyroxene at C. 35 km (c. 12 kb), then they 

ascended to a depth of 18 km (c. 6 kb) fractionating olivine and orthopyroxene, 

followed by rapid eruption. Initiation of the Karroo volcanic cycle in general 

and the eruption of the picritic rocks in particular has been attributed to the 

uprise of mantle material to such shallow depths during the initial stages of 

the break up of Gondwanaland (Cox, 1972). From phase equilibria and chemical 

features a depth of C. 100 km was proposed for the parental liquids of the 

picritic rocks of the Deccan (Krishnamurthy, 1974). 
Thus, taking into consideration evidence by different workers for the depth of 

formation of these ultramafic and mafic liquids, it appears that the depth of 

equilibration could have varied depending upon the local tectonic and thermal 

framework from 12 Kb (as at Nuanetsi) to as high as 40 Kk (as suggested by 

Arndt, 1976). 
obtain compositions akin to peridotitic liquids and quick transportation of 

these melts with very little modification to the surfa:e. Steeper geothermal 

gradients and shallower depths coupled with triggering by meteoritic impacts 

(Green, 1972) may provide a comparison for some of the Archaean occurrences. 

CHEMICAL CONSIDERATIONS 

A crucial factor is the temperature required (1600-175ooc) to 

Major and some minor oxide variations of the Archaean komatiitic suite from 

Western Australia, Canada and South Africa are plotted in Fig. 4 along with 
Phanerozoic non-cumulus picritic rocks. Postulated upper mantle source rocks 

are also plotted along with olivine, orthopyroxene and clinopyroxene, which are 

important either as liquidus phases during cooling or in the source rock. 

Several important features emerge from such a treatment. 

The broad chemical similarity between the komatiitic suite and the non-cumulus 

picritic rocks with reference to certain major oxides (i.e. Si02, A120j, CaO, 

FeO+Fe 0 ) can clearly be seen. 
2 3  

K20 and Ti02), using the revised criteria of Brooks and Harte (1974) and Arndt 
et al. (1977), there are some similarities as well as differences. 

similarities are valid with regard to samples from Baffin Bay, the Solomon 

Islands and from sundry localities such as the Aleutian Islands and Puerto Rico. 

Olivine control for the peridotitic komatiites can clearly be seen in the 

With regard to certain minor oxides (i.e. 

The 

plots of CaO and A1203, for the Western Australian and Munro Township occurrences, 

whereas the South African samples seem to have been influenced by some clino- 

pyroxene and orthopyroxene fractionation. This feature for the South African 

occurrence was pointed out  by McIver (1975) using the various sub-projections 

within the CMAS system of O'Hara (1968). 

M g O  level can also be seen in the Munro Township samples. 

Clinopyroxene fractionation at C. 15% 

The SiO variation shows a scatter generally away from the olivine-clinopyroxene 
2 

join which may be attributed to the influence of these phases. Total iron for 



most of the samples remains at the 10-12% level for the braod range of M g O  

values from 35-102, indicating the non-participation of magnetite or ilmenite 
in their evolution. It is interesting to note that the peridotitic komatiitic 

compositions obtained from an experimentally melted garnet peridotite at 20 Kb 

and at temperatures varying from 16OO0C to 175OoC under anhydrous and hydrous 

conditions (Mysen and Kushiro, 1976) are rather rich in iron compared with the 

natural samples, inspite of about 20% iron loss during runs at 20 Kb. 

reported basaltic komatiitic compositions from Kolar and Kulamara (Viswanathan, 

1974) are also richer in iron than comparable types. 

The 

Ti0 varies from c. 0.2% (in the peridotitic types) to C. O.@, the higher 
2 

values being characteristic of the basaltic komatiites. Some picritic rocks 

from the Solomon Islands, Aleutian Islands and Puerto Rico also have low Ti0 

values at comparable stages of evolution. Basaltic komatiite from the Rambler 

area, Newfoundland, appears to have the lowest Ti0 

Deccan picritic rocks from the Dedan area have relatively low Ti02 contents 

(c. 1%) when compared with the majority (Krishnamurthy, 1974). 
the komatiitic suite as a whole, and particularly in the peridotitic and 

pyroxenitic types, are low (less than 0.15%), and some of the Baffin Bay picrities 

have comparable values. However, the picritic rocks from the Deccan, Solomon 

Islands and Nuanetsi have increasing amounts of K 0, even at a particular stage 
2 

of evolution, as at the 10% MgO level. 

(average of 47) show maxi.mum values of K 0 at c. 15% MgO level. 

incompatible minor and trace elements in basic and ultrabasic magmas has been 

dealt with by a number of workers and may be explained by a variety of possible 

factors, such as source rock heterogeneity, mantle wall-rock reaction, degree 

of melting and crustal contamination (Jamieson and Clarke, 1970). 

CaO/Al=O; ElATIOS 

ratios (normally 1 and. above) form an important 

criterion for distinguishing rocks of komatiitic chemistry in South Africa 

(Viljoen and Viljoen, 1969), subsequent workers from other Archaean areas 
Nesbitt and Sun, 1976; Arndt et al., 1977) have pointed out that a ratio 
or even slightly less than 1 is also equally characteristic of this suite of 

rocks. It can be seen from Fig. 4 that the South African samples are characterised 
by higher ratios, whereas those from Canada and Western Australia are closer to 1. 

Picritic rocks from Baffin Bay, the Solomon Islands and the Deccan have comparable 

ratios, although the Deccari picrites consistently show ratios of slightly more 

than 1. ratios in this suite of rocks is because 

CaO and A1 0 behave like incompatible elements under high degrees of melting 

and in a way reflect the CaO/Al 0 

a measure of the fertile or barren nature of the source. Postulated source rock 

2 

content (0.16%). Some of the 
2 

K20 contents in 

The picritic rocks of the Nuanetsi 

2 Enrichment of 

Although high CaO/Al 0 
2 5  

around 1 

The importance of CaO/Al 0 
2 3  

2 3  
ratios of the source rocks, and also provide 

2 3  
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compos i t iom g i v e  a range  o f  C a O / A l  0 r a t i o s  va ry in& from C. 0.6 t c  1.2 ( s e e  

Fig.  4), and hence t h e  h i g h e r  CaO/Al  0 r a t i o s  i n d i c a t e  t h e i r  enr ichment  c r  

o the rwise  ir. t hese  coxpcnents .  -“urtherrnore, t h e  h igh  CaO/Al  0 r a t i o  of t h e  

South Af r i can  rocks  has  been a t t r i b u t e d  t o  s e l e c t i v e  removal o f  g a r n e t  d u r i n g  

t h e  e a r l y  s t a g e s  of a d i a b a t i c  d i a p i r i c  u p r i s e  of mant le  m a t e r i a l  from C. 200 h 

dep ths  (Green, 1975). Thus f r a c t i o n a t i o n  o f  mine ra l  phases  d u r i n g  aagma u p r i s e  

en r o u t e  t o  t h e  s u r f a c e  can  a l s o  cause v a r i a t i o n s  o r  i n c r e a s e s  i n  t h e  CaO/Al  0 

2 3  

2 3  

2 3  

2 3  
t i o n ,  N e s b i t t  a . d  Sa (1976) p o i n t  o u t  t h e  s t rong p o s s i b i l i t y  of 

nor.-isochemical netarrorpkisr.  for i n c r e a s e 6  C a O / A l  0 

los t  and Ca nay be gaineci. 

rat ios ir. i s o l a t e d  ‘ sa se . l t i c  t y p e s  co .dd  also be due t o  s e v e r a l  f a c t o r s ,  s ’ x h  as ,  

f i r s t l y ,  f r a c t i o n a t i o n  and accwnu la t ion  o f  c l i n o p y r o x m e s ,  alurr.inous phases  

( i . e .  g a r n e t  o r  s p i n e l )  b e i n g  l e f t  behind  as r e s i d u e s  i f  t h e  b a s z l t i c  t y p e s  

tkense lves  a r e  par t ia l  n e l t s  r e p r e s e n t i n g  lower deg rees  o f  n e l t i n g  of t h e  soliroe 

( l e s s  than 2@);  and ,  s econd ly ,  e c l o g i t e  f r a c t i o n a t i o n  o f  t h e  p r i m i t i v e  p a r e n t a l  

l i q J i d  f ro r ,  which t h e  b a s a l t , i c  t ype  was p o s s i b l y  de r ived .  

r a t i o s  o f  t h e  w?.ole s u i t e  shou la  be t a k e n  i n t o  c o n s i d e r a t i o n .  

r a t i o s  i n  which A 1  can be  
2 3  

Eowever, i t  must be r a t e d  t h a t  h i g h e r  C a O / A l  0 
2 3  

~ J S  t h e  C a O / A l  0 
2 3  

An i z p o r t a n t  p o i n t  which emerges f rom t h e s e  chemical c o n s i d e r a t i o n s  i s  t h a t  

i n  t h e  Phaqerozoic  t h e r e  i s  a p a u c i t y  of l a v a s  a k i n  t o  p e r i d o t i t i c  k o m a t i i t e s ,  

o r  such t c e s  have n o t  y e t  been r e p o r t e d .  Kost o f  t h e  pr imary  o r  ve ry  p r i m i t i v e  

p i c r i t i c  l i q u i d s  have K g O  c o n t e n t s  i n  t h e  range  75-2q0, and rr.ore b a s i c  compo- 

s i t i o n s  t h a n  t h i s  w i t h i n  a p a r t i c u l a r  s u i t e  rray have been i n f l u e n c e d  by o l i v i n e  

accurr.ulation f r o x  t h e  l5-2@ l i q u i d s  because of t h e  r e l a t i v e l y  s lower  r a t e s  o f  

c o o l i n g  ir. s m e  o f  t h e  p i c r i t i c  t y p e s  when compared w i t h  t h e  k o m a t i i t e s  i n  t h i s  

YgO range .  These yourge r  p i c r i t i c  1iquAds a p p a r e n t l y  r e s u l t e d  through r e l a t i v e l y  

lower deg rees  o f  me l t ing .  N e s b i t t  and S m  (1976) proposed 3@ melting f o r  t h e  

most p r i m i t i v e  Uaf f in  Bay p i c r i t e s  c o n t a i n i n g  C. 18-2@0 N g O ,  and f o r  t h e  n o s t  

p r i m i t i v e  l k c c a n  p i c r i t i c  r o c k  (c .  1 6 - 1 s  Y g O )  t h e  e s t i m a t e d  degree  o f  m e l t i n g  

i s  around 2% ( K r i s h m m t h y ,  1974). Therc fo ra  2O-3@ m e l t i n g  o f  t h e  s o w c e  

r o c k  coul f i ,  i n  g e n e r a l ,  account  f o r  t h e  major elen.ert  c h a r a c t e r s  of t h e s e  

yourger  p r i r r i t i v e  o r  p r imary  l i q u i d s  when compared wi th  t h e  g e r i d o t i t i c  k o m a t i i t e s  

which a n p a r e n t l y  r e s u l t  f r o m  more t h a n  45$ m e l t i n g  ( c f .  Yusen and Kushi ro ,  1976).  

Thus it  appegr s  t h a t  t h e  t h e m 1  g r a d i e n t  was s l i g h t l y  lower i n  t h e  Phanerozoic  

cornpared w i t h  t h e  Archs.een. 

An impor t an t  a s p e c t  which s e e a s  t o  a r i s e  from bo th  t h e s e  phase e q u i l i b r i a  a n d  

chemical pa rame te r s  i s  t h a t  g iven  a f e r t i l e  s o w c e  rock  o f  2 p a r t i c u l a r  t y p e ,  s a y  

g e r n e t  o r  s p i n e l  l h e r e o l i t e ,  it i s  on ly  t h e  deg ree  o f  m e l t i n g  which appea r s  t o  be 

v e r y  irr.pcrtm.t and wkick i n  t u r n  depends e s s e n t i a l l y  on t h e  t empera tu re  a v a i l a b l e  

above t h e  s o l i a u s , r e s u l t i n g  i n  mnf ic  o r  u l t r m f i c  l i q u i d s  which a r e  b road ly  

comparable D i f f e r e n c e s  i n  minor and 

t r a c e  element chemis t ry  w i t h i n  and between t h e s e  s u i t e s o f  rocks  a t  corcparable 

w i t h  r e s p e c t  t o  rr.ajor e lement  composi t ions .  
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Fig.  5 .  Schematic diagram showing t h e  broad r e l a t i o n s h i p  between b a s i c i t y  o f  
erupted l i q u i d s  and decreasing age. MgO contents  o f  t h e  l i q u i d s  and t h e  
temperatures needed t o  produce these  a r e  very approximate. A sirrrpiified 
c l a s s i f i c a t i o n  of the  erupted products  i s  a l s o  given. 



321 

s t a g e s  of e v o l u t i o n ,  s s y  on a n  MgO i n d e x ,  m y  be a t t r i b u t a b l e  t o  s e v e r a l  f a . c t o r s  

such as degree  of  m e l t i n g ,  h i g h  p r e s s u r e  f r a c t i o n a t i o n ,  rnantle wall rock  r e a c t i o n  

on c r u s t a l  con tamina t ion  ( Jamiescn  and C la rke ,  1970; Harris e t  ai., 1972; Sun 

znd N e s b i t t ,  1977) .  A d d i t i o n a l  problems posed i n  t h i s  con tex t  a r e  e f f e c t s  of  

wea the r ing  and metamor2hism on t h e  chemis t ry ,  e s p e c i a l l y  wi th  r e g a r d  t o  minor 

and t r a c e  e lements  such as K ,  Ba, Sr, Rb, e t c .  (Condie,  1976).  

Cons ider ing  tha t  p e r i d o t i t i c  o r  p i c r i t i c  t y p e s  a r e  v e r y  minor i n  e rup ted  

sequences as a whole,  whether ir. t h e  Archaew. o r  t h e  Phaneroaoic ,  i t  appea r s  t h a t  

c e r t a i n  f t e r m a l  r eg imes ,  a p p a r e n t l y  c y c l i c a l  i n  n a t u r e ,  a r e  of r a r a m o m t  

impor tance  i n  t h e i r  fo rma t ion .  Th i s  i s  shown schematica1I.y i n  F ig .  5;  t h e  

a v a i l a b l e  d a t a  sugges t  t h a t  p e r i d o t i t i c  komat i i5es  a r e  unique  t o  t h e  fnchaean ,  

whereas t h e  lower nagnes i an  types were r e p e a t e d l y  el-upted i n  t h e  Phanerozoic  i n  

a s s o c i a t i o n  wi th  major  episocies of b a s a l t i c  vo lcanism.  

F inaLly ,  p l a m i 3 l e  answers t o  some of t h e  q u e s t i o n s  r a i s e d  h e r e  o e :  (1 )  

P e r i d o t i t i c  k o m t i i t e s ,  which a r e  m o s t  p robab ly  p a r e n t a l  t o  t h e  k o m a t i i t i c  

s u i t e ,  may have o r i g i n a t e d  a t  d e p t h s  of c. 60-120 Lm ( c .  20-40 kh)  a t  C. 1600- 

1 7 5 @ * C ,  as a result  o f  h i g h  degrees  ( g r e a t e r  thar.  4.5%) of p a r t i a l  melting. 

The source  r o c k  i s  n o s t  p robab ly  a k i n  t o  shea red  g a r n e t  p e r i d o t i t e  nodu les  i n  

k i m b e r l i t e  i n  which t h e  c l inopyroxenes  a r e  p o s s i b l y  i n  excess  of g a r n e t  o r  

s p i n e l .  

t y p e s  ana logous  t o  b a s a l t i c  k o m a t i i t e s  were r e p e a t e d l y  formed i n  younger t imes ,  

(4) Cons ide r ing  t h e  f a c t  t h a t  r o c k s  a k i n  t o  b a s a l t i c  k o n a t i i t e  occur  i n  younger 

and d i f f e r e n t  t e c t o n i c  envi ronments ,  t e c t o n i c  models u s i n g  o r  based  on t h e  

p re sence  o f  t h e  k o m a t i i t i c  s u i t e  appea r  t o  be o f  l i m i t e d  va lue .  

( 2 )  

( 3 )  P e r i d o t i i t i c  k o m a t i i t e s  appea r  t o  be unique  t o  t h e  Archaean, whereas 
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Abstract 

Th.e lithological sequence in the Bababudan schist belt, Karnataka, represents 

a late Archaean/early Proterozoic volcano-sedimentary association. 

volcanic suite, the dominant unit of the sequence, is mainly a bimodal (basalt/ 

basaltic andesite-rhyodacite) suite with low to moderate potash of tholeiitic 

association. It displays a mineralogy characteristic of the greenschist facies 

of regi.ona1 metamorphism. 

normative character as a result of secondary enrichment of soda. These rocks show 

(significantly) low Cr, Co and Ni concentrations unlike most Archaean/Lower 

Proterozoic metatholeiites and Phanerozoic oceanic tholeiites. 

be attributed to the degree and na.ture of differentiation of the Bababudan melt 

involvi.ng an early segregation of the >@-rich 

The meta- 

The mafic metavolcanics in some places show nepheline 

This anomaly may 

silicate phases. 

The differences in the chemical characters of the Bababudan and the younger 

Chitradurga metavolcanic suite can be attributed to the differences in their 

environmental. conditions of extrusion, implying that the respective parental melts 

had broadly comparable compositions. The chemical data point to the possibility 

of a cather coeva.1 but spatially different evolution of the Bababudan and 

Chitradurga sequences in the geosynclinal piles of the Dharwar craton. 

INTRODUCTION 

Geochemical studies on mafic and ultraniafic rock associations have assumed 

great significance as they impart information on the physicc-chemical conditions 

under which they were emplaced and help in OUT understanding of the processes of 

crustal evolution. 

and ultramaflc rocks pertaining to a wide span of time from the early Archaean 

to the late Proterozoic, and a systematic study of these will assist in the 

elucidation of the early history of the earth. 

The greenstone belts of the Dharwar craton preserve mafic 

The Bababudan schist belt, in the west central part of sou.thern Karnataka, 

preserves an interesting late Archaean/early Proterozoic volcano-sedimentary pile. 

The metavolcanics of this sequence are the largest single m d  (probably) the 

thickest of the metavolcanic suites in the craton. 

of the region (summarised in Pichamdthu, 1955, 1974) concentrated on aspects of 
Previous work on the geology 



I Lingodoholli 
mrtovolconicr 

Younger metoredimentr 
Metosediments of iron formation 
a FeIsic mrtovolconics 
1 Mofic  to intermediote metavokonicr 

Fig. 1. A geological  outcrop map of t h e  Lingadahal l i  and Santevery a reas  
i n  t h e  e a s t e r n  p a r t  of Bababudan s c h i s t  b e l t  (ou t l ine  o f  t h e  b e l t  
shown i n  t h e  i n s e t ) ,  Karnataka, Ind ia ,  with sample loca t ions .  



the iron formations in the belt. 

generally referred to as the 'Lingadahalli (LH) and Santavery (SV) traps', has 

not been studied in detail. In an effort to bridge this gap in o m  knowledge, 

samples were collected from the region around Lingadahalli and Santavery and 

studied for their petrography and geochemistry (Fig. 1). 

The geochemistry of associated metavolcanics, 

We present o w  analyses here and compare them with those of metavolcanics from 

the other Archaean and early Proterozoic schist belts of the Dharwar craton and 

with their analogues from other shield areas. With the help of data on basaltic 

rocks from different geological settings and ages, an attempt is made to under- 

stand the late Archaean/early Proterozoic crustal development in the Indian 

Peninsula. 

GENEElilL GEOLOGY 

The stratigraphic position of the Bababudan sequence in the Dharwar stratigraphy 

was discussed by several workers, but some of the recent work, applying modern 

concepts to the problem of greenstone belts (Radhakrishna, 1967; Srinivasan and 
Sreenivasa, 1972, 1975; Swami Nath et al., 1976; Radhekrishna and Vasudev, 1977) 
are pertinent to our objective. 

Archaean/early Proterozoic position of the Bababudans in the Dharwar craton. 

Swami Nath et al. (1976) consider the sequence represents a 2600-2700 my old 

shallow water platformal association constituting the lower part of their "Dharwar 

supergroup". A generalised lithological succession in the Bababudan belt after 

Swami Nath et al. (1976) is: 

There is general agreement with regard to a late 

Approx. 
thickness 

m 

Chemical precipitates and Chloritic argillites 
ewetic shales Iron formations 

Chloritic argillites 250 
Mainly volcanic 
sequence 

Mafic platformal 
sequence 

Mafic to felsic 
metavolcanics 600 

Amygdaloidal metabasites 
interbedded with current 
bedded and ripple marked 
quartzites, chloritic 
schist 3 50 
Basal oligomictic 
conglomerate 
(pyritiferous and 
uraniferous) 

- - - - - - - - - - U N C O N F O R M I T y - - - - - - - - - - - -  

Granites and nigmatites 

The succession commences with a quartz-pebble oligomictic conglomerate horizon 

exposed extensively along the southeastern margin of the Bababudan schist belt. 

This important basal conglomerate horizon in the Dharwar craton contains detrital 
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pj?ite and urariinl t e  suggestive cf an anoxygeric a t a o s p h e r i c  cocdicicn &;iring i t s  

deposi t ion.  It i s  c l c s e i y  assoc iz ted  <;;it12 t h e  o t h e r  rock  sy2es of t h e  platformal  

sequence t n a t  irclude several c y c l < c a i l y  repea tee  volcanic and sedilentar; .  

h o ~ . i z o n s  greding ;p-+:azhs i n  t k  sLocession t c  an e s s e n z i a l l y  ;rolcenic seq-ience 

ccmprising nafic-felsic m t a v a l c a n i c s  (LK and SV t r z p s ) .  

eve r l a i r .  ;y a netasedinenfar, assemhlage of xainiy i r o n  fs-rmaticns (kan6ed 

ferr:ginous qJ . a r t z i t ee  and q - x i r t z i t e s )  that SeeT t c  ccciipy oez ta ic  i s c l a t e c  

basins  ;n the  'rietavoicarLc p1a:icrm'. Carbonaceous m t a s e d i n e n t s  a r e  co-no>ic-io-ce 

by t h e k  a3seKce. 

The ne tavc lcenics  are 

'The sequence s u f f e r e d  at lea . s t  two phases o f  defermation. Ses-eraJ phases o f  

ig-neo-us LnzrusiDn are r ep resen ted  by tykes and erentiased. sills. 

Srir-ivasan arid. Sreenivas (1572, 7975), cr. t k e  ritn-er hand, c o c s i d e r  t h e  sequence 

reFreser,ts the  pregecs;inclii-.al phase o f  ';he '3l?ari;ars1, sr.6 suggest tkat  the LH 

and SV t raFs  ccns-t i k t e  s?.e p-regeosjzc;inal rrafic p l a t f o r m  ox j n i c n  tl-e neta- 

sediments .+:ere k i . 6  i n  a sukzerial  t o  shal lcw serine envi roment .  

C-ETTE;;AL, C ~ C T E R I S T I C S  OF EiE: ;~ETBVOLCA:TICS 

The LIT and SV rr.etavolcanics cf  t?.e zairi volcanic seqcence (3ig. 1) va,rg f r o n  

fine-grained nassive zc nedi-m.-graineci grairdar and are :cr tb.e nost p a r t  ary-gdal- 

cidal. 

b e t  we en Liiigadahalli and Ka,ilatk.ipiira. I)i l l c w  and v a r i  c li t i c s t ruexiire s iwere r.ot 

observed i n  tlie a rea  i n v e s t i g a t e d  but o m  instance of pil1c:Li lavs xas reporseci 

c .  12 ; r i l e s  SI: o.€ Sartavery (Pichanutku, 1957) .  Several t - j f faceous end a few 

p:iycl-.leritic ou tc rops  were enca ix t e red  a:ia an e f f c r t  i s  -xdervay  tc decipher the  

var ious flows. The areal extent a.nd t h e  physical  c:iaracters ir.entioned a'ccve 

351; ins tances  o f  c o l w m a r  :oint ing (pre6.cminently s i x - s i i e d )  are encountered 

are s-;ggesxi-,~e o:̂  c--iic-^: ,-.,dULia.- - :: slca;;c:.: z e r i r e  co-cd::isr,s of ex:r:;sLor.. 

The rocks  ivar; ir, ccnpos i t i cn  f r o m  1.g-rich h a s a l t s  t c  rhyodeci5es. Cur data  

indicete tha? +he suite is essen t i a l ly  a bixocial  n a f i c  ( t a s a l t / j a s a i T i c  a n t e s i t e ) -  

felsic ( rhyocac i te )  essociatice.  The cicninant rock  t;pe i s  a b a s a l t i c  a r i e s i t e  

closely associate6 xish  the k a s a l t i c  and metapyroxenite ( ? i c r i t i c ? )  variants. 

The f e l s i c  corponenf o v e r l i e s  the xefic flo.+!s at several  places around Santa-erg- 

and i s  generall:: nicro-por>n;-ri t ic x L z h  a c i d i c  p lag icc lase ,  qu ,T tz ,  chlorize and 

car8onat-s. 

;*I ineralogical ly  the vk.ole s E i s  an assemblage c h a r a c t e r i s t i c  cf the green- 

s c h i s t  f a c i e s  o f  r e g i o r d  netenorphisn, dominated by  cklorite, quartz, inagnetite 

( o r  i h e r i i t e ,  nexas i te  a id  ?J-L.ite), a c s i n c l i t e  an3 spidctes (mainly epidote, 

c i i r .ozois i te ) .  

saussuri'isation. The zineralog:: c: n a f i c  ard i n t e r z e 6 i a t e  rocks from a regi.-n 

around Santaverj- i s  s ix i la r  to t h a t  o f  spilites: c h i c r i t e ,  ? l a g i o c i a s e ,  3_uartz, 

carbonates, hemat i t e ,  ?;-rite, e t c .  1 e r ~ ' T p i t i e  an3 r e l i c t  o p h i t i c  textures are  

co~m3n a15 m l c r o v a r i o l i t i c  and crude f l u i d a l  t e x t - z e s  a r e  seen i n  a few sec t ions .  

~n p i a c e s  the  retavc1car:ics sufrezed i r z e c s e  c a r b o n i t i s a t i o r  and 
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PETROCHEMISTRY OF BABABUDAN METAVOLCANICS 

We consider here  major and t r a c e  element analyses  o f  thi- ty-s ix  mafi.c and 

intermediate  rocks. 

( a f t e r  Shapiro and Branock, 1962) and t r a c e  el.ements by emission a r c  spectrogcaphy. 

Cetai.ls of t h e  methods a r e  summarised. i n  Naqvi a n d  Hussain (1972; Geochemistry 

Group 1977). 

depicti.ng percentrage frequency d i s t r i b u t i o n s  (Fig. 2) .  

aroun,d Santaxery (SV) and near  Lingadahal l i  (LH) a r e  represented separa te ly  

fol.lowing a t e n t a t i v e  grouping, main.ly t o  p r o j e c t  t h e  e x i s t i n g  chemical diss imi-  

l a r i t i e s  among them. 

CaO contents  i -e la t ive t o  t h e  LH samples. 

Major  element oxides were est imated by wet r a p i d  methods 

The v a r i a t i o n  i n  t h e  concentrat ion of scme c o n s t i t u e n t s  i.s shown by hi.stograms 

Samples from a region 

The SV samples show enriched. Na20 (up t o  8 ~ 5 % )  and depleted 

This  charac te r  znd the  xinezalogy of 

20 
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Fig. 2. Histograms f o r  t h e  Bababudan metavolca.nics depic t ing  percentage frequency 
d i s t r i b u t i o n .  
a l k a l i c  LH samples (broken l i n e s )  a r e  represented sepamte ly .  

The s0d.a-enriched SV (cort inuous l i n e s )  and t h e  sub- 



t h e  SV rocks conforms t o  those of s p i l i t e s  as suggested by F i a l a  (1974).  

Average analyses  presented i n  Table 1 (along with the  range) incorporate  a 

considerat ion of Si02 w t  $ (CIPW normative composition, see Fig. Z ) ,  a n d  t h e  

s p i l i t i c  charac te r  (Fa 0 w t  ’$ more than 4.70, and t h e  t n i c a l  mineralogy 

descrihed i n  t h e  previous sec t ion)  of the  metavolcariics. 

included i n  t h e  special  publ ica t ion ,  Geochemistry Grcup 1977, t a b l e  3a, pp. 8-11. 

2 
The anal-yses a r e  

A majori ty  (c. 80%) of t h e  sub-al‘talic b a s a l t s  and b a s a l t i c  andes i tes  (Table 1 ,  

Fig. 2 )  have a moderate t o  hj.gh A1 0 

(c. 0.60-1.50) ar.d a low t o  moderate K20 w t  (0.70-0.65). Total  i r o n  i s  l e s s  

than 15 crt ‘$ hut higher  than MgO by a f a c t o r  of C. 1.5-2.C i n  most cases. 

w t  6 (c. 15-17), moderete Ti0 w t  $ 
2 3  2 

40 45 50 55 60 65 70 75 

si02 ( w t  %) - 
0 Normat ive  tholeiites x -  Spi l i tes 

OL Normative tholeiites Andesites 

Fig. 3. A l k a l i - s i l i c a  binary v a r i a t i o n  p l o t  with f i e l d s  of a l k a l i  and t h o l e i i t i c  
b a s a l t s  a f t e r  PiacDonald and Katsixra (1964) and of a l k a l i ,  hj.gh-Al and 
t h o l e i i t i c  b a s a l t s  a f t e r  Kuno (1967). 
m e t a t h o l e i i t e s  from severa l  Archaean/early Proterozoic  greenstone 
b e l t s  of S. India ,  W. Austral-ia, Canada and S. Africa. 

The c i r c u l a r  f i e l d  inc ludes  

I n  the  a l k a l i - s i l  i c a  b inary  v a r i a t j  on p l o t  (Fig. 3) a l l  t h e  suha lka l ic  samples 

a r e  t h o l e i i t e s  by the  d e f i n i t i o n  of MacDonald and Katsura (1964),and vary from 

t h o l e i i t e s  t o  high-A1 h a e a l t s  i n  composition by t h e  d e f i n i t i o n  of Kuno (1967). 

The samples s5ow a d i s t i n c t  i r o n  enrichment t rend  i n  t h e  A-P-M diagram (Fig. 4 )  

and a r e  thus  c l e a r l y  non-calc-alkalic by the  d e f i n i t i o n  of both Kuno (1967) and 

I r v i n e  and Baragar (1972). 



Rocks with <54% SiO, 
01- Q- 

rocks rocks 
normative Range nonnative Range Spilites Range 

Si02 

Ti02 

&2'3 

Fe203 
FeO 

Mgo 

CaO 

Na20 

K2° 

p2°5 
Mno 

co 

Cr 

cu 

N i  

V 

54 - 57% SiO, 1 57-63% SiG 

Spilites Range Andesites 

50.62 

1.16 

15.16 

2-45 
8.45 

2.48 

3.60 

6.90 

0.31 

0.1 7 

0.37 

37 

84 

93 

63 
200 

47-18-53.98 
0.75-1 -62 

13.58-1 7.26 

1.25-3.31 

7 -80-1 2;18 

4.62-8 87 

3.1 8-10 -65 

2.20-4.32 

0.10-1.20 

it Tr-0.64 

0.1 7-0.49 

10-84 
10-580 

10-39 
10-270 

10-600 

51.78 
1 A0 

14.17 
2.05 

8.80 

5.76 
8.64 

2.86 

0.62 

0.24 

0.38 

32 

28 

116 

40 
1 6L 

49.21 -54 - 23 

0.66-1.87 

11 -23-17.27 

0 56-3 75 
7 -41 -9.88 

3 -65-9 -91 
6 .50-10 .61 

1.85-3.92 

0.20-1.30 

* Tr-0.64 

0.23-0.58 

18-72 

10-70 

10-1 000 

10-240 
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51.42 

1.37 

14.52 

1.93 

8.77 

5.42 
6.00 

6.03 

0.68 

0.14 

0.33 

27 

lr8 
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56 

253 

46.h-53 - Bo 
0.69-1 -87 

13-24-10 -53 

0.93-3 - 37 

7.1 4-10-17 
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3 -09-9- 98 

4.70-7-85 

0.10-2.35 

0.01 -0 -43 
0.23-0.53 

8-70 

10-31 0 

71 -800 

10-240 

10-1 000 

55.61 
1.72 

13.08 

1.27 

9.56 

4.45 

6.26 

1.20 

0.03 

0.25 

4.20 

21 

16 

46 

50 
100 

55.36-56.21 

7 .h-1.89 

11.94-14.31 

1.09-1 -38 

8.63-10 -64 

4.1 9-4-06 

1.85-5.94 

h.85-7.98 
0.92-1 .h3 

* Tr-0.08 

0.1 7-0.33 

18-25 

10-24 

10-1 30 

10-1 45 
11-180 

59.63 
1.14 

14.57 
1.86 

10.21 

3.01 

2.52 

1.81 
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0.12 

12 

10 

10 
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175 

* T r  denotes concentration in traces 
Only samples having trace element abundances mch above the lower detection limit (10) are included in the average 

Major oxides in weight % and trace elements in ppm 

W 
W -+ of trace elements 
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Pfg. 4. A-7-X t e r n a r y  v a r i a t i o n  d i a g r a n  sP.c>:ing s11e non-ca lc-a lha l lne  iron 
er.richrr.ent t r e n d  of t:qe s u b - a l k a l i c  Ba3abudm metavol.car.ics. 3o .mdar ies  
3: calc-alko.l ine a n d  non-ca lc-a lka l ine  v o l c a n i c  s u i t e s  af ter  K1u-o (I 357) 
(cuzve 1 )  m d  I r v i n e  a i d  Rnragar  (1y72) ( c c v e  2 ) .  
syxbo l s  2nd d e s c - i p t i o n  o f  t h e  c i r c u l a r  f i e l d  as i n  F ig .  3 .  

Legeni of sm.p le  

The s p i l i t i c  3aFI:ples p l o t  i n  t h e  f i e l d  c h a r a c t e r i s t i c  o f  a l . k a l i  b a s a l t s  ir. t h e  

a l k a l i - s i l i c a  p;ot. They show a l k a l i  c1 iv i r .e  b a s a l t  f lcrmative corr.pcsit iccs 

(r.e;?heline and o l iv i r ?e  n o n ~ t i ~ e ,  ~ i x .  5). 
much t i g h e r  (by 

v a l u e s  show R wide r a g e  o f  v a r i a t i o n .  Noreov-er, s i n c e  t h e s e  sax? le s  ccne from a 

s p e c i _ ' i c  r e g i o n  (aroi i?d Santavery) tha': be longs  t,o a s t r a t i g ~ 2 p : i i c a l l y  h i g h e r  

p o s i t i o r .  i n  t h e  ne',avclcar.l.,:s, one nigP.t h. t e q t e d  ;o inT70ke frorr. t h e i r  c h e r i s t r y  

':l->e e x i s t e n c e  of f l c w ( s )  o f  a l k a l i  o l i v i n e  b a s a l t  t y p e  ir. t h e  Santavery  r eg ion .  

A i k a i i  b a s a l t  s u i t e s  (mai ic  ~ r a c h y i e s ,  t r a c i l y a n ~ i e s i t e s ,  nephei ine-  m a  i e u c i z e -  

b e a r i n g  lavas,  e t c : )  have been d e s c r i b e d  f r o x  tear Ki rk land  Lake, Gn ta r io ,  Caczda, 

zrd. ir. t:?c F i g  Tree S e r i e s ,  3arber tor .  Momtai r i land ,  S. A f r i c a  ( c i t e d  i n  . 4 t m e . ~ s s e r ,  

197:). 
greens tone  b e l t s  2r.d c o n f i r n a t i o n  o f  t h e i r  e x i s t e n c e  el.sewhere would. have 

i n t r i g u i n g  t e c t o n i c  imp:ications.  

13 some s m p l 2 s  t:xir Na-0 LJI, $ is 
t c  c.  3 wt $) t h a n  t h o s e  of  average  s i i l i t e s  2 n d  t h e i r  Kz2C/K2C 

A l k a l i  ba .~a l . t s  l i k e  t h e s e  a r e  r a r e  i n  A r c h a e a  a d  l o v e r  P r o t e r o z o i c  

K 0 ir. t h e  rr.eta.volcanj.cs i s  independent  o f  e r r i chmen t  i n  N a  0 (F ig ,  6 ) .  A 
2 2 

s s a t i s ~ i c a l  t e s t  f o r  t h e  LF 2nd SV s m i l e s  was a tsempted  f o l . l o w i r g  t:ie approach  

o f  Narebski (1974)  1.0 t h e  s g i l i t e  problem. Cur r e s u l t s  a r e  p re sen ted  i n  Table 2 
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Fig. 5. The CIPW cormative var ia t j .on i n  t h e  Bababudaa rocks (from a l k a l i  
o l i v i n e  t o  sa tura ted  compositicns). Legend of sample symbols as 
i n  Fig. 3 .  

t - 
a9 
c 

' 3  
v 

% 
Y 

3.0 

2.0 

1 .  0 

0 

Na2 0 ( w t  o/~) - 
Pig. 6. Na%C-K20 binary v a r i a t i o n  i n  t h e  Bababulan meta.volcanics showing an 

enrichment i n  Na20 independent of K20. Legend for samples as i n  Fig. 3. 

which shows t h a t  nost, major element oxides have a rormal  d i s t r i b u t i o n  (except f o r  

K20, MnO and P 0 ) arid t h e  t r a c e s  approach a l o g  normal d i s t r i b u t i o n  pa t te rn .  

C a O  shows some bimodality. 
2 5  
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TAELE 2 .  Coefficients of ccrrelation between some elements 
in the Lingad~~all.i-Sant,ery metatholeiites (basalts 
and basaltic andesites N = 34) 

Na20-Si02 -0.117 Na.2C-Fe0/Mg@ -0.359 
Na2C-K20 0.115 Na20-FeC/MnO -- 
Na2 O - I Q C  0.063 Si02-Mg0 -0.579 

-- Ma2O-Fe 0 /FeO -0.260 

“Na2 0-CaO -0.465 Si02-FeO / M g O  -0.026 
2 3  

Na20-Al 0 
2 3  

Si02-Fe 0 /FeO -C.l13 

-0.11 1 

2 3  
MgO-Cr 

Si02-A1 G -0.231 -0.579 2 3  
WaO-Fe O/MnO 

SiO -K 0 
2 2  

K20-Mp;0 -0.310 

0.487 **CaO-A1 0 
2 3  

The underlined coefficients a r e  signjficant at 95$ level 
iw Are not useful as CaO shows some bimodality 

The correlation coefficients (Table 2)  for the pairs SiO -MgO, MgO-Cr and 

2 2  

2 
Sio -K 0, etc. (significant hut low to moderate correlations) are as expected 

for a differentiated volcanic suite. A significantly good correlation between 

the pairs Na O-l?eO/MnO and Na C-FeO/MgO, together with a low but significant 

negative Na 0-MgO correlation, a negative Na20-Si02 correlation and a low 

Na20-K20 correlation, suggests a secondary enrichment of NR 0 independent of 

K20. 

in the process is difficult to interpret but a decrease in these elements, with 

the increase in Era, is apparent from the low and insignificant negative CaO-A1 0 

and Na O-CaO coefficients. Thin secticns of the Na-rich rocks sometimes show two 

generations of plagioclase which are highlx carbonatised in some cases. The 

plagioclases generally constitute a felt-like network. Microlite and fluidal 

textures are very rare. 

2 2 

2 

2 
Due to the bimodality of CaO, the behaviour of Ca and A1 in relation to Na 

2 3  

2 

Furthermore, there are very insignificant differences in the abundance levels 

and pattern of distribution of the ferromagnesian traces (Co, Cr, Ni, V, Cu) 

among the undersaturated (Ne normative, Na20 enriched) and saturated rocks 

(Fig. 2). 

suffered secondary soda enrichment and that the observed alkali olivine basalt 

character is a consequence of this process. 

LATE ARCHAEAN/WLY PROTEROZOIC VOLCANISM OF THE DHARWAR CRATON 

These features suggest that the SV and LH suites of metavolcanics 

A comparison was made of the composition of the BabaSudan (BEN) metavolcanics 

(LH arid SV rocks) with that of similar rocks from other Archaear. and Lower 

Proterozoic greenstone belts within the Dharwar craton and from other shields 

(viz. W. Awtralia, Canada, S. Africa, amphibolites from Greenland) and with 
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basa1tj.c tholeii-tes from various Phanerozoic tectonic environments (viz. conti- 

nental, oceanic-abyssal/ridge/island, island arc, etc.) (Ramachandra Rao, 1937; 
Engel et al., 1965; Wilson et al., 1965; Mnnson, 1967; Baragar and Goodwin, 1969; 
Viljoen arid Viljoen, 1969; Jakes ard Gill, 1970; Glikson, 1971, 1972; Jakes and 

White, 1971; Hallberg and Willi,uns, 1972; Naqvi and Hussain, 1973; Naqvi et al., 
1974; Lrth and Hanson, 1975; Middlemost, 1975; Rivalenti, 1976). The BBN suite 

differs from most of the Archaean/ea.rly Proterozoic greenstone suites when tho 

overall cherrical varia,tion is considered. However, the sub-zlkalic BBN rocks 

have similar major element ahundences,but the concentration of their ferromagnesian 

traces (especially Cr, Ni and Co) are signifj.cantly milch lover than those in the 

average Archaean rnetatholeiites. The concentrations of these elements in the BBN 

rocks are lower than those in the Phanerozoic oceanic tholeiites and lie within 

the range of island arc aid some continental tholeiite suites. The physical 

features and the chemistry of the BBN volcanic suits are thus similar to Phanerozoic 

continental plateau c r  flood basalts. 

l'he Chitradurga (0) volcanic suites (Jogimxdi, Mardihalli, etc.) are generally 

thought to represent the next major volcanic episode after that of the Bababudan 

in the Dharwar craton (Radhakrishna, 1967; Swami Na.th et al., 1976; Radhakrishna 
and Vasudev, 1977; Naqvi et al., 1978); a comparative study of the compositional 
features of the twc suites will help to evaluate the secular changes in chemistry 

of volcanic rocks from the late Archaean through tke middle Proterozoic. 

The (CW) metavolcanics from the Jogimardi and Mardihalli suites vary from 

rnafic to intermediate in composi.tion. They are associated with rnetasediments of 

deep mari'.ne (eugeosynslinal) facies - argill ites, peywackes, cherts, etc. They 

show calc-alkalic chemical affinities but are characterised by higher abundance 

of ferromagnesian traces (Co, Cr, Ni, V, Cu, etc.). 

these.elernents in the CHD rocks is similar to that in Phanerozoic oceanic tholeiites 

(Naqvi and Ilussain, 1973). 

1957) resemble those of "quench tholeiites" (Pearce, 1974). 

The level of abundance of 

The textural features of the rocks (Pichamuthu, 1930, 

The sub-alkalic BBN metabasaltic rocks have a majo, element chemistry broadly 

comparable with that of the CHD metabasalts but differ on account of their low 

concentration of Co, Cr and Ni (Table 1). This feature is evident from Fig. 7 
in which trace elements (Cr, Ni and V) are plotted agains trJtal iron as FeO/MgO. 

In these,and in a Cr ve. Ni plot, the O W  metavolcanica plot in or close to the 

fields characteristic of abyssal tholeiites, while the BBN samples occupy fields 

of volcanic rocks from stable and active continental regimes (fields after 

Miyashiro and Shido, 1975). 
Apart from differepces in the abundance of ferroazgnesian tra.ce elements 

(mainly Cr, Co and Ni) among the BBN and CHD mafic and intermediate rocks, 

differences in the degree and nature of the crystallisation and differentiation 

undergone by their respective melts are obvious in Figs. 8 arid 9. The depleted Co 
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Fig. 7. Binary variation of Cr VS. V, and V, Ni and Cr VS. total iron as 
FeO/MgO, showing the depleted trace element concentrations of the 
Bababiidan metavolcanics (unfilled circles), compared with younger 
Chitrad-urga metavolcanics (filled circles). 
volcanics ha.ve trace el-ement abundances similar to abyssal tholeiites, 
while the Bababudan rocks show abundances similar to tholeiitic 

, basa.lts froin continental areas. 1 = field of volcanic rocks from 
island arcs 2nd active continental margins; 2 = field of volcanic 
rocks from stable continental and oceanic regions; 3 = field of 
abyssal tholeiites. 

The Chitradurga meta- 

Fields after Miyashiro and Shido (1975). 

and Ni levels in the BBN rocks compared to the CKD ones in the Co-V-Ni ternary 

diagram (Fig. 8) suggests that the BBN melt probably underwent a relatively 

higher degree of differentiation prior to consolidation. The behaviour of SiO 

FeO and Ti02 of the CHD metavolcanics in Fig. 9 is suggestive of their mild caJc- 

alkaline affinity relative to the BBN rocks (a steeper trend in Si02,and a gentle 

monotonic decrease in Ti02 and FeO with increasing FeO/MgO; Miyashiro and Shido, 

1975). The behaviour of these elements suggests that the melts of the two suites 

had significant differences in the volatile partial pressures and figacity of 

oxygen etc. which contribute to diversity in trends of crystal differentiation, 

particularly the stages of separation of Fe- and Ti-rich oxide phases. The 

behaviour of M g O ,  CaO, A1 0 

(Fig. 9) suggests that differentiation of both BBN and CHD melts was dominated by 

2'  

and SiO against fractionation indices F = FeO/(FeC+MgO) 2 3  2 



3.37 

\ 

4 1 Metavolcanics ''\. --, /'  

4 
Chitradurga 
Metavolcanics 

i. " Y " 
c o  50 Ni 

Fig.  8. V-Co-Si te rnary  var ia t ior .  diagram skowing the Co- ar.6 Ni-depleted 
charac te r  o f  t h e  Bababudan n e t a v o l c m i c s  r e l a t i v e  t o  t h e  Chit radmga 
rocks. 

o l iv ine  s e g a r a t i c r  which causes a degle t ion  o f  N g C  i n  t h e  n e l t .  As s i l i c a  

remains almost constant ,  the  p o s s i b i l i t y  of an o r t h o p r o x e r e  f r a c t i o n a t i o n  i s  

n o t  suggestek.  81 0 i n  t%e BBN case remains p r a c t i c a l l y  cccs tan t  with iricreasing 

F ,  -4kile i t  shows a s l i g h t  i r c r e a s e  i n  the  C W  san21es Para l le led  b y  a progressive 

increase i n  CaO. 

2 3  

k s1lgh.t decrease o f  CaO i n  $he sub-alkal ic  33K t h o l e i i t o s  and the constmcy 

of A 1  0 might suggest some clinopyroxane, p k g i o c l a s e  end o l iv ine  f rac t iona t ion .  

?he i r o r  enrichmert t rend  i n  tk.e A-F-M p l o t  and t h e  ccnstarcy i n  s i l i c a  r i g h t  

s:I.ggest d i f f e r e n t i a t i o n  m d e r  decreasing o r  low oxygen fugac i ty  (Osborc, 1919). 

The f r a c t i o n a t i o n  t rend  o f  t h e  BBB t i i o l e i i t e s  carb be regarded a s  a low p e s s u r e  

f rac t icne5ion  (Green i n d  Ringwood, 1967). 

Di SCUSSI OX AX9 C CXC LUSI 3NS 

2 3  

Volcinic rocks dominate the  succession i n  $lie Bababiida? seqJence. Similar  

platforrr ,al-volcanic-iron forna t ion  sequences w i t h  a basal  conglomerate a re  

i d e n t i f i e d  from severa l  widely separated a reas  i n  t h e  Dhamar c ra ton  and 

cons t i tu te  the  "3abzbudan Sapergrougtt of Swa?.i Yath e t  a l .  (1976) .  
i n  these sequences a r e  c lose ly  assoc ia ted  with severa l  types of setamorphosed 

PIetavclcanics 
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Fig .  9. Veziation of SiC2, Pea  er.d TiC2 -m. t o t a l  i r c n  a s  Fe@/Ng-O ar.d K g O ,  CaC 
A1205 a d  Si02 vs. the  f r a c t i c n a t i c n  ixdex (?), The 3abetudan (3BS) 
netavolcanics  ( ;?nf i i led  c i r c l e s )  heve t h o i e i i t i c ,  m d  the  2ki t radurge 
( C 3 )  metavolcanics ( f i l l e d  c i r c l e s )  mild ca ic-a lka l ine ,  v a r i a t i o n  
:rends. The d i f f e r e n t i a t i o r .  of 'zcth tke  melts i s  dorr.inated by 
separa t ion  C Z  c l i v i n e  bu.t ir ,  t h e  3BX i y  i s  probably also accompanied 
by clinopyrcxene. 3 i e l d s  i n  t h e  lef t -hand s i d e  f i g z r e  a f t e r  Kiyaskiro 
ar.d Shidc (1375) (see F ig .  7). 

u l t r z b a s i c  rocks ,  i . e .  n e t a - ? i c r i t e s  ur,derlying n e t a v o l s a r i c  :lcws, ir. d i f f e r e n t i -  

a ted  sills, and as dykes. Tke a.;thors f e e l  t h a t  s0T.e of These L!.&T represent  t h e  

subvolcanic pheses of tke Bababudan volcznisn. S L C ~  e mesa-u l t rabas ic -vc lca~ic  

a s s o c i a t i c n  i s  rerely observed ir., and i s  not a c h a r a c t e r i s t i c  feai;ure o f ,  she' 

younger Chitredurga group (!.jib. ) iri wAick-  the  rcetavclcanics a r e  general-ly 

sa tura ted  znd show celc-aika1ir.e a f f i n i t i e s  (Naqvi a r d  Hussain, 1973; Kacvi, 1 9 7 6 ) .  
h kigk ferrcnagnesia?.  t r a c e  element ab.xdance i n  netevolcenics  from krchaeen 

greenstone b e l t s  i n  genera l  i s  a t t r i b u t e d  TO the  high l e v e l  of ab-adance of shese 

elemerts  i n  the Archaear. nant1.e (Giikson, 1 9 7 1 ,  1976;  Nzc,vi and K s s a i n ,  1973) .  

The s i g n i f i c a n t l y  !.ow C r ,  Co and X i  corr.gosition of the SBN rretavolcanics r e l a t i v e  

t o  t3e yomger CFD rocks i s  d i f f i c u l t  t o  conceive on account of Their  o lder  age,  

v o l m s  arid the  observed u l t ra r ra f ic  a s s c c i a t i o n .  
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Trace element abundances in volqanic rock suites are a reflection of the magma 

type, and depend to a large extent on controlling factors such as composition and 

degree of partial melting of the parental source, depth of magma generation and 

cnistal thickness, degree and nature of crystallisation differentiation of the 

melt, etc. Because most of these factors are related to the tectonic environment 

of lava extrusion, a consideration of this aspect of the BBN and CKD sequences is 

relevant. 

The volcano-sedimentary sequences in the BBIT and CKD belts have dissimilarities 

in the lithofacies of their volcanic and sedimentary rocks. The lithologies 

(discussed in the previous sections) are suggestive of a shallow marine, stab1.e 

environmental condition for the BBN and a deep marine (eugeosynclinal) environment 

for the CHD seqwnce. This feature is also obvious from the mineral facies of the 

associated iron formation (oxide-type facies in the BBN belt and sulphide type in 

the CJX belt). 

of orthoquartzites underlying the metavolcanic flows in the BSN sequence suggest 

that the metavolcanics were extruded over a fairly developed crustal column. The 

C W  metavolcaniss were shown to be emplaced over a thin oceanic type of crust 

(Naqvi and Iiussai.n, 1373) and are believed to be younger than the metavolcanics 

in the BBN belt (Swami Nath et al., 1976). 
suites were coeval: the Bababudan suite represents a marginal, platformal 

association and the Chitradurga a deep oceanic type. This possibility appears 

to he supported by the available chemical and structural data (Naqvi et al., 

1978; see Geochemistry Group, 1977). The rel.atively thicker crustal condition 

for the BBN melt results in a relatively higher degree of differentiation. The 

depleted Cr, Co and Ni abundances in the BBN rocks are probably due to separation 

of the early cry:.tallising Mg-rich silicate phases (oiivines and clinopyroxenes) 

from the tholeiitic melt. However, in the absence of reliable REE and isotopic 

data, the other possibility of the Bababudan sequence being older than the 

Chitradurga one cannot be ruled out. 
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A b s t r a c t  

Si l icecus-aiur?inous s c h i s t s  are cormon i n  the iower success ion  o f  ;he greenstone 

b e l t s  of I n d i a ,  Africa and o t h e r  s k i e l d  a r e a s ;  the3- overlie b a s i c - u l t r a b a s i c  flows. 

The presence o f  a s s o c i a t e d  bedded b a r i t e s  and secondary f c c k s i t e  q u a r t z i t e  con- 

v i n c i n g i y  corroborates their s e d h e n t a q  o r i g i n .  In ;he Dharwar ,eraton chey a r e  

found i n  t h e  Sargur  group as s i l l i i ~ n i c e - k y a n i t e - s t a u r o l i t e - n i c a c e o u s - c o r u n d ~ l -  

quartz s c h i s t s  and i n  the Bababudan-Chitradurga groups as s e r i c i t i c  p h y i l i - e s .  

The Sargur  group ne ta sed imen t s  v a r y  I n  cornFosi+,ion from h i g h l y  81 ( K  + Ti )  to 

A1 (Ilg + Fe They a r e  ciepletec! i n  S i  and K-group 

elements  l i ke  2b and S r ,  2nd en r i ched  i n A 1 ,  T i ,  Mg, Fe, C r  and N i  compared wi th  

Bababudan-Chitradurga group metasedihents  and surrounding s o n a l i t i c  g n e i s s e s .  

The evidence of a mixed source provenance ( t o n a l i t e s ,  t rondh jemi te s ,  b a s a l t s  and 

sediments)  i s  preserved i n  the  composi t ion of t h e  sediments  of -the Bababudan and 

Chitrudurga g r o q s .  A similar source  i s  no t  expected to prov ide  t h e  m a t e r i a l  for 

t h e  Sargur  group sediments  which require a source en r i ched  i n  A l ,  Mg, Fe, Ca, Co, 

C r  and T i ,  and d e p l e t e d  i n  S i  and K-group e1emenL.s. Archaean crust, made up o f  

60% low-ii t h o l e i i t e s ,  30% high-Ti and A l  a n o r t h o s i t e s  and 13% u l t r a m a f i c s  l i k e  

n o r i t e ,  t r c c m l i t e  and p e r i d o t i t e ,  may g i v e  rise t o  such sedinents. Data from 

t h e  s i l i c a t e  p l a n e t s  i n d i c a t e  t h e i r  i d e n t i c a l  i n i t i a l  evo lu t iona ry  hIsLory.  The 

imar crust, ;hose e v o l u t i o n  was arrested c .  4-3 by ago, i s  n a i n l y  made up of 

b a s a l t s  and a n o r t k o s i t e s .  Therefore, it i s  p o s s i b l e  t h a t  t h e  r e s c l t s  o f  t h e  

e a r l y  exogenic p r o c e s s  a t  ;he l u n a r  type of e a r t h ' s  crust a r e  pre-erved as meta- 

sediments i n  r,he l o w e r  F a r i s  of tke supraci-dstals of great a n t i q u i t y .  Absence o f  

primary q u a r x z i t e s  i n  t h e  ear ly-middle  Archaean, t h e i r  r e l a t i v e l y  l o w  to moderate 

abundance i n  -,he e a r l y  P roze roao ic  and t h e i r  prominence s i n c e  the  middle P ro te rozo ic  

probably s u g g e s t s  t h a t  th-e change from a n  k i j l - r i ch  b a s a l t i c  p r i i i o r d i a l  c r u s t  to 

T i  + C r  + N i ) - r i c k  varieties. 

a q u a r t z - r i c h  g r a n i t i c  c r u s t  xas  betweeil 1.;' 2.,: t;: ago. 

INTRODUCTION 

During the l a s t  few y e a r s  geochemical r e s e a r c h  on P recanbr i an  rocks has  been 

confined,  with few excep t ions ,  t o  b a s i c ,  u l t r a b a s i c ,  g n e i s s i c  and g r a n u l i t i c  rocks; 



metasediments have received little attention. In the opinion of many geologists 

working in Precambrian terrains (e.g. Glikson, 1971; Pettijohn et al., 1972; 

Ronov, 1972; Turner and Walker, 1973; Veizer and Hoefs, 1976) sediments are 

equally useful in understanding the early history of crustal evolution. 

the scales seem to be heavily weighted against sedimentologists, at least in the 

early Precambrian, because of severe deformation and protracted erosion. In 

Precambrian rocks selective loss of certain rock types has had a most profound 

effect: if estimates of rates of deposition are roughly correct, c. 90% of 

Precambrian sediments have been removed and reworked since their deposition. 

residual sedimentary record must therefore be interpreted with great care to 

avoid mistaking selective l o s s  for a primary record (Garrels et al., 1971, pp. 

11  9-1 20). 

and during the past few years geochemists of the NGRI have approached problems of 

crustal evolution from a sedimentological standpoint (Naqvi and Hussain, 1972; 

Satyanarayana et al., 1973; Naqvi, 1976a,b, 1977; Naqvi et al., 1978a). 

However, 

The 

Nevertheless, this important source of information cannot be ignored 

Siliceous and aluminous schists are commonly found in greenstone belts, 

generally associated with mafic and ultramafic units. All the Archaean 

sedimentary series of the Aldan Shield overlie basic schists and their lower parts 

are represented by quartzites and high-alumina gneisses and locally by corundum 

rocks (Glukhovskiy and Pavlovskiy, 1973). In the Barberton Mountain Land 

siliceous aluminous schistose rocks are found stratigraphically above basic- 

ultrabasic volcanic units and are made up of quartz, sillimanite, andalusite, 

staurolite, chloritoid, sericite, ilmenite and various accessories (Anhaeusser, 

1972). In the Archaean of Karnataka, India, siliceous aluminous schists occur 

in amphibolite facies supracrustal sequences designated as the Sargur group by 

Vismnatha and Ramakrishnan (1975h and in low-grade schistose groups named the 

Bababudan and Chitradurga greenstones of Karnataka they were originally termed 

G.R. clays by Sampat Iyengar (1905). 

These siliceous and aluminous schists are thought to be siliceous tuffs and 

agglomerates by Anhaeusser (1972), Archaean metabauxite by Martin (1968) and 

Salop (1  968), and metasediments by Fyfe (1 973) and Ramakrishnan et al. (1 976). 
The followers of the school of chemical uniformitarianism regard them as shallow 

water detrital sediments and cite them as evidence for a widespread granitic 

crust during the early Archaean (Swaminath et al., 1976). The thin layers of 

impure quartzite, bedded barite, fuchsite quartzite and limestone (marble) in 

them are sufficiently convincing to concede their sedimentary character. 

this does not necessarily imply that they provide strong evidence for the existence 

of a predominantly granitic crust during the early Archaean. In view of the global 

importance (Windley, 1977, p. 26) of these rocks, this paper describes the geo- 

chemistry of their Indian representatives in terms of the concept of material 

However, 



TABLE 1 .  Geological s e t t i n g  of t h e  s i l i c e o u s  aluminous s c h i s t s  of t h e  Dharwar c ra ton  following G.S.I. 
c l a s s i f i c a t i o n  of greenstone b e l t s  

$ of quartz  and 
sedimentary Associated 
textures and rocks 

Schist  b e l t  Main rock type Underlain by Overlain by 

s t r u c t u r e s  

Chitradurga S e r i c i t i c  Basic fiows of F‘yritif‘erous 
p h y l l i t  e s q u a r t z  and o l iv ine  cher t  

normative t h o l e i i t e s  

Chi bradurga S e r i c i t i c  I t  Mapne t it e 
p h y l l i t c s  q u a r t z i t e s  

(B.M.Q.) 

Holenara - 
s ipur  

Sargur 

- - - - _ - - - VAST TONALITIC-TRONDHJEMITIC A C T I V I T Y  - 

Kyanite-staurolj t e  Tonali tef  LiLtra- Magnetite- 
garnet  rnicaceous, rnafic andmafic gruner i te  
s c h i s t s ,  anrphibo- kormt i i t i c  garnet- 
l i t e s ,  chl.orite f l o w s w i  q u a r t z i t e s  
anti c h l o r i t o i d  

magne1,i te  schis1,s 

Si l l imari i te  
garnet  corundum 
quartz  schist 

I f  I 1  

Greywackes form L u t i t c s  ( c h l o r i t e  
majorport ion s c h i s t s ) a n d g r e y -  
of s c h i s t  belt wacke conglomerates 

10-1 s$, current  ChloriLic s c h i s t ,  
bedding, r ipp le  current  bedded 
marks and o ther  y u a r l z i t e s ,  lime- 

f ea Lures s tones and basal 
conglomerates 

_ _ _ _ _ _ _ _ _ _ _ - - _ - _ - - _ -  

3-.5%, no de t r i ta .1  f i c h s i t e  
sedimentary q u a ~ t z  i t e s  , 
t ex tures  or s e r i c i L i c  
:i t ruc  tuye :i quaTtzi tes  
yet found 

11 L irnc s tones , 
b a r i t e s  i n  t, erbedd ed 

with fuchs i te  
quar t s  it e 

f u c h s i t e  quar tx i tc ,  

i t  
Ramakrishnan et al., 1971 

Naqvi e t  d., 1978b 
3e:- 



balance. 

evaluating the provenance of various sedimentary sequences (Brotzen, 1966; 

Horn and Adams, 1966; Garrels et al., 1971; Sibley and Wilband, 1977) .  Here it 

is used to propose a tentative model for secular change in the predominant 

composition of the Archaean crust based on analyses of sediments of various 

relative ages from Peninsular India. 

GEOLOGY 

Lhis method first introduced by Mead (1907), has proved useful in 

At the outset it should be stated that I disagree with many local details of 

the stratigraphic sequence proposed for the Archaean of Karnataka by Ramakrishnan 

et al. (1976). 

effect on the general observations made here, their terminology is used to avoid 

at least semantic confusion amongst readers. The age of the oldest high-grade 

supracrustal sequences (Sargur group) in Karnataka, relative to the enveloping 

gneiss-tonalite complex, has not been resolved by stratigraphic o r  radiometric 

means. They are older than the major deformation and plutonic activity in the 

gneisses,which definitely predate the deposition of the lower grade supracrustals 

(Bababudan and Chitradurga groups) (Radhakrishnan, 1376; Naqvi et al., 1978b). 

The exact stratigraphic position of the siliceous aluminous metasediments in the 

Sargur, particularly their relation to the dominant basic-ultrabasic unit, is 

also controversial (Naqvi et a1 . , 1978b). 
these rocks will not alter their provenance, and therefore the succession 

proposed by Viswanatha and Ramakrishnan (1975) is followed here for the sake of 

brevity. The relevant geological information about these metasediments is giveii 

in Table 1. 

and 

In places kyanite concentrated in crystalline aggregates around these pegmatites 

and veins is economic. 

However, because their nomenclature and sequence has no great 

The local stratigraphic position of 

The metasediments are intruded by a large number of pegmatites 

quartz veins which have increased the potash content of their country rocks. 

In the Bababudan group they (G.R. clays) occur above tholeiites and below an 

oxide facies iron horizon,and in the Chitradurga group above tholeiites and below 

a sulphide facies iron horizon (see Naqvi and Hussain, 1972). In the Chitradurga 

group they are interbedded with chert. 

from a few centimetres to 1 m. In between the Sargur and Bababudan groups vast 

tonalitic activity has taken place (Radhakrishna, 1976). Thus, the source region 

of the Bababudan group was definitely more sialic than that of the older Sargur 

group. 

The layers of chert and phyllite vary 

The Sargur group siliceous-aluminous schists contain layers made up of different 

proportions and combinations of sillimanite kyanite, staurolite, corundum, garnet 

quartz, muscovite, biotite, chloritoid, amphiboles, sericite, chlorite, fuchsite, 

magnetite, ilmenite and graphite. 

layers is derived from pelites, semipelites, psammites and quartzites 

The entire mineral paragenesis of the different 



TABLE 2. A m  

mTAPELITES CHLORITE SCHISTS QUARTZITES LROITSTCN3S GNEISSES PELITE SKEBA SHALES 
I 1  2 3 4 5 6 7 8 9 10 1 1  1 2  13 

Si02 

Ti0 

'l2'3 

52.31 54.21 70.85 67.32 44.70 56.04 

1 . ~ 2  1.6; 0.59 0.48 0.46 0.54 

23.89 24.16 22.71 14.58 18.10 14.51 

Pe2O3 i 1.38 1.57'1 1.79 7 
i 6.66 6.30 7-75 

FeO 5.41 3.32' 

MgO I 4.97 5.08 1.60 1.83 12.45 5.11 

C a0 

Na20 

MnO 
_K20 

p205 
co 

4.41 2.43 1.74 2.04 5.16 7.29 

2.55 2.10 0.84 0.91 1.37 3.94 

1.58 1.86 2.08 2.13 0.08 1 .29  

0.16 0.07 0.05 0.03 0.12 0.39 

0.04 0.09 0.09 0.07 0.07 0.06 

26.40 30.37 85 62 80 69 

42 600 120 

95 205 76 

30 205 142 

;: 1 2 ; 2  l;i 1: 

1 0  122 

1 = Average of 10 metapel i tes  fmm Holenarasipur 
3 = Average of 4 metapel i tes  f r o m  Chitradurga 

5 = Average o f  5 c h l o r i t e  s c h i s t s  from Holenarasipur 
7 = Average o f  2 q u a r t z i t e s  from Holenarasipur 
9 = Gar.r!et-grurieril;e-q~rtz pock from Holenarasipur 
11 = Average of 1 2  gneisses from Holenarasipur 
13 = Average Sheba Shales (Condie c t  a1 ., 1970) 

(sulpkide f a c i e s )  

88.00 70.55 47.87 46.10 6t3.28 61.54 54.11 

Tr 0.12 i.57 0.69 C.34 0.83 1.00 

5.5,5 10.92 16-02 0.69 12.52 16.95 17.54 

2-36/  8.88 
0.35 0.53 1.26 27.52 0.98 

0.98 2.40 1 2 . 9 7  21.52 3.26 3.90 

0.72 1.80 5.85 2.38 3.10 2.52 6.97 

1.95 3.02 10.76 2.33 5.18 1.76 0.22 

0.30 3.20 2.72 1.00 4.85 1.84 2.14 

0.30 0.40 1.35 0.20 1.40 3.45 2.72 

- - 0.31 0.05 0.16 - 0.05 

- - 0.17 0.21 0.04 - - 
BDL BDL 4.17 - BDL 1 2  - 

270 380 2.L 353 48.25 - - 
140 240 26 BDL 24.00 - - 
62 65 77 3DL 78.26 - - 

2 = Average of 1 2  nwtapel i tes  from Sargur 
14 = Avemge o f  2 metapel i tes  f r o m  Chitradurga 

6 = Average of 5 c h l o r i t e  s c h i s t s  from Chitradurga 
8 = Impure q u a r t z i t e  from Sargur 

10 = Quartz rragne",te rock from Sargur 
1 2 =  Average p e l i t e  (Shaw, 1956) 

(oxide facies)  

W 
4 
-: 



Viswanatha and Ramakrishnan, 1975; Ramakrishnan e t  a l . ,  1976; Swaminath e t  a l . ,  

1976). Thin q u a r t z i t e  (? )  l a y e r s  found between t h e  p e l i t e s  and the  ul t ramafics  

vary from s e r i c i t i c  q u a r t z i t e  t o  f u c h s i t i c  q u a r t z i t e .  Nowhere do these so-cal led 

q u a r t z i t e s  i n  t h e  Sargur group e x h i b i t  any sedimentary s t r u c t u r e s  such as cur ren t  

bedding and r i p p l e  marks, which a r e  q u i t e  common i n  t h e  q u a r t z i t e s  of t h e  younger 

Bababudan group (see  Janardhan and Srikantappa, 1975; Nair e t  a l . ,  1975; Vasudevan 

and Rao, 1975). I n  p laces  boudins, rods and mullions i n  t h e  q u a r t z i t e s  between 

more f u c h s i t e  l a y e r s  r e s u l t  i n  a pseudo-conglomeratic appearance (Ram Rao, 1962; 

Sr inivasan and Sreenivas, 1968; Naqvi e t  al., 1978a). The quartz  gra ins  of t h e  

q u a r t z i t e s  vary  from very f i n e  t o  coarse  and do not  show t h a t  i n t r i c a t e  boundary 

tex ture  which i s  c h a r a c t e r i s t i c  of metamorphosed mature sandstones. These gra ins  

show inc lus ions  of f u c h s i t e  and a p a t i t e .  

a r e  absent ,  whereas z i rcons  a r e  commonly found i n  t h e  mature d e t r i t a l  sedimenzary 

q u a r t z i t e s  of t h e  Bababudan group. The percentage of these  q u a r t z i t e s  (? )  i n  t h e  

Sargur group v a r i e s  between 3 and 5% of t h e  t o t a l  sedimentary sequence (Naqvi e t  

a l . ,  1978b); i n  f a c t  t h e i r  percentage i s  s o  low t h a t  i n  t h e  e a r l i e r  works of 

Sampat Iyengar (1905), Rama Rao (1962) and Iyengar (1971), and t h e  recent  maps by 

Ramakrishnan and Viswanatha (unpublished naps of GSI) and Hussain and Naqvi ( see  

Geochemistry Group NGRI Sp. F’ubl., 1977), they were d i f f i c u l t  t o  show on a 111- o r  

2lf-to-a-mile map. I n  t h e  Bababudan group t h e  q u a r t z i t e s  (mature sandstones) increase  

t o  10-157. 

which e x h i b i t  graded bedding and form t h e  predominant p a r t  of t h e  s c h i s t  b e l t  

(Naqvi, 1977). 

Zircon and o t h e r  d e t r i t a l  heavy minerals 

. 

I n  t h e  Chitradurga group or thoquar tz i tes  a r e  replaced by greywackes 

GEOCHEMISTRY 

The averages of t h e  siliceous-aluminous rocks of Karnataka from t h e  Sargur, 

Bababudan and Chitradurga groups a r e  given i n  Table 2 and graphica l ly  represented 

i n  Figs. 1-5. It can be seen t h a t  t h e  metasediments of t h e  Sargur group range i n  

composition from highly A 1  (K+Ti)-rich t o  A 1  (Mg+Fe+Ti, Ca+Ni and Cr)-r ich v a r i e t i e s  

(Fig. 1 ) .  

and semipel i tes  reaches 60% and t h e  q u a r t z i t e s  a r e  genera l ly  impure, having Si02 

up t o  90%. 

K20 (Fig. 1) and a very  high abundance l e v e l  of ferromagnesian t r a c e s  (Fig. 2 ) .  . 
The Co content  v a r i e s  from l e s s  than 10 t o  400 ppm, N i  i s  between 180 and 500 ppm, 

C r  ranges from 200 t o  more than 1000 ppm, and V v a r i e s  from 50 t o  400 pprn (Fig. 2). 

The Rb content  of t h e  major i ty  o f  t h e  samples i s  less than  10 ppm, whereas Sr v a r i e s  

from l e s s  than 10 t o  250 ppm (Fig. 3 ) .  

C r ,  Co and a few o t h e r  cons t i tuents ,  t h e  cornposition of t h e  Sargur group s i l iceous-  

aluminous sediments d i f f e r s  remarkably from t h e  composition of the  s i l i c e o u s -  

aluminous sediments of t h e  Bababudan and Chitradurga groups (Figs .  1-3). The 

s e r i c i t i c  p h y l l i t e s ,  known as GR c lays  i n  t h e  c l a s s i c a l  l i t e r a t u r e  of t h e  Dharwar 

The abundance l e v e l  of Ti02 i s  v e r y  high (2.757). The Si02 o f  p e l i t e s  

These rock types show a very wide range of abundance of CaO, Na 0 and 2 

I n  t h e  case of Si02, A1203, Ti02, MgO, N i ,  
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Fig. 1 .  Di f fe ren t  wt ,% components o f  t h e  s i l i ceous-a lminous  sediments of t h e  
Sargur, Bababudan and Chitradurga groups p l o t t e d  aga ins t  t h e i r  SiO, wt % 
contents .  Note t h e  d i f fe rences  i n  composition of t h e  metasediments of 
the  Sargur and younger groups. Depletion i n  SiO, and K,O and enrichment 
i n  Al,O, , T i 0 2  , MgO, FqO, , CaO and N % O  a r e  not iceable .  
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Fig. 2. Coy N i ,  C r  and V contents  (ppm) p l o t t e d  aga ins t  SiO, w t  $ i n  t h e  meta- 
sediments of t h e  Sargur and younger groups of the Dharwar greenschis t s  
(Bababudan and Chitradurga). 
sediments i n  N i  and C r  ( t h e  symbols a r e  t h e  same as i n  Fig. 1 ) .  

Note t h e  enrichment of t h e  Sargur group 

cra ton  (Sampat Iyengar, 1905), of t h e  Bababudan and Chitradurga groups have 

r e l a t i v e l y  higher  Si02, K20 and lower A1203, Ti02, MgO, C a O ,  N i  and C r  than those 

of  t h e  Sargur group (Figs .  1-3). Similar ly ,  t h e  composition of t h e  Sargur group 

p e l i t e s  does not  resemble the  composition of t h e  average p e l i t e  of Shaw (1956). 

These d i f fe rences  are more pronounced i n  the  MgO/A1203, Ti02/A1,03 p l o t s  and 

r a t i o s  (Fig. h ) .  
with t h e  surrounding gne isses  and g r a n i t e s .  

The K/Rb and Sr/Ca p l o t s  (Fig. 5 )  bring out t h e i r  d i f fe rences  

The major and t r a c e  element d a t a  are probably s u f f i c i e n t  t o  demonstrate t h e  

compositional d i f fe rences  between t h e  siliceous-aluminous s c h i s t s  of  t h e  Sargur 

group on the  one hand, and the  Bababudan and Chitradurga groups on t h e  o ther .  



The Sargur group sediments a r e  a l s o  remarkably d i f f e r e n t  i n  t h e i r  o v e r a l l  

compositions from t h e  t o n a l i t e s  surrounding them ( f o r  t h e  composition of 

t o n a l i t e ,  see Naqvi e t  a l . ,  t h i s  volume). The most important inference f r o m  

these d a t a  appears t o  be t h a t  both t h e  conposi t ion and abundance o f  t h e  Sargur- 

type metasediments a r e  unique. 

1 

R b  

h 4 60 

0.10 I 

80 c” je0 
5 

n o  1 8o 

I000 100 10 0 

Fig. 3 .  Dis t r ibu t ion  of  Rb and Sr and Rb/Sr i n  t h e  metape l i tes  of  t h e  Sargur 
group and t h e  surrounding t o n a l i t i c  gneisses .  Note t h e  d i f fe rences  
between t h e  Sargur group metasediments and t h e  t o n a l i t i c  gneisses .  
The da ta  show t h a t  both rock types a r e  depleted i n  Rb and Sr  ( the 
symbols a r e  t h e  same as i n  Fig. 1 ) .  

SOURCE 

The compositional d i f f e r e n c e s  between metasediments o f  d i f f e r e n t  ages may be 

i n t e r p r e t e d  as a r e f l e c t i o n  o f  t h e  d i f fe rences  i n  t h e i r  respec t ive  source areas. 

The presence and probably the  abundance o f  t o n a l i t e s  and t rondhjemites  in the  

source a r e a  of t h e  Bababudan and Chitradurga group metasediments a re  f a i r l y  

es tab l i shed  by t h e  abundance of t o n a l i t i c  and t rondhjemit ic  pebbles i n  t h e  

conglomerate and of d e t r i t a l  quar tz  an& plag ioc lase  i n  t h e  greywackes (Naqvi and 
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Fig.  4. Al,03-TiOZ and A120,-Mg0 p l o t s .  Note t h e  d i f f e r e n c e  i n  t h e  r a t i o s  
a& z x p o s i 5 l c n  of  5ke S ~ r g u r  gro‘;I) xeC,ase&L”ecL,s fzo:. :he :iclecarasL,-.z 
and Sargur  s c h i s t  b e l t  and t h e  Bababudan-Chitradurga group. 
sympathetic p o s i t i v e  r e l a t i o n s h i p  between TiO, and A40 ,  and t h e  h ighe r  
MgO/A120, r a t i o s  o f  most of t h e  Sargur  group metasediments.  (The 
symbols a r e  t h e  same a s  i n  F ig .  1 .) 

Note t h e  

Hussain, 1972;  Naqvi e t  a l . ,  1978a).  Therefore ,  a nixed source a r e a  made up o f ,  

t o n a l i t e s ,  t rondh jemi te s ,  b a s a l t s ,  s h a l e s  and q u a r t z i t e  has  been proposed for 

t h e  Bababudan-Chitradurga group (Naqvi e t  al., 1978a). A similar source  a r e a  

could no t  p rov ide  t h e  m a t e r i a l  f o r  t h e  Sargur  metasediments f o r  which a source 

enriched i n  A l ,  T i ,  Mg, Fe, Cu, N i ,  C r  and Go and dep le t ed  i n  S i ,  K ,  Rb and Sr 

i s  necessary.  If t h e  Sa rgur  group was l a i d  down on, and de r ived  from, a well- 

g r a n i t i s e d  and s t a b i l i s e d  c r u s t ,  t h e  r e s u l t  should have been s i m i l a r  t o  t h e  

Bababudan and Chitradurga groups.  
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Fig. 5. Ca/Sr and K/W p l o t  of t h e  Sargur group metasediments and surrounding 
gneisses .  
sediments r e l a t i v e  t o  the  gneisses .  
from near t h e  pegmatites show higher  abundances o f  K and W. 
content  of  t h e  gne isses  i s  genera l ly  higher  r e l a t i v e  t o  t h e  Sargur  
group metasediments. (The symbols a r e  t h e  same a s . i n  Fig. 1.) 

Note t h e  low l e v e l  of  t h e  X and Rb contents  o f  t h e  meta- 
A few metapel i te  samples co l lec ted  

The Sr  

A geochemical balance between sediments and igneous a c t i v i t y  has been 

es tab l i shed  by many workers f r o m  Mead's (1977) t i m e  onward, Recently S ib ley  and 

Wilband (1977) have shown t h a t  s ince  1.5 by such a balance between sediments and 

preceding igneous a c t i v i t y  has been maintained. They a l s o  found t h a t  an average 

igneous rock (2/3 granodior i te ,  1/3 t h o l e i i t e )  w i l l  g ive r i s e  t o  24-26$ sandstones 

i n  geosynclines and platforms.  A similar q u a l i t a t i v e  (with a low sandstone and 

high greywacke abundance) balance can be  envisaged between t h e  sediments o f  the  

Bababudan and Chitradurga groups (Naqvi e t  al . ,  1978a). The d a t a  on t h e  greywackes 

and assoc ia ted  l u t i t e s  from d i f f e r e n t  s h i e l d  areas (Nanz, 1953; Macpherson, 1958; 

Donaldson and Jackson, 796s; Condie e t  a l .  , 1970; McGlynon and Henderson, 1970; 

Glikson, 1971 ; Naqvi and Hussain, 1972) s t rongly  support t h e  view t h a t  a q u a l i t a t i v e  

geochemical balance w a s  maintained between Archaean/early Proterozoic  sediments 

and t o n a l i t i c - b a s a l t i c  igneous a c t i v i t y .  

(Horn and Adams, 1966; Garrels e t  a1.j 1971) i s  c o r r e c t ,  t h e  absence of 24-26% o f  

sandstones from t h e  Archaean i n  genera l  and t h e  Sargur group of Karnataka i n  

If t h i s  concept of material balance 



354 

p a r c i c u l a r  shouid be exp la ined .  

Bababudan and Chitradurga groups may b e  explained by s e l e c t i v e  l o s s  of l i m s t o n e  

and i t s  r ecyc l ing  (Garrels e t  a l . ,  1971) .  The same s e l e c t i v e  l o s s  o f  l imestone 

T w i l l  i n c rease  t h e  r e l a t i v e  abundance and propor5ion of sandstones (being t h e  

most r e s i s t a n t  rocks )  i n  t h e  r e s i d u a l  r eco rd  o f  t h e  Archaean. 

Migdisov ( 1  971 ) c l e a r l y  demonstraced t h a t  :he r e l a t i v e  p ropor t ion  o f  abmdances 

between d i f f e r e n c  s e d h e n t a r y  rock types  a r e  t h e  f m c t i o n  of age,  and t h a t  

m t u r e  sandstones ( o r t h o q u a r t z i t e s )  were p r e s e n t  i n  minor q u a n t i t i e s  during t h e  

Archaean w h i l s t  che so -ca l l ed  Archaean q u a r t z i c e s  a r e  or'ten secondary. i h e  

q u a r c z i t e s  of t h e  Sargur  group c o n t a i n  f u c h s i t e ,  l a y e r s  o f  b a r i t e ,  and t k e i r  

c o n s t i t u e n t  q u a r t z  g r a i n s  coccain minute f u c h s i t e  i n c l u s i o n s  i n  sone cases  g iv ing  

r i s e  t o  t h e  semi-precious gemstone aven tu r ine .  Interbedded b a r i t e  also coc ta ins  

fuchsi;e and quar;z. f i hchs i t e  q u a r t z i t e ,  i n  view of t h e  work of Whizenore e t  al. 

( 1  96h) ,  cannot be regarded a s  d e t r i t a l .  Fuchs i t e s  (chroae a k a )  are  i n v a r i a b l y  

t h e  product  o f  s o l u t i o n s  of  magaatic d e r i v a t i o n s :  ;te chrome was Introduce:! i n t o  

zhe s o l u t i o n s  e i t h e r  as a r e s u l t  of t h e  o r i g i n a l  f r a c t i o n a z i o n  o f  v o l a t i l e  magma 

c o n s t i t u e n t s  o r  through l e a c h i n g  of r .af ic-ul t rar i2f ic  rocks.  miLenore  e t  a l .  

(1964) and Ga:er (1963),  as quoted by Anhaeusser (1972), kave a l s o  given s e v e r a l  

exanples  where i z  appears  t h a t  chromium-bearing s c l v t i o n s  g e n e r a l l y  emanate from 

a m a f i c - u l t r m a f i c  magma. I n t i m t e l y  a s s o c i a t e d  chemical p r e c i p i t a t i o n  i s  

evident  from b a r i t e - r i c h  l a y e r s  i n t e rbedded  with t h e  p u a r t z i t e s .  Chemical 

p r e c i p i t a t i o n  t o  produce sedimentary b a r i z e  and high energy winnowing t o  produce 

qua r t z  sandstones can h a r d l y  be expected i n  t h e  sene s e d i n e n t a r y  environnent ;  

t h e  quar;zi;es may t h e r e f o r e  be r e c r y s t a l l i s e d  chemical p r e c i p i t a t e s ,  i . e .  

o r i g i n a l l y  c h e r t s .  This i s  supported by che absence o f  z i r c o n s  and o t h e r  heavy 

mineral  g r a i n s  and by d i f f e r e n c e s  i n  t h e  t e x t u r e s  from ;hose expected i n  pr imary 

q u a r t z i c e s  lL<e those of t h e  Bababudan group. 

t h e  ne t a sed inen t s  o f  t h e  Sargur  group a r e  p e l i t e s ,  c h e r t s ,  l imes tones  and i ron -  

s t o n e s  and t h e  source a r e a  for t h e s e  sediments should be dep le t ed  i n  Si02,  K20 

and K-group elements and en r i ched  i n  Ti02,  Ali03, MgO, FeO, N i ,  Cr and Go. 

t i t a n i u m  enrichment of zhe source a r e a i s  f u r t h e r  demonstrated by t h e  t i t a n i f e r o u s  

magnet i te  d e p o s i t s  o f  t h e  Kugg iha l l i  s c h i s t  b e l t ,  ano the r  aember o f  t h e  Sargur  

group, where p i l l o w s  a r e  e x h i b i t e d  by unde r ly ing  u l t r a n a f i c  u n i t s  (Varadarajan,  

1970; S r in ivasan  and S reen ivas ,  1972 ;  Vishwanathan, 1974).  

MODEL 

The low abundance of l i n e s t o n e s  i n  t h e  Sargur ,  

Ronov and 

It can t h e r e f o r e  be argued t h a t  

The 

If a source a r e a  c o n s i s t i n g  of 60% low-K t h o l e i i t e s ,  30% high Ca, T i  

a n o r t h o s i t e s  and 10% u i t r a m a f i c  n a t e r i a l  l i k e  n o r i t e ,  t r o c t o l i t e  and p e r i d o t i t e  

i s  assumed, and i f  t h e  concept of m a t e r i a l  ba l ance  (see Gar re l s  e t  a l . ,  1 9 7 1 )  i s  

accepted, p e l i t e s ,  l imeszones,  c h e r t s  and i r o n s t o n e s  chemical ly  resembling those  

o f  t h e  Sargur  group can be de r ived .  Table 3 shows t h a t  an average Archaean c r u s t  
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of 30% a n o r c h o s i t e ,  60% 1ois-K t h d e i i t e ,  aild 10% u i t r a m f i c s  can produce on  

weather ing  67% s h a l e s - p e l i t e s ,  1 1 %  l imes tone ,  13% i r o n s t o n e s  and 7% che rys .  If 

t h e  excess  ii 0 c f  t h e  Sa rgur  pelites i s  a t t r i b u t e d  t o  later pegma5i t ic  a c t i v i t y  

and K r e a c t i v a t i o n ,  as can b e  demonscrated i n  t h e  fie;d, t h e  c o q o s i t i o n  of these 

p e l i t e s  i s  q u i t e  si-ni1a.r t o  the p e l i t e s  from t h e  ave r sge  x rchaean  emst .  

2 

Lor,mn (1976) sugges;ed t h a t  t h e  i n i t i a l  s t a g e s  i n  the c r u s t a l  e v o l u t i o n  of 

a i l  s i l i c a t e  p l a n e t s  were a l n o s t  i d e n t i c a l .  The evol -u t ion  o f  the h n a r  c r u s t  

appea r s  to have been  a r r e s t e d  c .  b.0-3.0 by ago i h e r e a s  che earth.1~ c r u s t  h.as 

wi tnesse 'd  r a p i d  changes i n  t h e  hydrosphere ,  a tnosphe re  and r e l a t e d  exogenic 

p r o c e s s e s .  The l u n a r  c r u s t  consis ' ,s  o f  b a s a l t s  and  AKT s u i t e s .  Therefore  it 

y.ay be p c s s l b l e  +a- tF.2 l - ~ y a ~  bJ?e cf 7k.e ez:*%k's c r i i o r d i a l  t.asiz cr;st gr=xjl<e& 

m a t e r i a l  and s o l u ? i o n s  f o r  t h e  Sa rgur  group d e p o s i t o r i e s .  

The absence  of q u a r t z i t e s  and  conglomera tes  (both. b a s a l t  an2  g r e p a c k e  type 

wi th  t o n a l i t i c  p e b b l e s )  from t h e  Sa rgur  group, and t h e  r e l a k i v e l y  lower abunjance  

o f  q u a r t z i t e s  and basal conglomera tes  from t h e  Bababudan and Ch i t r adnrga  groups ,  

i n d i c a t e  t h a t  f r e e  p1u;onic q u a r t z  was probab ly  no5 a v a i l a b l e  for weather ing  

du r ing  pre-Sargur  (3 .2-3 .5)  times i n  the  I n d i a n  Pen insu la .  

t o n a i i t e - t r o n f i j e m i t e  a c t i v i t y  f r e e  p l u t o n i c  q c a r t z  became a v a i l a b l e .  

t o n a l i t e s  and trondhjemites (wi;h 30% q u a r t z )  are i n c a p a b l e  o f  y i e l d i n g  v a s t  

aTounts o f  mature q u a r t z i z e s  and b a s a l  conglomera tes .  Thus i r ?  t h e  Bababudan 2nd 

Ch i t r adurga  groups  arkoses, s h a l e s ,  gre)wackes an5  l n t i t e s  are nore prominent 

t h a n  sands tones  (Ijaqvi,  1977;  Kaqvi e t  al., 1978a). 

A f t e r  the post-Sargu-r 

However, 

These s e c u l a r  changes i n  t h e  composi t ion  o f  t h e  sed i r ten tary  ccmponec; of 

Archa,ean to T r o t e r o z o i c  rocks a r e  i l l u s z r a , t e d  ;.hen e lemen?al  and ox ide  abmdances  

are p l o t t e d  a g a i n s t  age  ( z n g e i  e t  d., 197b; Ijaqvi,  1976b; T e i z e r  acd Hoefs,  1976; 

Radhakrisha and Vasudev, 1 9 7 7 ) .  The fe r romagnes ian  e l e x e n t s  show a dec rease  

wi th  age (Naqvi, 1976b).  The s t u d y  o f  t h e  composl t ion  of conglomerate pebbles 

sugges t s  t h a t  du r ing  che Bababudan-Chitradurga g e o s y n c l i n a l  a c t i v i t y  t h e  emplace- 

ment of K-r ich  g r a n i t e s  t o o k  p l a c e  (Naqvi et al., 1976a). L a t e  emplacement o f  
. .  

he^CrL v-6..aw,bla 1 L - arid q ~ a r - , z  v e b s  betxeen 2.5-2.1 t.y xzje z?ie CTGSL rizn :r, f r e e  

p l u t o n i c  q u a r t z ;  t h u s  t h e  d e b r i s  of middle  P r o t e r o z o i c  d e p o s i t o r i e s  l i k e  t h e  

Cuddapah and Vindhyans became q u a r t z  dominated, and n a i u r e  sands tones ,  s h a l e s  

and limestones became t h e  prominent  sed iments  i n  a l l  e n v i r o m e n t s .  

on  t h e  b a s i s  o f  t h e  d a t a  p r e s e n t e d  h e r e  and p u b l i s h e d  e a r l i e r  by t h e  a u t h o r  and 

h i s  coworkers, a q u a l i t a t i v e  ba l ance  between t h e  s e d i n e n t s  and igneous  a c t i v i t y  

of the Precambr ian  can  b e  env i saged  (Table Lt) . 
e a r l y  P r o t e r o z o i c  was a t r a n s i t i o n a l  e r a .  

Archaean to t h e  middle  P r o t e r o z o i c  i n  t h e  sed imentary  s h e l l  o f  t h e  c r u s t ,  a 

t e n t a t i v e  model i s  proposed  which sugges t s  t h a t  ANT-rich p r i m o r d i a l  b a s a l t i c  

c r u s t  was p r o g r e s s i v e l y  changed i n t o  s i a l i c ,  q u a r t z - r i c h  c r u s t  du r ing  t h e  period 

Therefore ,  

It a p e a r s  t h a t  t h e  l e t e  Archaear?/ 

I n  v iew of t h e s e  changes from t h e  
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TABLE 4. Qual i ta t ive  geochemical balance during t h e  Precambrian e r a  

Time Igneous a c t i v i t y  Sediments 

Upper 
Proterozoic  

Middle 
Proterozoic  

Early 
Proterozoic  

Archaean 

Granodior i tes  
Grani tes  
Basalts 

Tonal i tes  
Granites 
Basalt s 
Pegmat it e s 
Q u a r t z  veins  

Basalts 
Trondhjemites 
Tonal i tes  

Shales 
Sandst ones 
Limestones 

Shales  
Sandstones 
L ime s tones 

Greywackes 
Shales 
Sandstones 
Chert 
I rons  tones 
L ime s t o  ne s 

Basalts High A l ,  Mg, T i  
ANT p e l i t e s - s h a l e s  
P e r i d o t i t e s  Chert 

I ronstones 
L h e  s tones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

h.O-2.0 by. 

r e l i a b l e  radiometr ic  ages and b e t t e r  geochemical c h a r a c t e r i s a t i o n  of t h e  

d i f fe rences  between metamorphosed c h e r t s  and d e t r i t a l  q u a r t z i t e s .  However, I 

maintain t h a t  it i s  a necessary development in beginning t o  expla in  i n  a b e t t e r  

way t h e  r e l a t i v e  abundances and compositional t rends  of  t h e  sediments of  t h e  

e a r l y  h i s t o r y  of  the  e a r t h .  
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Abstract 

Extremely fine-grained meta-anorthosites to anorthositic meta-basalts are 

found as sheets and lenses amongst meta-peridotitic komatiites, serpentinites 

and amphibolites of the C. 3.5 by Holenarasipur greenstone belt in Karnstaka 

State. Their REE patterns show slight enrichment in LFUD relative to HREE, La 

varying between 12 and 7 times and HREE between 3 and 4 times chondritic 
abundances, and the average (Ce/Yb)N ratio is 2.1. 

the Eu/Eu* ratio ranging from 1.2-9.0 and showing a strong negative correlation 

with modal amphibole. In such respects these supracrustal anorthositic rocks 

differ greatly from high-grade rocks of similar major element chemistry from 

West Greenland and NW Norway, but show a remarkable resemblance to lunar highland 

basalts. This resemblance is confirmed by close textural and other geochemical 

similarities. The relatively unfractionated nature of the anorthositic basalts 

suggests that they may represent anorthositic basalt melts within which small 

amounts of plagioclase accumulation has occurred. The origin of such melts is 

restricted by the REE data to two possibilities: (a) by small degrees of partial 

melting of very hydrous mantle peridotite; (b) by large amounts of olivine and 

orthopyx-oxene fractionation from peridotitic komatiite m a g m a s .  

INTRODUCTION 

Their Eu content is variable, 

The occurence of supracrustal Archaean basaltic anorthosites in association 

with komatiites of a C. 3.5 by greenstone belt in South India (Radhakrishna, 
1976; Ramakrishna et al., 1976) was as unexpected as the original discoveries of 

the komatiite-suite of lavas (Viljoen and Viljoen, 1969) and the anorthositic 

component of the early lunar crust (Wood et al., 1970). 

Many petrologists maintain that magmas of anorthositic composition cannot 

form by partial melting of mantle or crustal materials (e.g. Phinney, 1969; 

Ryder, 1974), the Proterozoic massif-type anorthosites 

a n d  the high-grade Archaean stratiform anorthosites (An 

1976) being regarded as cumulates from basic magmas. 

system diopside-anorthite-silica indifate that anorthositic magmas may form by 

partial melting of wet basic materials at pressures greater than 20 kb at 

(Green, 1969) 

) (Windley and Smith, 
90 
However, studies of the 



temperatures around lJ50°C (Yoder, 1968). 

at low pressures (5 kb) yields anorthositic liquids (Yoder and Tilley, 1962). 
Rapid adiabatic rise of such magmas would form layered anorthositic intrusions 

and possibly anorthositic lavas. Murthy (1976) suggested that hydrous, high 
temperature conditions in a primitive mantle with a significant component of 

late-accreted refractory Ca- and Al-rich material would have promoted the 

formation of anorthositic magmas at an early stage in the earth's history. 

Experimental melting of amphibolite 

In this paper the KEE distributions in anorthositic basalts from South India 

are compared with those in a variety of terrestrial and lunar anorthositic rocks, 

and with those produced by petrogenetic models representing: (a) fractional 

crystallisation of basaltic and komatiitic magmas; (b) partial melting of basalt, 

amphibolite and mantle peridotite; and ( 0 )  partial melting of tonalite to yield 

adamellitic melts and anorthosite residues. Together with textural and other 

features, these data are used to suggest a framework for the origin of the 

supracrustal anorthositic basalts. 

ANALYSED ROCKS 

1. Geological Setting 

The Holenarasipur greenstone belt, from which the anorthositic basalts were 

collected, has three arms representing tight synforms of supracrustals separated 

by trondjhemitic to tonalitic gneisses and intrusions (Rama Rao, 1940). 
lower part of the belt comprises basal tremolite-actinolite-talc schists succeeded 

by met a-peridot itic komat iit es , serpent init e s  , basaltic komatiit es (high-Mg0 

basalts) and garnet amphibolites, together with minor metasediments (kyanite- 

staurolite schists and iron formations). The whole sequence has been subject t o  

almandine amphibolite facies metamorphism, the presence of kyanite suggesting an 

intermediate- to high-pressure facies series. The marginal zones of the belt 

have been invaded by several generations of pegmatites related to tonalitic 

plutons which, together with the absence of sedimentological evidence f o r  an 

older eroded gneissic basement, suggests that the surrounding 'Peninsular Gneisses' 

are younger. However, without radiometric dates and a detailed tectonic chronology 

this is a matter of opinion only - the antecedence of the gneissic component of 
the 'Peninsular Gneisses' has been postulated by Ramakrishna et al. (1976). 

The 

Deformation in the belt is variable,ranging from intense in marginal areas of 

ultrabasic phyllonite to low when pillows may be observed in the meta-peridotitic 

komatiites. Spinifex textures are absent as a result of complete recrystallisation 

of the ultramafic rocks. However, the alternation of ultramafics with metacherts 

confirms the subaqueous nature of the igneous activity. 

The anorthositic rocks are found in outcrops of weathering-prone ultramafics; 

hence exposure is poor and their relations with the enclosing ultramafics are 

largely obscured. The anorthositic rooks occur as up to 20 m wide pods, lenses 
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1 i xLE ' 2.r 1 :  X a j o r  and rare earzh eiemenz afialpses an:, xsdal azel;-ses f o r  

a n o r t i i c s i t i c  TC&S from the  Holenerasi lur  greens;one b e l t .  
S m ~ l e s  5-9 a r e  Tiice graiced end sho;: evLdence 0;' :ii& :enpera;ure 
zrmealing; s a q l e s  1-4 are ?ertl;- g r a n S a t e 2 ,  ze6.i.x- 7 3  f i r e -  
gzai:*.e& rocks .  

1 2 3 4 5 6 7 5 

S24j 

a9 * 59 
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15.c2 
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C.16 
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C.26 

2 6 . 1 ~  
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2.98 
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0.c7 
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0.3C 

S3':9 

50.C2 
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14.50 
4.c: 
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c.cg 
o.;g 
3.25 
c.25 

- s337 

47.99 
0. 40 

29 .29  
0.56 
0.94 
14.69 
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2.15 
C.39 
c.02 
c.a: 
0.22 

- 

- 

S24& 

51 6 19 
0.31 
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14.19 
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0.61 
c .  3c 

- 

- 

s2a53 

jC.24 
0.56 

25.17 
3.37 
2.68 
13.69 
6.08 
1. jc 
0.05 
0.12 
3.66 
c.21 

- 

- 

La 3 -  37 
Ce 6-94 
;:d 5.93 
Sr. 1 .C6 
La2 0.54 
Gd 1.42 
Tb c.22 
In C.16 
Y3 1 .cc 
L; 3.1: 
35E 19.90 
(F€/Yb)PJ 1.93 
EJ./Eu* 1. 3c 

3.11 
7.3c  
5.68 
1 a01 
0.50 
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c.2c 
C.15 
C.90 
3.14 
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:.6r 
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c.13 
C.F2 
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3.91 
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1.33 
C.18 
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ard shee",s aarallel 50 ",be fo l i a5 lo r .  FE Cefome-7 - 2 t r a x s f i c s .  ?he l i n i t e ?  

exposure shows nc mine-el l a y e r i n g  wi th in  t h e  a n o r t k o s i t i c  rocks ,  but  t h e r e  i s  

i r r e g u l a r  v a r i a t i o c  i n  both t h e i r  G a i n  s i z e  ax& c e f i c  index. 

2 ,  Petrography 

The anaiyseci rocks range frcm a n o r t h o s i t e s ,  shrough b a s a l t i c  a n o r t h o s i t e s  t o  

a n o r t h o s i t i c  S a s a i t s ,  and c o n s i s t  0' z n o r t h i t e ,  lcw-Ng sscherrnakific hornblende, 

aimar.dine-grossular ga rne t  and n ino r  a B a t i t e ,  spherre, megre t i t e ,  s p i n e l ,  

s c a g o l i t e  a d  quartz .  

'ine-grained maL,erial e x h i 5 i t s  i r r e g d a r  pla&cclase g r a i n s  s.irrour.ded Sy very 

f ine-grained g r a r d a r  p l a g i o c l e s e  i n  what aTpears s c  be a c a t a c l a s t i c  t e x t u r e ;  

a g rada t ion  T O  enTire;y very fine-graineti  maTeria; can be 6emonstra;ea. 

t he  f e l d s p a r  g r a i n s  e x h i b i t  a polyhedral  g renu ia r  t e x t c r e  at?& only c c c a s i c n a i i y  

sk.c:zr twirning.  Text7irally t h e r e  i s  a r.ost s t r i k i n g  s i r . < l a r i r y  t c  a n o r s h o s i t i c  

i n p a c t i t e s  froz the iunar highlands (Taylor ,  1975,  f i g .  J . 5 ) ,  analcg-Les o f  cata-  

c i a s t i c  a n o r t h o s i t e s  and g r a n d i s i c  anor t i l o s i t e s  groduced by p c i c c g e d  :high- 

temgezature s.Jjsoli&;s ennea l ing  being p resen t .  1% i s  m r t h  not i : ig  t h a t  n d e r  

alr.andine a n p h i b o l i t e  ccnd i t ions  aqd i n  the  Tresecce o f  Yg, i e  znd H C from t h e  

i i l t r a n a f i c s ,  t e c t c n i c  c a t a c l a s i s  o f  a n o r t k o s i t e s  i s  e x p e c t e d . t o  produce z o i s i t e -  

ep idc te - r i ch  rocks ,  comcn ly  found i n  defcrned Arckaean high-6grade a n o r t h o s i t e s  

(Watson, 1969). Ir. f a c t  t he  f e l d s p a r s  a r e  nc: even clouded. Tie hornblendes 

in 3 e  fize-gTaLr.eA raterial exkibi: +ex+Aral eFLliSra5Lor! xitt Flagicc'ase and 

def ine  a weak p lana r  2a5ric .  The g a r n e t s  o c c i r  as e d i e d r a l  porphyroklasts  i n  th.e 

fine-grai-ned v a r i e t y  ar,d enclose s i n i t e  gra ins  cf g i a g i o c l e s e  and hornblende. 

They p e w  a f s e r  annea l i sg  o f  th.e polyhedral  p l a s i o c l a s e - r i c k  n a t r i x ,  p robe t ly  

a d e r  a1mandir.e m..ghibolite f a c i e s  cond i t ions .  

3. Geochenistry 

The g r a i n  s i z e  v a r i e s  fron 0.02-1.0 TS. Th.e mediux- t o  

- -  
A~ ; h i s  

2 

The conpcs i t i ona l  rar.ge of t h e  sm.> ies  i s  encoagzsse& by the  f i e l d s  o f  

a n o r t h o s i t e  t o  a n o r t h o s i t i c  gabbro (TaSle 1 ) .  

normative saqgles .  Tb.e garnet-bear ing samples a r e  quartz-nornat ive.  The s u i t e  

i s  k r o a d l y  cor.parable with t y p i c a l  high-grade Archaean m o r t h c s i t e s  r ' r o s  

Fiskenaesset  aii6 S i t t ampx id i ,  excep: f o r  h ighe r  Ka 3, SiS2 and Tic2) 81% s t c v s  

a c l o s e r  resenblance to l una r  a q o r t h o s i t i c  rocks ,  p a r t i c i l e r l y  'highlar,d Sasalss ' ,  

except f o r  h ighe r  SiG2, M g C  and E 0 con ten t s .  

rocks on Ca0-Al2Oj, A 1  0 -2Ti-Cr and APM d i a g r a m .  

fall wi th in  t h e  range o f  lanar z n o r t h o s i t i c  p l a g i o c l a s e s  and a r e  a l l  i n  t he  

ar .cr thi te  range An 

o f  t h e  gecchen i s t ry  w i l l  be publ ished elsewhere.  

RARE EARTH ELEYE?? AKALYSES 

1 .  Ana ly t i ca l  Technique 

There are bctk o l iv ine -  and qJa r t z -  

2 

They p i o t  t oge the r  with t h e  lmar  

'The p i ag ioc le se  corr.positions 
2 

2 3  

( e l e c t r o n  nicroprcke ana lyses ,  @er. Un ive r s i ty ) .  D e t a i l s  
92-96 

Eight  samples were analysed for La, Ce, Nd, Sm, h, Gd, Zh, Tm, To and Lu by 
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instrumental neutron activation using a method described by Paul et al. (1974). 
Irradiation was carried out at the University of London Reactor Centre, Ascot, 

and activities were detected by instrumentation at the Open University and 

converted to element abundances using the peak analysing programme SAMPO at the 

University OP London Computer Centre. 

Because of very low levels of interfering elements, such as Ba and Th, 

excellent resolution for the relatively low abundances of FEE was achieved 

(detection limits, precision and comparability of REE analysis with BCR-1 are 

given in Table 2). 

TABLE 2: Lower limits of detection (I) , analytical error (2), and comparability 
between Open University values ( 3 )  and accepted values for BCR-I for 
RFE 

I 
(ppm) 

2.00 
0.60 
1 .oo 
0.70 
0.01 
0.80 
0.05 
0.06 
0.04 
0.05 
- -. - 

2 
(%I 
10 
7 
7 
7 
4 

10 
4 

10 
4 

10 

5 
(PPd - 
21.10 
51.20 
28.20 
6.98 
2.07 
7.80 
1.01 
0.50 
5.31 
0.54 

_ _ _ _ _ -  

4 
(ppm) 

26.00 
53.90 
29.00 
6.60 
1 *94 
6.60 
1.00 
0.60 
5.36 
0.55 

_ _ - _  
2. Results 

Table 1 lists major element and FEE analyses, and modal analyses 

€or the 8 anorthosites to anorthositic basalts. Their FEE abundances, normalised 

relative to the average of I0 ordinary chondrites (Makainura, 1974), are plotted 

on Fig. 1 together with the fields of high-grade anorthositic rocks from West 

Greenland (O'Nions and Pankhurst, 1974; Henderson et al., 1976) and NW Norway 

(Green et al. , 1972) and lunar anorthositic gabbros (highland basalts) (Hubbard 
et a]. , 1974). 

The FCEE patterns in Holenarasipur anorthositic rocks show the following 

features : 

(a) Slight ehrichment in W E  relative to HXEE, with an average (Ce/Yb), ratio 

of 2.1 (Fig. la,b). In this respect they differ from the highly fractionated 

meta-anorthositic rocks from the Archaean of NW Norway (Green et al., 1972). 

Meta-anorthosites from West Greenland, however, also display low (Ce/Yb)N ratios 

ranging from 0.5-14.5 with an average of 3.6 (Fig. lc). 
(b) Bar Eu, only a small range in the abundances of each REE. 

pattern indicates La at between 12 and 7 times and HXEE between 5 and 4 times 
chondritic abundances. 

West Greenlacd meta-anorthosites (Fig. 1 c). 

The overall 

This contraBts with the very high variability of REE in 



358 

20.0, , , , I ' l l  , , I t 1 1  1 1 1 ' 1  , , j l O O . 0  
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i . I l l  1 1  1 1 I 1 1  1 0 1  
' ' O  La Ce i d  Sh E u d d  i b  T m Y b  Lu La Ce Nd Sin E u G d T b  Y b  Lu 

- .  :ig. 1. Chordr i t e -nomal i sed  REE p l o t s  i c r  ( a )  p a r t l y  g r a x l a t e d  n e d l m -  t c  
fine-g-zaiced, Rclenarasi-pr a n c r t h o s i s i c  r ccks ,  ( b )  ar-yealed f i c e -  
g ra ined  a n o r t h c s i t i c  rocks f rom Hclenarasi?ur  sh.cwing f i e l d  of 1mar 
a n c r t h c s i t i c  r ccks  (dark t o r e )  (Hubbard e t  al., 1974), and ( c )  high- 
grade Archeean z e t a - a n c r t t c s i t e s  fro2 W Somay  (dark t cne )  (Green e t  
a l . ,  1972)  and f r o T  s%e Ziskenaesset  ccnplex, West S ree r l and  (light 
t one )  (C'Nicr.s w d  Parkh-rs5,  1974; :-er.derscn e t  el., 1976). 

( c )  Variable  EL ajiYldances, EI/E.J* ranging f r c n  1.2-9.0. 

t he  very f ine-grained e x m p l e s  have s t r o n g e r  p o s i t i v e  ELI anomalies zkar  t k e  

xedl .x-  $0 f ine-grained v a r i e t y .  

c c r r e l a t i c n  1;;i-lk r z d a l  ax9hibcle  conter,; 3 a t  no s i g r i f i c a n s  c c r r e l a t i c n s  ?with 

nodal f e l d s p a r ,  A1203 o r  r'e 0 /Ye@ r a t i o s .  

r a t i o s  th2ar. t h e  ma jo r i ty  cf Arctaean %eta-anorthos 

( d )  A very c lose  r e s e r b l a s c e  t o  luner 'h ighland h a s a l t s '  L r  t e r m  o f  

(Ce/Y%)?: and Eu/Eu* r a t i o s  (Fig.  15), t he  average e 'mndmces o f  FtEE ir. t k e  

EoleRarasigur m a t e r i e i  beir.g very c l c s e  5c those f c r  l u n a r  kighland b a s a l t  

quoted 3y l a y l o r  (197:). 

DIscJssIoY 

As  show^ by 3ig. 1 ,  

'The Eu/Eu* r a t i o s  shcw a s t rong  negat ive 

'?ie szr.ples sk.ori n c ? i  lcwer EJ/~J* 
2 3  

Z X E E ,  

There a r e  f o u r  ;s iausible  e x g l a n a t i o r s  l o r  t h e  cccurrer.ce cf  t h e  s u p r a c m s t a l  

b a s a l t i c  a m r t h o  s i t e  s : 

(1 )  Zeidsgathic  c w d a t e s  from b a s a l t i c  or p e r i d c t i t i c  k o n e t i i t e  flc-*,s or 

s i l l s ,  

( 2 )  3es idua l  nelss cf  b a s a l t i c  c r  p e r i d o t i t i c  nagma f r c n  wYck  o l i v i n e  and 

orthopyroxene xere  f r a c t  icna-led. 

( 3 )  b n o r t h o s i t i c  b a s a l t  sagma forr.ed hy p a r t i a l  n e l t i n g  cf  a b a s a l t i c  c r  
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H2 0' peridotitic source under high P 

(4) Anorthositic residual solids from partial melting of tonalites to yield 
adamellitic melts. 

(Throughout this discussion phenocryst-matrix partition coefficients for REE are 

as compiled by Arth, 1976.) 

(1) The field relations of the basaltic anorthosites as small bodies in large 

volumes of ultramafic material suggest a possible origin by flotation of feldspars 

after emplacement of thick, fluid ultrabasic flows or sills. However, the 

anorthositic rocks have higher total REE contents than Archaean peridotitic 

komatiites which have 2-3 times chondritic REE abundances and show depletion in 

LREE relative to HREE (Hawkesworth and O'Nions, 1977). 
partition coefficients for REE in plagioclase should lead to their depletion in 

anorthositic rocks formed by fractional crystallisation of feldspars. Arndt 

(1976) has shown that plagioclase is the last mineral to crystallise from 
peridotitic komatiite melts and appears onlyat low pressures. 

The low phenocryst-matrix 

Accumulation of plagioclase from a basaltic source liquid could feasibly 

produce the FEE patterns seen in the basaltic anorthosites. However, even if 

REE-enriched Archaean tholeiites are used as a starting liquid, impossibly high 

proportions (70-9O%) of plagioclase crystals must be removed to give appropriate 

REE contents in a feldspathic cumulate. The only theoretically possible plagio- 

clase fractionation mechanism is one involving parental liquids with the high 

REE contents of Archaean andesitic lavas (Condie, 1976). Such materials have 

not been reported from the older greenstone belts of the Indian Archaean. 

(2) The phenocryst-matrix partition coefficients for REE in olivine and ortho- 
pyroxene in basaltic systems are less than unity, and neither selectively 

concentrates o r  is depleted in Eu (see Arth, 1976). 
after fractionation of olivine and orthopyroxene from basaltic melts should show 

relative enrichment in total REE and no significant ELI anomalies. Even the most 

BEE-depleted Archaean basalts have REE with flat patterns greater than 6 times 

chondritic abundances so that calcic residual liquids in the basalt system 

would show much more abundant ElEE than the basaltic anorthosites. 

Therefore residual melts 

Fractional crystallisation of various olivine- and pyroxene-bearing assemblages 

from the average of Rhodesian ultrabasic komatiites (Hawkesworth and O'Nions, 1977) 
is capable of producing the relative REE enrichment observed in the basaltic 

anorthosites. Such a process is a l s o  compatible with experimental data on 

crystallisation of komatiites (Amdt, 1976). 
these komatiites show enrichment in HElEE, to produce the required (Ce/Yb)N) ratios 

from them, large amounts of augite and/or hornblende must be present in the 

extracted crystals. This is also a,prerequisite for ultrabasic komatiite magmas 

with flat REE patterns. For the DEE-enriched ultrabasic komatiites reported by 

However, since the REE patterns in 



Fig. 2. Plots sfowing chondrite-nornalised Ce, Six, EL, Gd and Yb for (A) 
resi&Aal li ui8 after E@ equilibriim fractional crystallisation of 
assenblage aol43, cgx20, cpx20, hb2c) r'ron average Fhcdesian uitra- 
basic koyatiite (FAwkesworth and C'Nioxs, 1977); a d  (3) 10$ equili- 
brim nodal zelfiri or' hcrnbleE&e peridotite (oLj0, ogxlc, aaxl~, 
lib20, oxideis) with chondritic BEE. 
Eolenarasipur anortkositic rocks. 

Light tcne indtcates fieid sf 

fiesbitt 

ztnic the gexeral 3EE Battern of the bssaitic anorthosiTes. 

KEE pattern derived 5y 8C$ fracticnal crystallisation of tce assenblage (oi 

O P X ~ ~ ,  C ~ X ~ ~ ,  hb 

( 3 )  The F3E patterns in caicic asd alwd.r,ous nelts fcrned by partial 3 s i o n  i~ 
wet basaltic or poridotitio compositions are large determined by the mineralogy 

of the residual solids. 

xaterials nust represest in such hypothetical nodels, this n;iseralogy wouid differ 

little froi the aodal coqmsitios of the source naterial. 

(C!e/Yb), ratios in the enorthositic rocks, very rigid Xinits m s t  be placed 011 
HREE-ccncentrating nizerals s~ch as garnet in tke source mterials, which can 

safely be assuned to have flat or only slightly I'racticnated chocdrite-nomlised 

PEE. patterns. 

of clivine and gyroxene, which have partition coefficients well below 1.C for 

basaltic Tatrices, ensure enrichaent in FEE, whereas the enorthositic basalts 

Sur. (1976), fractionation sr' oiivine 91115 orSno2yrcxene aione c%? 

Fig. 2 shows tne 

40 ' 
) fron average %odesfan ultrabaslc komtiite. 20 

In cases of small degrees of melting, which anorthositic 

3eceuse of the low 

With source Katerial of basaltic coqcsition, assemblages with high proportiona 



are depleted rel-ative to basalts. Even basaltic source materials in the form of 

pure hornblendite are incapable of producing depleted REE patterns due to the 

low partition coefficients for REE between amphiboles and basaltic matrices. On 

these grounds, an origin by partial melting of wet basaltic rocks seems implausible, 

unless FLEE-depleted basalts prove to be uniquely present in the Indian Archaean. 

Low degrees of melting of nearly anhydrous peridotitic source materials with 

near-chondritic RFE patterns generate REE-enriched materials which fall in the 

envelopes of Archaean to Recent tholeiites, as a result of low bulk distribution 

coefficients for FZE elements. Only by incorporating large amounts of amphibole 

into the parent mineralogy can bulk distribution coefficients be assembled which 

are capable of producing the 5-10 times enrichment observed in the basaltic 

anorthosites. 

blende peridotite (hb20, 0 1 ~ ~ ’  opxl0, CPX,~) with chondritic FXE abundances. 

Though not showing a positive Eu anomaly it has a (Ce/Yb)N ratio similar to that 

observed in the basaltic anorthosites. As suggested by the correlation between 

Eu/Eu* ratios and modal hornblende contents, the observed Eu anomalies could 

represent slight in situ fractionation of plagioclase. 

(4) Green (1969) suggested that some anorthosites may be residues of partial 
melting of tonalites to yield adamellitic melts. All Archaean rocks of tonalitic 

composition that have been analysed for REE show very marked enrichment of LFS,E 

relative to HREE (e.g. Condie and Hunter, 1976). Such patterns would be preserved 

in feldspar-rich fractionates from tonalites due to the lack of significant 

differences in partition coefficients between LREE and HREE in plagioclase. 

This, together with a total lack of field evidence for relations between basaltic 

anorthosites, tonalites and derived melts, rules out such a petrogenetic model. 

Fig. 2 shows the REE pattern generated by 10% melting of a horn- 

On the basis of REE patterns alone, the basaltic anorthosites could represent 

either residual melts after large-scale fractionation of hornblende- and/or 

augite-rich assemblages from peridotitic komatiite magma, or low degrees of partial 

melting of a hornblende peridotite source. 

and the poor exposure it is not possible to favour either mechanism. 

Given the limited scope of this study 

Taking into account the close geochemical and textural similarities between 

the basaltic anorthosites and lunar anorthositic rocks, it is tempting to speculate 

that they share either a similar formative process or common precursors. It is 

widely held that the geochemistry, particularly in terms of REE, of the lunar 

anorthositic breccias reflects mixing of earlier more fractionated rocks as a 

result of impact events which produced the ringed lunar basins (Taylor and Jakes, 

1974). 
modified by impacts, reflects the primitive composition of an early accreted 

surface layer on the moon which differed from the deeper source region of mare 

basalts by its higher A1 0 

An equally widely held view is that the same material, though obviously 

content, Mg/Fe ratio and content of lithophile trace 
2 3  



elements (Hubhard et al., 1974).. A similar suggestion has been made for the 
earth on indirect grounds by Murthy (1976) and on evidence from the volatile 

content of Archaean high-grade anorthosites by Morgan et al. (1976). Glikson 

(1976) examined the weight of cj.rcumstantia1 evidence for large-scale impacts 

contributing to the formation of Archaean supracrustal sequences and suggested 

that the basic-ultrabasic volcanics of the earliest greenstone belts might 

represent mantle diapirism triggered by major impacts and their long-term 

elevation of geoisotherms in the mantle; however, only unequivocal demonstration 

of structural features or petrographic textures related to impacts could verify 

this possibility. In this light it seems advisable to conduct a major study on 

those rocks of ariorthositic affinities which hitherto have been merely reported 

from some of the oldest greenstone terrains (Anheusser et al., 1969; Windley, 

1970). 
ported by basic-ultrabasic magmas. 
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ABSTRACT 

The f i e l d  r e l a t i o n s h i p s  of u l t r a m a f i c  bodies  wi th  amph ibo l i t i c  

s u p r a c r u s t a l  rocks and a l a t e r  , l aye red  gabbro-anor thos i te  complex 

a r e  desc r ibed .  Together t h e s e  rocks  underwent deformation and 

metamorphism t o  upper amphibol i te  f a c i e s  a t  c. 2 7 0 0 - 2 6 0 0  Ma. This  

deformational  event  w a s  accompanied by t h e  i n t r u s i o n  of  l a r g e  

q u a n t i t i e s  o f  d i o r i t i c  t o  g r a n o d i o r i t i c  m a t e r i a l ,  now converted t o  

gne i s ses .  

The u l t r a m a f i c  bodies  c o n t a i n  s e v e r a l  boudins i n  which a r e  

preserved var ious  coarse-gra ined  t e x t u r e s  as w e l l  as minera l  and 

chemical l a y e r i n g .  These t e x t u r e s  p reda te  t h e  2 7 0 0  Ma metamorphism. 

The t e x t u r e s  inc lude  symplec t ic  i n t e rg rowths  of (i) o l i v i n e  + s p i n e l ,  

and (ii) orthopyroxene + s p i n e l  wi th  rare occurrences  of  ( i) overgrown 

by (ii). 

analogue of t h e  undeformed rock .  

The h o s t  rock t o  t h e  boudins i s  a deformed and r e c r y s t a l l i s e d  

Geothermometry c a r r i e d  o u i  on t h e  co -ex i s t ing  o l i v i n e - s p i n e l  p a i r s  

i n  t h e  coarse-gra ined  r e l i c t  t e x t u r e s  and t h e  deformed h o s t  rock 

sugges t  d i f f e r i n g  e q u i l i b r a t i o n  tempera tures .  The deformed rocks  

e q u i l i b r a t e d  a t  c. 700-800°C w h i l s t  t h e  undeformed t e x t u r e s  

e q u i l i b r a t e d  a t  c .  1000°C. 

t h e  metamorphic environment observed f o r  t h e  sur rounding  rocks ,  w h i l s t  

t h e  l a t t e r  i s  f a r  too h igh .  

The former temperature  i s  c o n s i s t e n t  with 

I n  t h e  l i g h t  of  exper imenta l  work i n  t h e  l i t e r a t u r e  t h e s e  t e x t u r e s  

a r e  i n t e r p r e t e d  a s  p l u t o n i c  igneous t e x t u r e s  and t h e  anomalous 

temperatures  of e q u i l i b r a t i o n  r e f l e c t  t h i s  even t .  Pre l iminary  

mel t ing  experiments  performed on t h e s e  rocks  sugges t  

and 10 kb t o t a l  water p r e s s u r e ,  o l i v i n e  and s p i n e l  a r e  s t i l l  on t h e  

l i q u i d u s .  

observed metamorphic cond i t ions  and imply format ion  under a c r u s t  of 

a t  l e a s t  30 km t h i c k .  Since t h e r e  i s  an absence of any o l d  s i a l i c  

t h a t  a t  1400°C 

This  provides  minimum cond i t ions  which f a r  exceed t h e  



c r u s t  i n  t h e  r e g i o n  it i s  s u g g e s t e d  t h a t  t h e s e  rocks  r e f l e c t  

c o n d i t i o n s  i n  t h e  Archaean upper  man t l e  u n d e r l y i n g  an o c e a n i c  a r e a ,  

INTRODUCTION 

The F i s k e n a e s s e t  r e g i o n  ( F i g .  1) l i e s  some 110 km s o u t h  of Godthaab 

i n  t h e  c e n t r a l  Archaean b l o c k  o f  West Greenland (Rr idgwa te r  e t  a l . ,  

1 9 7 6 ) .  About 7 5 %  o f  t h e  r e g i o n  c o n s i s t s  o f  a ser ies  o f  po lyphase ,  

p a r t l y  s y n t e c t o n i c  tonalitic-to-grandioritic g n e i s s e s .  These c o n t a i n  

a m p h i b o l i t e s  which are p redominan t ly  of s u p r a c r u s t a l  o r i g i n  (Andersen 

and F r i e n d ,  1973; Andersen,  1 9 7 4 ;  F r i e n d ,  1 9 7 5 1 ,  t h e  p r e c u r s o r s  o f  

which were formed a t  abou t  3000 Ma (Burwe l l  e t  a l . ,  i n  p r e s s ) .  The 

a n o r t h o s i t e s  o f  t h e  F i s k e n a e s s e t  complex were i n t r u d e d  i n t o  t h e s e  

a m p h i b o l i t e s  (Windley e t  a l . ,  1 9 7 3 ;  Esche r  and Myers, 1 9 7 6 ) .  

Subsequen t ly  t h e  whole s u i t e  o f  r o c k s  was complexly deformed and 

metamorphosed t o  uppe r  a m p h i b o l i t e  f a c i e s  c o n d i t i o n s  and l o c a l l y  t o  

h o r n b l e n d e - g r a n u l i t e  f a c i e s  c o n d i t i o n s  (Ka l sbeek ,  1 9 7 6 a ) b ) .  The 

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

occur red  a t  abou t  2850 Ma (B lack  e t  a l . ,  1973;  Pidgeon e t  a l . ,  1 9 7 6 ) )  

w h i l s t  t h e  a m p h i b o l i t e  f a c i e s  c o n d i t i o n s  l a s t e d  somewhat l o n g e r  i n  

t h e  s o u t h e r n  p o r t i o n  o f  t h e  r e g i o n  (P idgeon ,  1973; Pidgeon and Hopgood, 

1 9 7 5 ;  Burwell  e t  a l . ,  i n  p r e s s ) ,  w i t h  e v i d e n c e  of oDen system 

behav iour  c o n t i n u i n g  i n  some a r e a s  u n t i l  a s  r e c e n t l y  a s  1950 Ma 

(Pidgeon and Hopgood, 1 9 7 5 ) .  

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

s o u t h e r n  p a r t  o f  t h e  F i s k e n a e s s e t  r e g i o n  (see G . G . U .  Rapp. No. 7 3 ,  

P l a t e  1) and c o n s i s t  of v a r i a b l y  p r e s e r v e d  p i l l o w  l a v a s ,  agg lomera te s ,  

massive l a v a s  or s i l l s  and dykes ,  gabbros and meta-sedimentary r o c k s .  

Bodies of u l t r a m a f i c  r o c k s  o c c u r  f r e q u e n t l y  w i t h i n  t h i s  sequence.  

These have been l a r g e l y  c o n v e r t e d  t o  metamorphic m i n e r a l  assemblages 

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

b o d i e s  w i t h  b o t h  deformed and r e l a t i v e l y  anhydrous undeformed 

assemblages o c c u r  a t  one l o c a l i t y  n o r t h  o f  Bjdrnesund ( F i g .  2 ) .  

F r i e n d  and Hughes ( 1 9 7 7 )  have s u g g e s t e d  t h a t  t h e  t e x t u r e s  i n  t h e  

undeformed r o c k s  have a p r imary  igneous  o r i g i n .  I t  i s  t h e  pu rpose  

of t h i s  p a p e r  t o  e x p l a i n  more f u l l y  t h e  f i e l d  r e l a t i o n s h i p s  o f  t h e s e  

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

of t h e i r  t e x t u r e s  t o  t h e  metamorphic c o n d i t i o n s .  

THE AMPHIBOLITES 

The g e n e r a l  geology o f  t h e  b e s t  p r e s e r v e d  u n i t  of a m p h i b o l i t e s ,  t h e  

Ravns S t o r d  b e l t  ( F i g .  11, was d e s c r i b e d  by Andersen and F r i e n d  (1973)  

and f u r t h e r  a m p l i f i e d  by c o n s i d e r a t i o n  o f  v a r i o u s  a s p e c t s  o f  t h e i r  
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Fig. 1. Location map of the Fiskenaesset region, Ravns Stord and 
Bldrnesund with respect to the central Archaean block. 
The box represents the area depicted in Fig. 2. The amphibolites 
in the vicinity of Bjdrnesund are shaded black. 

chemistry and structural relations (Andersen, 1974; Friend, 1975). 

A summary of these results may be found in Bridgwater et al. (1976). 
Other studies of amphibolites in the Fiskenaesset region include those 

of Williams (1973) who examined part of the belt occurring along the 

southern shore of Bjdrnesund (Fig. 1) and Rivalenti (1976) who studied 

amphibolites and ultramafic rocks occurring near Fiskenaesset. 

The origin of many of these amphibolites as a series of extrusive, 

partly sub-aqueous lava flows is now established beyond doubt, since 

well-preserved pillow structures occur at several localities. 

Gradations from pillow lavas through pillow breccias to agglomeratic 

amphibolites may be recognised. Associated with these lithologies are 

more homogeneous, massive units which are interpreted as 

penecontemporaneous sills and/or flows, Some of these horizons 

display compositional layering from ultramafic to a more basaltic 

composition. Znterlayered with the amphibolites are some unusual 



l e u c o c r a t i c  s c h i s t s  which compr i se  a s semblages  o f :  q u a r t z - p l a g i o c l a s e  

(oligoc1ase)-orthoamphibole ( a n t ~ o p h y l l i t e / g e d r i t e ) - c u ~ . i n g t o n i t e ~  

biotite+cordierite+staurolite+garnet ( F r i e n d ,  1 9 7 6 ) ,  which a r e  

i n t e r p r e t e d  as w e a t h e r i n g  p r o d u c t s  and r e s i d u e s  o f  s p i l L  > t i  1 sed  S a s a l t s  

and k e r a t o p h y r e  a s s o c i a t i o n s .  Minor me ta - sed imen ta ry  m a t e r i a l  i s  

r e p r e s e n t e d  as s i l l i r . a n i t e + g a r n e t  s c h i s t s .  

Penecontemporaneous ,  r h y t h r . i c a l l y  l a y e r e d  g a h b r o i c  b o d i e s  were 

i n t r u d e d  i n t o  t h i s  vo lcano- sed imen ta ry  p i l e  (Andersen  and F r i e n d ,  

1 9 7 3 ;  Andersen ,  1 9 7 4 ) .  

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

of b a s i c  r o c k s  (Windley e t  a l . ,  i973; Windley and Smi th ,  1 3 7 4 ;  Myers, 

1 9 7 5 ;  R i v a l e n t i ,  1 9 7 6 ) .  The same s i t u a t i o n  a p p a r e n t l y  a p p l i e s  t o  t h e  

Ravns S t o r d  b e l t  ( F r i e n d ,  1 9 7 5 ) .  Average c o n p o s i t i o n s  o f  g roups  o f  

s e l e c t e d ,  homogeneous a m p h i b o l i t e s  from a r e a s  o f  low t o t a l  d e f o r m a t i o n  

a r e  p r e s e n t e d  i n  T a b l e  1 and conpa red  w i t h  a n a l y s e s  f rom F i s k e n a e s s e t  

( R i v a l e n t i ,  1 9 7 6 )  and o t h e r  Archaean a r e a s  ( V i l j o e n  and V i l j o e n ,  

1 9 6 9 a , b ;  Condie ,  1 9 7 6 ) .  The c o n c l u s i o n  t h a t  t h e  b z s a l t i c - t y p e  

p r e c u r s o r s  o f  t h e s e  a m p h i b o l i t e s  deve loped  by t h e  low p r e s s u r e  

f r a c t i o n a t i o n  o f  f i r s t l y  o l i v i n e  and  l a t e r  o l i v i n e  accompanied by 

c l i n o p y r o x e n e  ( F r i e n d ,  1 9 7 5 )  was also r e a c h e d  by R i v a l e n t i  ( 1 9 7 6 )  for 

t h o s e  a m p h i b o l i t e s  n e a r  F i s k e n a e s s e t ,  However, u n l i k e  t h o s e  

a m p h i b o l i t e s  n e a r  F i s k e n a e s s e t ,  where r o c k s  o f  a l k a l i  o l i v i n e  b a s a l t i c  

a f f i n i t y  a r e  r e p o r t e d  ( R i v a l e n t i ,  19761, no such  c o n p o s i t i o n s  have  

been found t o  o c c u r  i n  t h e  4avns Stord b e l t .  The c l o s e  r e semblance  

of  many Archaean b a s i c  an< u l t r a b a s i c  r o c k s  t o  modern o c e a n i c  S a s a l t s  

and a s s o c i a t e d  r o c k s  h a s  been n o t e d  from many a r e a s  ( V i l j o e n  and  

V i l j o e n ,  1 9 6 9 ~ ;  Condie ,  1 9 7 6 ,  Herrmann e t  a l . ,  1 9 7 6 ;  G u m ,  1 9 7 6 ) .  

The e v i d e n c e  from t h e  Ravns S t o r d  b e l t  would a p p e a r  t o  s u p p o r t  t h e s e  

o b s e r v a t i o n s  ( F r i e n d ,  1 9 7 5 )  and  i t  i s  conc luded  t h a t  t h e s e  

a m p h i b o l i t e s  also r e p r e s e n t  o c e a n i c - t y p e  c r u s t .  

The a m p h i b o l i t e s  a r e  t h e  o l d e s t  m a t e r i a l  found i n  t h e  r e g i o n  

(Ander sen ,  1 9 7 4 ;  F r i e n d ,  1 9 7 5 )  and t h e r e  i s  no i s o t o p i c  e v i d e n c e  

from t h e  e n c l o s i n g  g n e i s s e s  which would s u g g e s t  t h a t  t h e r e  was a 
p r e - e x i s t i n g  s i a l i c  basement  which was l a t e r  r e n o b i l i s e d .  I n  

p a r t i c u l a r  t h e  i n i t i a l  r a t i o  8 7 S r / 8 6 S r  v a l u e  o f  ,702 i s  f a r  t o o  low 

to a l l o w  t h i s  (P idgeon  and Eopgood, 1 9 7 5 ;  % a l s b e e k ,  1 9 7 6 ~ ;  Moorba th ,  

1 9 7 6 ) .  A l s o ,  i t  i s  now known t h a t  where o l d e r  basement  h a s  e x i s t e d ,  

c o n t a m i n a t i o n  of t h e  l e a d  i s o t o p e  syscems o f  t h e  younger  r o c k s ,  b o t h  

g n e i s s e s  and  a n o r t h o s i t e s ,  h a s  o c c u r r e d .  No such  c o n t a m i n a t i o n  h a s  

as y e t  been  d i s c o v e r e d  i n  r o c k s  from t h e  F i s k e n a e s s e t  r e g i o n  

S e v e r a l  s t u d i e s  have  i n d i c a t e d  t h a t  m a i n l y  i s o c h e m i c a l  
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TABLE 1: Comparison of bas ic  rocks from the Ravns Stord area with s imi la r  rocks 
from the Fiskenaesset area, other representative analyses of Archaean 
komatiites and a modern p i c r i t e  

1+ 2* 3* 4 5 6 7 8 9 - . ..-_- 

SiO 

Ti02 

A1203 
Fe203 
FeO 

MnO 

MgO 

CaO 

Na 2O 

'2'5 
K20 

H20+ 

C r  

N i  

Rb 

Sr 
CaO 

Na 2O 

%03 

- 
K2° 

K/Rb 

1,2,3: 

4,9: 
5,22:  

6,7: 
8: 

9: 

43.95 

8.78 

13-04 

0.40 

- 
0.20 

27 5'5 
5.80 

0.13 
0.03 
0.12 
- 

46-52 
0.76 

11.04 
12.96 

- 
0.22 

15.38 
11.60 

1.34 
0 -09 
0.09 
- 

48-25 
1.05 

12.96 

111.48 

0.24 

10.72 

- 

10.33 
2.50 
0.19 
0.13 
- 

47.81 
0.92 

7.94 

2.99 
10.11 
0.25 

11.72 

12.83 
2.15 

0.44 
0.09 
1.63 

98.92 
- 

49 50 

1.12 

14-43 
3.24 
8.39 
0.20 

6.90 

10.55 

2.78 
0.46 

0.14 

1.37 

99.08 
- 

51 -4 
1.92 

14.8 
2.1 

8.3 

6.7 

- 

10.7 

2.7 

0.18 
- 
- 

49.7 
1 .o 

14.9 
2.6 

8.8 

6.3 

9.4 

- 

2.1 
0.32 
- 
- 

98.80 95.1 2 

41 .61 
0.31 

2.70 

5-63 

4.35 
0.17 

30.50 
4.29 
0.15 
0.03 

0.02 

8.81 

98.65 
- 

43.89 
1-54 

5-51 
6.50 

7.32 
0.17 

25-53 
4-57 
0.81 

0.59 

2.77 

99.42 

0.28 

- 

- - - 1035 366 350 175 - - 
1091 322 133 341 141 225 100 - - 

10 - nd nd 1 16 11 4 - 
84 121 100 165 - 16 79 1511 - 

0.66 1.05 0.89 1.62 0.73 0.72 0.63 1.59 0.82 

4.33 14.89 19.23 4.89 6.04 15.00 6.56 5.00 1.37 

Average analyses o f  selected groups o f  amphibolites from Ravns Storgf. 
1 :  10 ultramafic sch is t s ;  2: 22 high-Mg basa l t i c  amphibolites, 
3: 11 t h o l e i i t i c  basa l t i c  amphibolites (Friend, 1975). 
Ultramafic rocks, Fiskenaesset (Rivalenti, 1976). 
Thole i i t i c  amphibolites, Fiskenaesset (Rivalenti, 1976). 
Depleted and enriched Archaean tho le i i t e s  (Condie, 1976). 

8 ultramafic komatiites (Viljoen and Viljoen, 1969a). 
P ic r i te ,  Shamandali H i l l s  (Cox e t  al. ,  1965). 

+ Fe203 = t o t a l  iron, major element analyses summed t o  100% on a water-free basis.  



(Moorbath,  p e r s .  c o r n ) .  Thus t h e  c o n t e n t i o n  i s  t h a t  t h e  b a s a l t i c  

p r e c u r s o r s  o f  t h e  Ravns S t o r d  a m p h i b o l i t e s  were u n d e r l a i n  d i r e c t l y  

by upper  man t l e  m a t e r i a l  a t  t h e  t i m e  o f  t h e i r  e r u p t i o n .  

THE ULTRAMAFIC ROCKS 

Numerous u l t r a m a f i c  b o d i e s ,  which a re  o f t e n  c o n t a i n e d  w i t h i n  w e l l -  

d e f i n e d  h o r i z o n s ,  are i n c o r p o r a t e d  i n  t h e  a m p h i b o l i t e s .  They a r e  

t y p i c a l l y  h i g h l y  deformed and p o s s e s s  s h e a r e d  and f o l i a t e d  marg ins .  

I n  many examples t h e y  a r e  t o t a l l y  a l t e r e d  t o  hydrous metamorphic 

assemblages of s e r p e n t i n e ,  t a l c ,  c h l o r i t e ,  t r e m o l i t e  and 

a n t h o p h y l l i t e .  However, some b o d i e s  s t i l l  c o n t a i n  r e l i c t s  o f  

l a y e r i n g  a t t r i b u t a b l e  t o  igneous  p r o c e s s e s  ( F r i e n d  and Hughes, 1977). 

Some o f  t h e s e  l a y e r s  a r e  o c c a s i o n a l l y  f o l d e d .  R a r e l y ,  i n  some o f  t h e  

l a r g e r  b o d i e s  r e l i c i s  o f  non-hydrous m i n e r a l s ,  such as o l i v i n e  and 

g reen  aluminous s p i n e l ,  are p r e s e r v e d  a s  k e r n a l s  w i t h i n  hydrous 

a l t e r a t i o n  p r o d u c t s .  U l t r a m a f i c  b o d i e s  a r e  a l s o  d i s t r i b u t e d  

th roughou t  t h e  t r a i n s  of  a m p h i b o l i t e  a g m a t i t e  and e n c l a v e s  w i t h i n  

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

are much more i n t e n s e ,  u s u a l l y  r e s u l t i n g  i n  an e x t e n s i v e  z o n a t i o n  

w i t h i n  t h e  body. 

Within t h e  a m p h i b o l i t e s  t h e r e  i s  no f i e l d  e v i d e n c e  t o  s u g g e s t  t h a t  

t h e s e  b o d i e s  o r i g i n a t e d  a s  t h e  lower ,  d i f f e r e n t i a t e d  p o r t i o n s  o f  a 

l a r g e r ,  l a y e r e d  b a s i c  body. They a r e  most f r e q u e n t l y  r e s t r i c t e d  t o  

a r e a s  o f  a m p h i b o l i t e  which may be  i n t e r p r e t e d  as p i l l o w  l a v a s  and 

a s s o c i a t e d  r o c k s .  E q u a l l y  it can  be demons t r a t ed  t h a t  t h e  b o d i e s  

a r e  q u i t e  d i s t i n c t  from t h e  F i s k e n a e s s e t  a n o r t h o s i t e  complex s i n c e  

t h a t  i n t r u s i o n  o f t e n  e n g u l f s  and c r o s s - c u t s  a f a b r i c  w i t h i n  t h e s e  

b o d i e s .  A s  t h e r e  i s  no e v i d e n c e  o f  any o l d e r  s i a l i c  c r u s t ,  such a s  

e x i s t s  i n  t h e  God thaabs f jo rd  r e g i o n  (McGregor, 1 9 7 3 ) ,  and t h e r e  a r e  

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

Ravns Stord-Bjornesund a r e a  r e p r e s e n t  o r i g i n a l  ocean ic - type  c r u s t ,  

it i s  contended t h a t  t h e s e  u l t r a m a f i c  b o d i e s  may r e p r e s e n t  p o r t i o n s  

of t h e  upper  man t l e  t h a t  became i n c o r p o r a t e d  i n t o  t h e  a m p h i b o l i t e .  

d u r i n g  deformaYion. 

Bridgwater  e t  a1 (1974)  p roposed  a model which i n v o l v e s  h o r i z o n t a l  

t e c t o n i c  movements domina t ing  t h e  e a r l y  s t a g e s  o f  development o f  t h e  

c r u s t  o f  West Greenland,  r e s u l t i n g  i n  t h e  i n t e r c a l a t i o n  of  s h e e t s  of 

o l d e r  g n e i s s e s  ( t h e  Amitsoq g n e i s s e s )  and younger a m p h i b o l i t e s  ( t h e  

Malene s u p r a c r u s t a l s ) .  Th i s  mechanism o f  supe r impos ing  s h e e t s  o f  

material  may be  used t o  e x p l a i n  t h e  d i s t r i b u t i o n  o f  u l t r a m a f i c  b o d i e s  

w i t h i n  t h e  a m p h i b o l i t e s .  During t h e  e a r l y  s t a g e s  o f  de fo rma t ion  o f  



t h e  oceanic  c r u s t  a s h e e t  of  upper mantle m a t e r i a l  became inco rpora t ed  

i n t o  t h e  amphibol i tes  so formed. On f u r t h e r  deformation t h i s  s h e e t  

formed boudins enc losed  by a s c h i s t o s e  ma t r ix ,  bu t  s t i l l  conta ined  

wi th in  a f a i r l y  wel l -def ined  hor izon .  This  r e s t r i c t e d  d i s p o s i t i o n  of  

u l t r amaf i c  bodies  i s  w e l l  d i sp l ayed  i n  t h e  Ravns St.ord b e l t  and i n  

o t h e r  amphibol i tes  i n  t h e  F iskenaesse t  r eg ion  and f u r t h e r  n o r t h  i n  

the  Godthaabsfjord r eg ion  (F r i end  and Ha l l ,  1 9 7 7 ) .  

I 49"50'W 

Fig.  2 .  Sketch map of t h e  geology of t h e  a r e a  n o r t h  of  Rjdrnesund 
( s e e  F ig .  1) showing t h e  d i s t r i b u t i o n  of u l t r a m a f i c ,  amph iho l i t i c  
and a n o r t h o s i t i c  rocks i n  gne i s ses .  

Within t h e  amphibol i tes  no r th  of  Bjdrnesund ( F i g .  2 1 ,  where a 

t h i c k ,  wel l -preserved  u n i t  o f  t h e  F i skenaesse t  a n o r t h o s i t e  complex 

occurs  (Walton, 1 9 7 3 1 ,  t h e  ultramafic bodies  escaped much of t h e  

hydra t ion  and deformation t h a t  occur red  du r ing  metamorphism (FrienB 

and Hughes, 1 9 7 7 ) .  The bodies  comprise deformed s p i n e l - l h e r z o l i t e s ,  
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s p i n e l - h a r z b u r g i t e s ,  s p i n e l - d u n i t e s  and  d u n i t e s .  The t e c t o n i c  f a b r i c  

o f  t h e s e  b o d i e s  c o n t a i n s  boud ins  which p r e s e r v e  undeformed t e x t u r e s  

( F i g .  3 ) .  The r e l a t i o n s h i p  o f  t h e  boud ins  t o  t h e  f o l i a t e d  m a t r i x  

c l e a r l y  d e m o n s t r a t e s  t:?e p re -de fo rzadc<cna l  o r i g i n  of t h i s  c c a r s e -  

g r a i n e d  t e x t u r e .  I t  i s  t h i s  t e c t o n i c  f a b r i c  which i s  c u t  by t h e  

a n o r t h o s i t e ,  which t h u s  s e p a r a t e s  t h e  two r o c k  u n i t s .  

An u n d e r s t a n d i n g  o f  t h e  o r i g i n  o f  t h e s e  b o d i e s  i s  t h e r e f o r e  

p r o b a b l y  o n l y  a t t a i n a b l e  a t  t h i s  one  l o c a l i t y  where t h e  p r e t e c t o n i c  

mine ra logy  and t e x t u r e s  a r e  p r e s e r v e d ,  The i n t e r p r e t a t i o n  o f  t h e  

t e x t u r e s  h i n g e s  upon t h e  r e c o n s t r u c t i o n  o f  t h e  l a y e r i n g  which i s  

p r e s e n t .  The r o c k s  a r e  l a y e r e d  from m a g n e t i t e  f a luminous  g r e e n  

s p i n e l  a t  t h e  b a s e ,  t h r o u g h  a s semblages  of  f o r s t e r i t e  -+ alumi.n.ous 

g r e e n  s p i n e l ,  t o  b r o n z i t e  + a luminous  g r e e n  and b l u e  s p i n e l s  a t  t h e  

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

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

f o l i a t e d ,  l i n e a t e d  aasses i? which no c o a r s e - g r a i n e d  t e x t u r e s  a r e  

p r e s e r v e d ,  

o f  t h e  c r y s t a l s  i s  e v i d e n t  ( F i g .  3 ) .  S y m p l e c t i c  i n t e r g r o w t h s  o f  

f o r s t e r i t e  and  alurninous g r e e n  s p i n e l  ( F i g .  3 ) ,  which !ray a t t a i n  

d imens ions  up t o  5 c m  i n  d i a m e t e r ,  a r e  c o n t a i n e d  w i t h i n  p o r t i o n s  o f  

t h e  l a y e r i n g  t h a t  r e a c h  p e g m a t i t i c  p r o p o r t i o n s .  H ighe r  up i n  t h e  

sequence  s y m p l e c t i t e s  o f  b r o n z i t e  and  p a l e - b l u e  s p i n e l  up t o  1 0  c m  

d i a m e t e r  are found  ( t h i s  o c c u r r e n c e  i s  d e s c r i b e d  i n  d e t a i l  i n  F r i e n d  

and Hughes, 1 9 7 7 ) .  

DISCUSSION 

Wi th in  t h e  f o r s t e r i t e  and b r o n z i t e - b e a r i n g  p o r t i o n s  s i z e - g r a d i n g  

S y m p l e c t i t e s  and i n t e r g r o w t h s  o f  o l i v i n e ,  py roxenes  and  s p i n e l s  

have  r e c e n t l y  coze u n z e r  s c r u i - i n y  w i t h  t h e  2Csccvery  of such  

s t r u c t u r e s  i n  u l t r a m a f i c  n o d u l e s  o c c u r r i n g  i n  k i m b e r l i t e s  (Dawson 

and Re id ,  1970;  Gurney e t  al., 1 9 7 3 ;  Wyatt e t  a l . ,  1 9 7 5 ;  Smith e t  a l . ,  

1 9 7 6 ) .  These t e x t u r e s  have  a l s o  been  s t u d i e d  e x p e r i m e n t a l l y  i n  an  

L L e n p t  t o  e l u c i 2 a t e  t h e i r  o r i g i n  ( > l y a t t  ee al,, 1975;  ??ya?t,  1 9 7 7 ) .  

S i m i l a r  s y m p l e c t i c  i n t e r g r o w t h s  have  been  d i s c o v e r e d  i n  l u n a r  samples  

(Roedder  and Weiblen ,  1971,  1 9 7 2 ;  Gooley e t  a l . ,  1 9 7 4 ;  Re11 e t  a l . ,  

1 9 7 5 ) .  All o f  t h e s e  worke r s  conc luded  t h a t  t h e  s y m p l e c t i t e s  and 

i n t e r g r o w t h s  were t h e  r e s u l t  o f  c r y s t a l l i s a t i o z  a t  h i g h  ;ress-res , 
e i t h e r  i n  t h e  uppe r  m a n t l e  i n  t h e  c a s e  o f  t h e  n o d u l e s  from k i m b e r l i t e s  

or i n  t h e  deep  c r u s t  i n  t h e  case of t h e  l u n a r  examples .  The 

c o n c l u s i o n s  o f  Wyatt e t  al. ( 1 9 7 5 )  a r e  e x t r e m e l y  r e l e v a n t  i n  t h e  

fol1owir.g d iscuss io .n .  i n  t h a t  t h e y  s u g g e s t  t h a t  t h e  t e x t u r e s  were t h e  
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a 

Fig .  3a.  183431b, s y m p l e c t i c  i n t e r g r o w t h  o f  g r e e n  aluminous s p i n e l  
and f o r s t e r i t i c  o l i v i n e .  Width o f  p h o t o  i s  a b o u t  20 mm. 

F ig .  3b. 183431a,  s y m p l e c t i c  i n t e r g r o w t h  o f  g r e e n  aluminous s p i n e l  
and f o r s t e r i t i c  o l i v i n e .  The b r a n c h i n g  n a t u r e  of t h e  s p i n e l  i s  
c l e a r l y  d i s p l a y e d .  Width o f  p h b t o  i s  a b o u t  20 mm. 



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

The s t u d y  o f  Archaean u l t r a m a f i c  r o c k s  has l e d  t o  t h e  f o r m u l a t i o n  

of  s e v e r a l  models r e g a r d i n g  t h e  e v o l u t i o n  o f  t h e  e a r t h ' s  c r u s t  and 

upper  man t l e  ( V i l j o e n  and V i l j o e n ,  1 9 6 9 ~ ;  Green, 1 9 7 b ;  Green e t  a l . ,  

1 9 7 4 ;  McIver and L e n t h a l l ,  1 9 7 4 ;  Hart and Brooks,  1 9 7 7 ) .  The p r e s e n t  

s t u d i e s  were begun because  of t h e  unusua l  n a t u r e  o f  t h e  t e x t u r e s  

p r e s e r v e d ,  w i t h  t h e  though t  t h a t  t h e y  may have  some b e a r i n g  upon t h e  

problems o f  e a r l y  Archaean magmatic p r o c e s s e s .  

Average compos i t ions  and s t r u c t u r a l  fo rmulae  f o r  t h e  s p i n e l s  and 

t h e  c o - e x i s t i n g  o l i v i n e s  a r e  p r e s e n t e d  i n  Tab le  2 .  The s p i n e l  

composi t ions a r e  p l o t t e d  i n  F ig .  4 where t h e i r  h i g h l y  aluminous 

n a t u r e  i s  a p p a r e n t .  They f a l l  i n t o  t h e  aluminous p o r t i o n  of t h e  

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

and a l k a l i  b a s a l t s  (Basu and McGregor, 1 9 7 5 ) .  

I r v i n e  (1965) produced,  and Jackson  (1969)  r e f i n e d ,  a geothermometer 
2 +  which u t i l i s e s  t h e  d i s t r i b u t i o n  o f  Mg and Fe between c o - e x i s t i n g  

o l i v i n e s  and s p i n e l  p a i r s .  I r v i n e ' s  (1965) e q u a t i o n :  

Mg- Fe 
KD 01-Sp = 

Fe ' Mg 

was mod i f i ed  by Jackson  ( 1 9 6 9 )  s i n c e  KD i s  n o t  a c o n s t a n t  a t  f i x e d  

t e m p e r a t u r e  and p r e s s u r e  because  it i s  a l s o  dependent  upon amounts o f  

C r ,  A 1  and Fe3' p r e s e n t  i n  t h e  s p i n e l s .  

i n t o  t h e  e x p r e s s i o n  for KD Mg-Fe ol-sp 

f o l l o w i n g  e q u a t i o n :  

By s u b s t i t u t i n g  f ree  e n e r g i e s  
2+ 

Jackson  (1969)  o b t a i n e d  t h e  

(5580Ycr t 1018YA1 - 1702YFe3t t 2400)  

(0.9Ycr t 2.56YA1 - 3.08YFe3+ + 1.987 1 n (%)m-Fe 01-Sp ) 

( 2 )  
2+ T= 

where YCr, YAl and YFe3+ are t h e  mole f r a c t i o n s  o f  t h o s e  c a t i o n s  

p r e s e n t  i n  t h e  c o - e x i s t i n g  s p i n e l .  

Using t h i s  e q u a t i o n  f o r  t h e  c o - e x i s t i n g  o l i v i n e - s p i n e l  p a i r s  i n  a 

r e c r y s t a l l i s e d  l h e r z o l i t e  ( G G U  1204711, v a l u e s  r a n g i n g  from 713-803 C 

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

t e m p e r a t u r e s  f o r  t h e  uppe r  a m p h i b o l i t e  f a c i e s  c o n d i t i o n s  h,ave been 

o b t a i n e d  by a s t u d y  o f  corona s t r u c t u r e s  w i t h i n  a n o r t h o s i t e  n o r t h e a s t  

o f  F i s k e n a e s s e t  (Myers and P l a t t ,  1 9 7 7 ) .  Applying t h e  same formula 

t o  t h e  undeformed t e x t u r e s  t e m p e r a t u r e s  i n  t h e  r a n g e  856-907OC a r e  

o b t a i n e d .  Thus it i s  p o s s i b l e  t h a t  t h e r e  i s  a r ea l  d i f f e r e n c e  

0 



TABLE 2: A v e r a g e  compositions of  sp ine ls  and co-existing o l i v i n e s  i n  the ultramafic r o c k s  

GGU No: 

A1203 

Fr 203ic 
Fe0 

Ni@ 
Ti02 

C r 2 @ 3  

Al 
Cr 

3' Fe 

Fe2' 

Ni 
Ti 

ME 

R3+ 
R2+ 

3+ 
C r  

C r + A l  +Fe 

120L71 1 8  j), 31 
green sp ine l  grren s p i n e l  

cores  margins 39 i n t  

55.6 
3.43 
6-18 
22.6 
11.9 

na 
na 

99 - '(1 - 

14.368 
1.072 

0.568 
14.136 
3.880 
- 
- 

16.008 
11.016 

0.067 

0.486 

5JL.S 67.2 
4.18 0 .04 

6.36 2.90 

23.3 6.40 
11.2 22.9 

na nd 
na nd 

9 9 . l h  99.411 
- - 

_ 1 J ( O )  

14.256 1 S.68 3 
1.120 0.007 

0.680 0.432 

4.320 1.060 
3.92 6.757 

16.056 16.116 

0 . 1 ~ 0  0.043 

- - 
- - 

7.912 7.817 

0.41~9 116.1~4 

67.5 
nd 

1.40 
6.60 
21.6 

nd 
nd 

99.10 

15.7511 

0. 209 
1.073 
6.963 

- 

- 
- 

15.963 
8.056 
- 

86.43 

na = not  analysnd, nd = not detected, tr = trace,  

1 li31i50 
blue spinel 

67 .y SiO 2 

0.09 FeO 
0.29 M20 

3.70 CaO 
25.1 Ti@:, 
0.07 N i@ 
0.02 

37-17 
- 

15.901 Si 
0 -01 4 Fe 

0.043 Mr: 
0.616 C 3  
i.430 rr i 

0.004 
0.01 1 N i  

I 5.962 Fo 
8.057 Fa 

0.088 

33.34 

1204'71 183431 183450 
ol iv ine  

cores margins 
f o r s t e r i t e  

___ 
38.8 
23.0 

38.3 
0.02 
0.02 

0.22 

100.36 

1.007 
0. so0 

1.481 
0.001 
tr 
0 ."L; 

74.8 
25.2 

38.6 ill .2 

? i . i  i.50 

17 .o '51 .I 
0.02 na 
0.02 na 

0.24 0.05 

100.08 99.8'; 
- 

4(O) 
1 .00-i 1 .000 
0.505 0.152 

1.474 1.848 
0.001 
tr 

- 
- 

0.005 0.001 

74.5 v 2  
25.5 8 

symp = symplectic sp ine t ,  i n t  = i n t e r s t i t i a l  sp ine l  

41.4 
3.80 
51.4 

na 
nn 

nd 

98.60 
- 

1 .000 
0.077 

1.92 i 
- 
- 
- 

96 
4 

it. I ron  analysed as FeO, Fe 0 ca lcu la ted  assuming s t o i c h i o m t r y  
2 3  



a 
100 Cr  - C r + A I  

30 - 

20 - 

74.5 10 - 
100 Mg 

Mg t Fez+ 
92 
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Cr 

100 90 80 70 60 50 4 0  3 0  

Fig. 4a. Plot of the composition of spinel within Cr/(Cr+Al) and 

Mg/(Mg+Se2+), 
co-existing olivine. 

Fig. 4b. Position of the spinel within Al:Cr:Fe3'. 
the dashed line is the field of A1-Cr spinel from ultramafic 
xenoliths (Basu and McGregor, 1975). 
Symbols: Dots G.G.U. 180471, crosses 183431, separated in (b) as S ,  
symplectic and i, interstitial types, squares 183450. 

Numbers indicate the position (Mol%Fo) of the 

The area below 

between the equilibration temperatures of,the recrystallised 

(re-equilibrated) and undeformed (perhaps non-re-equilibrated) 

assemblages. 

Evans and Frost (19751, Medaris (1975) and Basu (1977) used an 

alternative method of plotting the results in a three-dimensional 

figure with axes which represent ln (KD)O1-Sp, Mg-Fe YE: and Yg:3+ derived 

Because of uncertainty in some results obtained from this formula, 



from t h e  formula: 

spl K + 
Mg-Fe - 

'nKDO1-Sp - lnKb ' 'Cr  n e 

where Y s p  i s  t h e  amount of t r i v a l e n t  
I 

t h e  equ i l ib r ium 

b )  AFeSi04 

e l  MgCr204 

f )  FeA1204 

Y ::3 + l n K f  , (3) 

c a t i o n  i n  t h e  s p i n e l  and Kn i s  
cons t an t  for t h e  fo l lowing  exchange r e a c t i o n s :  

+ MgA1204 = 2MgSi04 + FeA1204 

t FeA1204 FeCr204 + MgA1204 

t MgFe204 MgA1204 t Fe30LC ( I r v i n e ,  1 9 6 5 ) .  

A p l o t  of t h e s e  c a l c u l a t i o n s  app l i ed  t o  t h e  o l i v i n e - s p i n e l  p a i r s  

p ro jec t ed  onto  t h e  f a c e  Yg: a t  Y:z3+ 0 and assuming a va lue  of 4.0  

f o r  l n K f  ( I r v i n e ,  1 9 6 5 ;  Evans and F r o s t ,  1 9 7 5 ;  Basu, 1 9 7 7 )  i s  

presented  i n  Fig.  5 .  I t  i s  ev iden t  t h a t  t h e  va lues  f o r  1 2 0 4 7 1 ,  which 

l i e  c l o s e  t o  t h e  7OO0C i so therm,  correspond f a i r l y  w e l l  wi th  t h e  

values  obta ined  by t h e  f i r s t  method, and probably confirm re-  

e q u i l i b r a t i o n  o f  t h e  assemblage under metamorphic cond i t ions .  

However, t h e  va lues  obta ined  f o r  t h e  undeformed t e x t u r e d  rocks p l o t  

towards t h e  1200°C i so therm and a r e  s l i g h t l y  h ighe r  than  t h e  range 

of va lues  obta ined  by use of  t h e  a l t e r n a t i v e  method. This  i n c r e a s e s  

t h e  p o s s i b i l i t y  t h a t  t h e  assemblage might n o t  have completely 

r e - e q u i l i b r a t e d  under t h e  p r e v a i l i n g  metamorphic cond i t ions .  

Fu r the r ,  as t h e r e  i s  no evidence f o r  an e a r l i e r ,  h igh  tempera ture  

g r a n u l i t e  f a c i e s  event  it i s  concluded t h a t  t h e  va lues  i n d i c a t e  t h a t  

t h e  assemblages had a pr imary,  igneous o r i g i n .  

C O N C L U S I O N S  

The r e s u l t s  of t h e  exper imenta l  work c a r r i e d  o u t  by Wyatt ( 1 9 7 7 )  

i n  t h e  system i lmeni te -c l inopyroxene  sugges t  t h a t  t h e  minimum 

cond i t ions  f o r  symplec t i t e  formation i n  an anhydrous s t a t e  were about  

1 3 O O 0 C  and a t  20 kb. 

e t  a l . ,  1 9 7 5 )  which i n d i c a t e d  t h a t  t h e  symplec t i t e s  o r i g i n a t e d  by 
e u t e c t i c  c r y s t a l l i s a t i o n  r a t h e r  than  any o t h e r  mechanism. 

a l .  ( 1 9 7 4 1 ,  u s ing  a s i l i c a t e  system of k o m a t i i t i c  composi t ion,  

produced bladed t e x t u r e s  t o g e t h e r  w i th  e longa te  cumulate o l i v i n e s  by 

quenching a m e l t  from 165OoC a t  10 kb. 

bladed t e x t u r e s  b e a r  a s t r o n g  resemblance t o  t h e  bladed p o r t i o n s  of 

t h e  t e x t u r e s  produced by Wyatt e t  a l .  ( 1 9 7 5 )  and Wyatt ( 1 9 7 7 ) .  

A l l  o f  t hese  h igh-pressure  experiments  produced t e x t u r e s  which have 

s t r i k i n g  s i m i l a r i t i e s  t o  t h e  symplec t ic  and bladed minera l  a s s o c i a t i o n s  

The r e s u l t s  suppor ted  t h e  ea r l i e r  work (Wyatt 

Green e t  

These exper imenta l ly  produced 



Fig.  5 .  P l o t  of t h e  s p i n e l s  on t h e  f a c e  Ysp o f  t h e  t h r e e  dimensional  
C r  

figure ysp.  JJrp: : y s p  sp = 0. 
C r '  N d Fe3+ at 'Fe3+ 

Symbols as  i n  Fig.  4 ,  l a b e l s  rc  t o  120471 i n d i c a t e  averages for t h e  
rims and cores  r e s p e c t i v e l y ,  t h e  700 and 1 2 0 0 ° C  i so therms a r e  from 
Evans and F ros t  ( 1 9 7 5 ) .  

found i n  t h e  n a t u r a l l y  occur r ing  u l t r a m a f i c  rocks  descr ibed  h e r e  

(F ig .  3 ) .  

P re l iminary  mel t ing  experiments  on a r e p r e s e n t a t i v e  o f  t h e s e  rocks  

(149720) sugges t  t h a t  f o r s t e r i t e  and aluminous s p i n e l  are s t i l l  on t h e  

l i qu idus  a t  140OoC and 1 0  kb t o t a l  water  p re s su re .  

p laces  t h e  mel t ing  regime o f  t h e s e  s p i n e l - r i c h  u l t r a m a f i c  rocks  wi th in  

the  regimes of t h e  exper imenta l  systems of  Green e t  a l .  ( 1 9 7 5 1 ,  Wyatt 

e t  a l .  ( 1 9 7 5 )  and Wyatt ( 1 9 7 7 ) .  I t  seems p l a u s i b l e ,  t h e r e f o r e ,  t o  

equate  t h e  preserved  t e x t u r e s  wi th  an igneous system wi th  

c r y s t a l l i s a t i o n  tempera tures  of a t  l e a s t  140OOC a t  1 0  kb. 

d i f f e r e n c e  between t h e  c a l c u l a t e d  e q u i l i b r a t i o n  tempera tures  of  t h e  

s p i n e l - o l i v i n e  p a i r s  and t h e  maximum metamorphic tempera tures  l i k e l y  

i n  t h e  p r e v a i l i n g  metamorphic cond i t ions  would appear  t o  suppor t  t h i s  

con ten t ion .  

This t h e r e f o r e  

The 



". 
10 a t t a i n  p r e s s u r e s  o f  lu" kb i n p l i e s  a c r u s t a l  t h i c k n e s s  a p p r o a c h i n g  

35 km; however t h e r e  i s  no e v i d e n c e  f rom t h e  s u r r o u n d i n g  g n e i s s e s  and  

a m p h i b o l i t e s  t h a t  t h e y  h a v e  b e e n  s u b j e c t e d  t o  s u c h  c o n d i t i o n s .  T h i s  

wouid seem TO p r e c i u d e  The p c s s i b i l i t y  t h a t  The u l t r a n a f i c  rocks h a v e  

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

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

m a n t l e  and  p r e s e r v e  a r e l i c t  of t h e s e  c o n d i t i o n s  i n  t h e  undeformed 

b o u d i n s  which c o n t a i n  t h e  c o a r s e - g r a i n e d  t e x t u r e s .  I t  i s  hoped  t h a t  

f u r t h e r  m e l t i n g  e x p e r i m e n t s  w i l l  b e  c a r r i e d  o u t  on t h e s e  u n u s u a l  r o c k s  

and which  w i l l  c l a r i f y  t h e i r  o r i g i n  and  c o n d i t i o n s  o f  c r y s t a l l i s a t i o n .  
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Abstract 

A.S, Earriergar, X. Chayapathi, K.R. Ragliar.a.r.daT, 1t.S. Rao 

Vanadiferous titano-magnetite deposits, occurring as differentiates of gabbro- 

anorthosite complexes, are associated with and genetically related to basic magmatic 

activity in some Archaean greenstone belts. The largest deposit of this kind in 

Karnataka occurs near Masanikere in the Shimoga district. The Fe-Ti-V-Cu mineral- 

isation is found in a gabbro-anorthosite complex intrusive into the metasediments 

of the Chitradurga Group of the Dharwar Supergroup. The complex occurs as an 

intrusion occupying an area of 2 . 5  km . Lithologically it comprises (a) magnetite- 

gabbro with magnetite bands, (b) gabbro, (c) gabbroic anorthosite, and (d) anorthosite. 

The Chitradurga Group of metasediments are represented by quartz-chlorite-carbonate 

schists with interbeds of quartzite. The mineralisation is restricted to the 

magnetite-gabbro which extends over 1.5 x 0.8 km in the basal part of the complex. 

2 

There have been two phases of mineralisation: one oxide and the other sulphide. 

Ti-magnetite observed in different stages of martitisation is the primary oxide miner- 

al together with exsolved ilmenite and spinel. No discrete vanadium-bearing mineral 

is observed. Vanadium is present as (a) partial substitution for Fe3* in magnetite, 

and (b) in the form of VFe20q, similar to TiFe204 (ulvosphinel). The sulphide phase 

is represented by pyrite and chalcopyrite. Correlation coefficients obtained by 

statistical analysis indicate a significant positive correlation between Ti and V, 

and to a lesser extent between Fe3+ and V. 

analysis of element ratios indicate a late-stage crystallisation during magmatic 

differentiation. The deposit may thus be grodped under the liquid magmatic type of 

Schneiderhohn with differentiation-crystallisation-segregation. Evidence of minor 

pneumatolytic activity is also present. 

Minor element data and statistical 

In comforrnity with the recent trends of correlating influx of some specific metals 

with different stages of crustal evolution, the present studies show that Fe-Ti-V-Cu 

mineralisation was characteristic of the early Precambrian in the southern parts of 

the Indian Shield. 

IhTRODUCTION 

Vanadiferous titano-magnetite deposits are associated with and genetically 

related to gabbro-anorthosite complexes in some Archaean greenstone belts. Similar 

deposits occur in Karnataka in a number of places, viz. Nuggehalli Schist Belt in 
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Hassan district,. and Shimoga Schist Belt in Shimoga and North Kanara districts. The 

largest deposit of this kind in Karnataka occurs near Masanikere in the Shimoga 

district (Fig. 1). 

i s ' l u  rsp I 

+ t t + t + t + t + +  

3eological map of eastern 
)art of Shimageschist belt 
(ARNATAKA INDIA 

I-- 

IU(W nlr m I PYI 
*I. 

+ + c 40 
lzlc . 

K E Y  MAP 

INDIA KARNATAKA 

Karnataka 

INDEX 

Gabbro anorthosite complex 

Conglomerate 
0 Meta sediment5 

a Peninsular gneiss complex 

Fig. 1. Geological map of eastern part of Shimoga schist belt. 

The mineralogical and geochemical characters of the vanadiferous titano-magnetite 

and associated copper ore are described for the first time in this paper. 

ANALYTICAL METHODS 

Major elements were determined by wet chemical methods and flame photometry. 

Minor elements were analysed on an atomic absorption spectrometer after scanning the 

samples on a Jarrel-Ash grating spectrograph. Platinum and silver were determined 

by spark source mass spectrometry in an AEI MS 702  mass spectrometer equipped with 

an RF spark source. Mass spectra were recorded over a wide exposure range of 0.01- 

300 nano coloumbs and element concentrations calculated by taking ratios of selected 

isotopic line intensities, Pt (194, 195, 196) and Ag (107, 109) lines, the ratios of 

corresponding charge exposures and the preconcentration factor. 

GEOLOGICAL. SETTING 

The eastern part of the Shimoga Schist Belt exposes a number of gabbro-anorthosite 
2 bodies of varying dimensions, from less than 1 km2 to 2.5 km . 

bands and lenses of vanadiferous titano-magnetite. The general stratigraphic 

These bodies carry 
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succession of this part of the schist belt is given in Table 1. 

Table 1. Stratigraphy of the Eastern Part of the Shimoga Schist Belt 

____ I_____ . -__ - - - - - - -_____ I______________  

Quartz vein 

Dolerite dyke 

INTRUSIVES Magnetite-gabbro, leuco-gabbro, gabbroic-anorthosite 

Anorthosite 

Ultramafites (serpentinite, talc-chlorite schist) 

CHITRADURGA Acid Volcanic rocks 

GROUP OF THE Quartz-chlorite-carbonate schist with quartzite 

DHARWAR 

SUPERGROUP 

bands 

Polymict conglomerate 

.................... UNCONFORMITY ................... 
Granitic Gneiss (Peninsular Gneiss Complex) 

Granitic gneisses of the Peninsular Gneiss Complex form the basement for the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

metasediments of the Chitradurga Group. The basal polymict conglomerate consists 

of pebbles, cobbles and boulders of granitic gneiss, banded gneiss, quartzite, and 

banded magnetite quartzite, set in a quartz-chlorite matrix. The conglomerate is 

overlain by a sequence of quartz-chlorite-carbonate schists with interbeds of 

quartzite and minor flows of acid volcanic rocks. The gabbro-anorthosite complexes 

were emplaced as narrow elongated bodies (measuring 500 x 100 m to 3 x 0.5 km) 

within the supracrustal rocks and the basement granitic gneiss. 

MASANIKERE DEPOSIT 

The basic complex near Masanikere comprises magnetite-gabbro, meta-gabbro, gabbroic 

anorthosite and anorthosite, showing transitional relationships and auto-hydrative 

effects. Magnetite bands with minor silicates (chlorite 5 - 10%) grade into magnetite 
-gabbro (magnetite 2 5  - 50%) which, on further depletion of magnetite and mafic 
contents, grades into a normal gabbro and to anorthosite. The metasediments of 

Masanikere area are folded into a broad synform with a low plunge of 15O - 200 towards 
NNW. The gpbbro-anorthosite complex occupies the core of this synform. 

PETROGRAPHY AND MINERALOGY 

The magnetite-gabbro is built up of 25 - 50% magnetite in a mesh essentially 

composed of saussuritised plagioclase (An ) epidote, clinozoisite and chlorite. 

Disseminations of pyrite and chalcopyrite are common. Magnetite-gabbro shows 

excellent cumulus texture. 

35-38 

The meta-gabbro consists of saussuritised plagioclase and chlorite as common 

constituents with accessory magnetite and pyrite. The meta-gabbro, with a decrease 



in the mafic components of mostly chlorite and occasional uralite, grades into 

gabbroic anorthosite, and finally to anorthosite. Secondary quartz-carbonate veins 

are common in the complex. 

Porphyroblasts of magnetite crystals are developed in quartz-chlorite schist near 

its contact with the gabbro. These magnetite crystals are due to the recrystal- 

lisation of the Fe-oxide in the metasediments. Morphologically and chemically these 

magnetite crystals are different from those associated with the intrusive complex. 

Optical studies indicate two phases of mineralisation, a major oxide and a minor 

sulphide phase. The ore minerals are magnetite, spinel (ulvospinel?), ilmenite, 

rutile, hematite, pyrite, chalcopyrite and traces of sphalerite. Geothite and 

covellite occur as alteration products. The paragenesis of these minerals is shown 

in Fig. 2 .  

J. Rec nstitut from re-existing phase(by exsolution break-down 
or Ey secAory pro&sras) 

1 

MINERAL 

m e t i t e  

Spinel (ulvospinel) 

Umenite 

Rutile 

Hoe mat i te 

Pyrite 

Chalcopyrite 

Goethite 

Covell ite - Primary phose 

Fig. 2.  Paragenesis of ore minerals. 
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1. The Oxide Phase 

Ti magnetite exhibiting different stages of martitisation is the principal primary 

oxide mineral. It is hypidiomorphic and varies in grain size generally from 2 0 0  - 
800 p .  The Ti-content of the magnetite is present as exsolved ilmenite of two 

generations; ilmenite I and 11. ILvenite I occurs as coarse blades or plates 

particularly along the grain margins of magnetite, while ilmenite I1 is present as 

thin exsolution lamellae. In both cases the (0001) lamellae of ilmenite is 

parallel to the (111) directions of magnetite. ilmenite I shows polysynthetic 

twinning in places and has sub-exsolution discs and blebs of hematite parallel to 

(00301) of ilmenite. Such patches of hematite sub-exsolution are restricted to the 

central or inner parts of iimenite. 

Martitisation of magnetite starts as thin plates of hematite (hematite ill along 

t h e  (111) directions of magnetite and invades along grain margins, cracks and twin 

lamellae. All transitions are observed from a partly to completely martitised 

magnetite and its original nature is revealed by the relics of ilmenite. Partial 

breakdown of the ilmenite to rutile is observed in some samples. Exsolution of a 

spinel (ulvospinei?) parallel to the (100) directions of magnetite has been noticed 

in some cases. 

2 .  The Sulphide Phase 

Pyrite and chalcopyrite are the primary sulphide ore minerals. Pyrite occurs as 

idiomorphic to hypidiomorphic crystals (40 - 90 p )  showing evidence of cataclasis, 

the fractures being healed or cemented by chalcopyrite in places. Pyrite usually 

occurs independently of magnetite. Chalcopyrite occurs in two different forms, 

perhaps belonging to two generations. Chalcopyrite I occurs as minute droplets 

and as hypidiomorphic inclusions in the magnetite, this early generation of chalco- 

pyrite seeming to have formed simultaneously with magnetite due to liquid immis- 

cibility. Chalcopyrite I1 occurs in relatively larger quantities, is xenomorphic 

and encloses pyrite in places. Fractures in pyrite and to a lesser extent in 

magnetite are healed by chalcopyrite 11. Traces of sphalerite occur invariably as 

exsolution starlets in chalcopyrite, which indicates a relatively high temperature 

(Ramdohr, 1969) . 
3. Secondary Minerals 

Supergene replacement of geothite by chalcopyrite as concentric celloform bands 

is noticed occasionally, as is also secondary covellite replacing chalcopyrite. 

GEOCHEMISTRY 

1. Major Elements 

Samples from different rock units of the gabbro-anorthosite complex were selected 

from borehole cores and analysed for maj'or elements (Table 2 ) .  Analyses of ferro- 

gabbro from Ovre Roddal, Norway, and Bushveld, S. Africa, and gabbro-diorite from 
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Norlisk 11, U.S.S .R.  are tabulated for comparison. 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 

Pig. 3 .  Variation of some of the major elements in different members of the 
gabbro-anorthosite complex. 

The major element content of the magnetite gabbro from the Masanikere complex 

compares broadly with the ferro-gabbro from Ovre Roddal, Norway and Bushveld, 

S .  Africa. 

The chemical data from the Masanikere complex are interpreted taking into account 

the auto-hydrative effects the rocks have undergone. The salient deductions are: 

(a) 

(b) the variation diagram (Fig. 3 )  for the oxides of elements Fe, Ti, Mg, A l  and Ca 

indicates a steep fall in the total Fe content from magnetite-gabbro to meta-gabbro; 

(c) the Ti02 value closely follows the FeO pattern; and (d) CaO and A1203 show 

a steady increase towards the anorthosite whereas the MgO content is more or less 

the FeO : Fe20j ratio increases with depth reflecting the degree of martitisation, 
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Fig. 4. Variation of V with Fe/Ti. 

uniform throughout the complex. A study of the chemical data and elemental variation 

suggests that the members of the complex are differentiated fron an iron-rich basic 

magma. A high sulphur content and low partial pressure of oxygen night have helped 

in the formation of iron-rich residual liquids (Turner and Verhoogen, 1961). 

The ore band with Ti-magnetite and interstitial silicates (mainly chlorite) shows 

the following range of composition: Fe:(43.17 - 5 8 . 0 8 % ; ,  FeO:(l.38 - 10.52%), 
Ti02:(5,0i - 12.2%j, and V:(O.23 - 0 . 9 3 % ) .  The Fe : Ti ratio in the ore bands varies 

from 1.08 - 16.90 
Table 3 compares the composition of the Oxide minerals of the Masanikere ore with 

those of other bodies. The high Fe : Ti ratio in the Masanikere deposit is due to 

a relatively low Ti02 content, suggesting a iate-stage crystallisation, as indicated 

by Lister (1966) from other areas. 

2. Minor Elements 

The minor elements determined in the complex are V, Cu, Ni, Co, Cr, Ga and Mo, 

(Table 4). Vanadiilm is the dominant minor element in the magnetite-gabbro and 

magnetite bands; it ranges fron 0.23 - 0.93%. Optical studies have not disclosed the 

presence of any discrete vanadium mineral. Crystal chemistry suggests the possibility 
3+ 

of vanadium being present as (a) partial substitution for Fe in magnetite, and 

(b; The statistically sig- 

nificant positive correlation obtained for the element pairs Ti' and V supports the 

second possibility. 

in the form of VFe204 similar to TiFe204 (Ulvospinel). 



TABLE 2: Major Element Analyses F 

I 1 2 3 4 5 6 7 8 9 10 11 1 2  13 14 

0 
N 

sio, I 28.98 51 -30 52.36 46.25 52.02 34.98 23.83 22.91 25.89 lS~.05 50.65 56.60 50.70 35.16 
T i &  4.30 0.70 0.49 0.67 0.72 2.80 11.61 3.75 1~.17 1.61 0.21 1.75 1.86 5-13 
A120, I 14.54 16.32 17.47 16.85 17.011 15.80 12.08 12.96 12.03 13.31~ 25.17 13-30 13.80 y.18 
F%O, 18.78 4.05 1.02 0.67 2.03 10.12 17.30 14.80 16-87 li.80 1.63 5.42 5.43 9.00 

13.80 4.88 5.60 6.17 4.40 15.32 22.00 21.Jr4 18.86 11.07 2.94 9.29 8.34 21-53 
6.24 6.39 8-14 5-50 6.81 5.52 6.35 7.33 7.37 6.51 0.35 0.57 5.59 4 - 2 4  

CaO I 3.92 9.42 5.28 11~.13 12.05 5.66 3.36 7.63 4.71 10.21 13.30 6.35 10.70 6.97 
NaZO I 2.45 3.65 5.80 3.80 3.00 4.20 3.65 1.70 4.35 2.80 J4.13 3.51 2.37 2.24 
K20 , 0.15 0.05 0.25 0.10 0.15 0.65 0.30 0.15 0.55 0.15 0.05 2.60 0.49 1-67 
p205 I 0.16 0.10 0.13 0.16 0.11 0.11 0.14 0.12 0.15 0.12 0-13 0.36 0.48 3.24 
MnO I 0.16 0.hl 0.10 T r  0.30 0.21 0.21 0.23 0.13 0.25 0.13 0.26 0.20 0.73 

TOT& I 97.88 100.90 99.814 98.08 100.64 98.85 97.74 98.1~9 97.75 100.72 98.69 100.01 99.96 100.03 

Sample Nos: I ,  6-9, Inagnctitc-gabbro, Masanikere; 2-5, 10, meta-gabbro, Masanikerc:; 11, meta-anorthosite, Masanikere 
(Ramakrbhnan e t  al., i n  press ) ;  12 ,  ferro-gabbro, Bushveld, S.Africa (Hall, 1932); 13, gabbro-diorite, 
Norlisk 11, USSR (Zolutuchin and Vasilev, 1967); 14, ferro-gabbro, Gvre Roddal, Norway (Gjelsvik, 1957). 

FeO I 
MgO I 

- _ L.o.I., 4.32 3.63 3.20 3.78 2.02 3.48 3.91 5.47 2.67 5.86 - 0.!3 

I - - - - - - - - - - - - _ - -  

TABLE 3: Comparison of t h e  composition of oxide minerals of the  Masanikere depos.it with those of o ther  deposi ts  

I 

I Mayurb j a n j  D i s t r i c t  , Main magnetite Duluth gabbro 
I (3) 

Range Masanike re 
Orissa, India  (1) seam, Bushveld ( 2 )  

_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - _ - - - - - _ _ - - - - - - - - - - - - - - - - - - - - -  
I 

I 43.20 - 58.10 48.00 - 61 -00 55.80 - 57.50 lL8.50 - 55-30 Fe t%) 
T i 0 2  I 

Fe:Ti I 8.08 - 16.90 5-00 - 7.00 7-00 - 8.00 3.20 - 5.00 

v (%I 

( I )  Tugarinov e t  aI. (1974); (2) Willemse (1969); ( 3 )  Lister  (1966) 

I 

5-01 - 12.20 11.60 - 18.30 , 11.20 - 13.90 18.40 - 33.40 

I 

I 
_ 0.23 - 0.93 0.60 - 0.90 0.84 - 1.00 

-------L----------- 
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Table 4. 

Sample No. 

MSK - 1/10 
36 

75 

82 

88  

MSK - 6/5 

1 2  

20 

28 

3 1  

40 

72 

MSK - 7/6 

10 

1 5  

25 

27 

33 

37 

40 

v cu 
( % )  ( 8 )  

- 0.18 

- 0.15 

- 0.10 

- 0.04  

- 0.14  

0 . 5 1  0 .30  

0.43 0.36 

0.62 0.49 

0.48 0.15 

- 0.12 

- 0.42 

- 0.15 

0.56 0.39 

0 .40  0.36 

0.39 0.15 

0.28 0.15 

- 0 . 2 1  

- 0.36  

- 0.03 

- 0.06 

MINOR ELEMENT ANALYSES 

Cr Ga Ni co 
(ppm) (PW) (PP~) (PP~) 

270 24 485 175 

170 22 420 180 

190 8 195 55 

1 4 0  8 

165 8 

230 40 

155 38 

85 34 

390 36 

1 6 0  26 

90 20 

145 1 5  

2 10 

225 

4 80 

840 

810 

3 9 0  

450 

3 30 

- 

70 

75 

1 9 0  

310 

300 

2 10 

1 9 0  

- 
- 

1 6 0  

85 

1 2 0  

1 7 0  

185 

480 

440 

240 

38 - 
36 - 
32 750 285 

32 lo00 225 

30  1100 220 

26 690 330 

10 230 80 

8 2 10 95 

- 
- 

Remarks 

Magnetite-gabbro 

Ditto 

Meta-gabbro free from 
magnetite 

Ditto 

Ditto 

V-Ti-Magnetite band 

Ditto 

Ditto 

Ditto 

Magnetite-gabbro 

Ditto 

Meta-gabbro free from 
magnetite 

V-Ti-Magnetite barid 

Ditto 

Ditto 

Ditto 

Magnetite-gabbro 

Ditto 

Leuco-gabbro 

Ditto 

Fig. 4 gives the Fe : Ti ratio and its relation with the vanadium content in the 

combined oxide minerals. Although the points are scattered on the graph, a general 

pattern indicating an increase of vanadium with Fe : Ti is noticed. The content of 

vanadium in the combined oxide minerals from sample to sample within a pluton is 

highest in those oxide minerals that have the highest Fe : Ti ratio. This relation 

is an expression of the relative amounts of magnetite and ilmenite and the parti- 

tion of minor elements between the two minerals (Lister, 1 9 6 6 ) .  

Copper in the complex is concentrated in the magnetite-gabbro and V-Ti-magnetite 

bands; this suggests a distinct lithologic control for the copper mineralisation. 

In these rocks it varies from 0.3 - 1.56%, whereas in other rock types it is very 

low (0.05 - 0.1%). Geochemically, Cu2+ is closer in size to Fe2+ among the major 

elements and the Cu : Fe ratios increase with fractionation (Taylor, 1 9 6 5 ) .  In 

the Masanikere Complex the copper content in the magma must have been progressively 

concentrated during the fractionation, eventually crystallising in a sulphide phase. 



The relatively dominant second generation chalcopyrite is an expression of this 

late sulphide phase. 

Nickel and cobalt are the other two significant minor elements. Nickel values 

range from 210 - 1100 ppm and cobalt from 55 - 330 ppm. During the magmatic 

fractionation nickel is depleted at a faster rate, the Ni : Co ratio falls and the 

Fe : Co ratio tends to rise. The Ni : Co ratio is a very good index of fractionation 

(Taylor, 1965) and varies from 0.2 - 0.54 in the Masanikere deposit. Chromium 

content in the various members of the complex varies from 85 - 480 ppm showing no 

distinct correlation with rock type. Gallium is an important minor element detected 

in the Masanikere complex. Appreciable concentration of this minor element is 

noticed in the magnetite-gabbro and magnetite bands in the range of 30 - 40 ppm, 

and in gabbro and gabbroic anorthosite from 8 to 26 ppm. Ga like V may substitute 

for Fe due to crystallographic/chemical affinity. It may also, to a lesser extent, 

take the place of A1 (Taylor, 1965). The importance and influence of the entry of 

Ga3+ into A1 

is predominant in magnetite and plagioclase, while it occurs in minor amounts in 

pyroxene, olivine, ilmenite and apatite. A similar enrichment of gallium in Ti- 

magnetite has been reported from some Russian deposits (Vlasov, 1968). The Ga 

content increases from 4 ppm in the early formed olivine to 10 ppm in pyroxenes and 

24 ppm in amphiboles, reaching a maximum of 50 ppm in Ti-magnetite. In the Masanikere 

complex, higher values (30 - 40 ppm) of gallium are associated with magnetite-gabbro 

rather than with the other rock types and this clearly indicates the preference of 

Ga to Fe . Silver and platinum are also noticed as minor elements. Silver is in 

the range of 6 - 8 ppm and platinum in the range of 1 - 12.5 ppb. Molybdenum values 

are generally less than 10 ppm. 

STATISTICAL CORRELATION OF ELEMENT PAIRS 

3+ 3+ 

3+ 

3+ 

3+ ' 3+ 
and Fe3+ is well established in the Skaergaard intrusion, where Ga 

3+ 3+ 

An attempt was made to find the correlation between element pairs Ti - V, Fe3+ - V, 

total Fe - V, Co - Ni, V - Cr. The correlation coefficients obtained by statistical 

analysis were subjected to the 't' test of significance at the 95% confidence level. 

Statistically significant positive correlation has been obtained between Ti and V in 

three of the six boreholes examined. 

CONCLUSIONS 

The gabbro-aAorthosite complex near Masanikere is a result of magmatic differen- 

tiation of an iron-rich basic magma. The mineralogy of the complex indicates the 

auto-hydrative effects and low-grade metamorphism the rocks have undergone. 

concentration of magnetite in the basal part of the complex suggests ,gravitational 

differentiation. The cumulus texture of the Te-Ti oxides indicates the enrichment 

of Fe and Ti in the residual liquids which might have migrated downwards through the 

early formed mush of silicates. The major element chemistry corresponds to the 

different members of the complex; magnetite-gabbro, gabbro, gabbroic-anorthosite 

The high 



Table 5. Correlation Coefficients for Element Pairs Ti and V and 't' - Test Data 

r(Corre1ation N ( N o .  of 't' cal- 't' (from tables at Drill hole 
coefficient) points) culation 95% confidence level) nunber 

0.50 23 2.815 2.074 MSK - 1 

0.47 27 2.445 2.055 MSK - 6/11 
0.67 22 3.149 2.080 MSK - 7 

and anorthosite. The vanadium content (0.23 - 0.93%) is thought to be present either 
as partial substitution for Fe3+ in magnetite or as VFe204 similar to TiFeZ04 

(,ulvospinel). Statistically significant positive correlation between Ti and V 

supports the possibility of vanadium being present as VFe204. 

the magma which was initially low has progressively built up during fractionation 

and eventually resulted in a later sulphide phase. This is supported by the fact 

that Cu-mineralisation is associated with V and Ti magnetite and restricted to a 

distinct unit of the complex, namely, magnetite-gabbro. Gallium concentration in 

the higher ranges of 25 - 40 ppm is confined to the Fe-Ti oxide-rich members of 
the complex and this indicates the preference of Ga3+ to Fe3+. 

Fe : Ti and Cu : Fe, and the appreciable concentration of Ga in the magnetite-gabbro 

and magnetite bands suggests a late-stage crystallisation. 

The copper content in 

The high ratios of 

Similar deposits of titano-magnetite occur in a nunber of places in the Karnataka 

craton. They occur in the Nuggihalli and Shimoga Schists Belts and also in the 

adjoining Peninsular Gneiss. These deposits share many similarities, although they 

apparently occur in different litho-stratigraphic units. The Ti-magnetite ores are 

associated with gabbro-anorthosite complexes, have a moderate but consistent vanadium 

content and extending copper mineralisation is a cominon association (Radhakrishna 

et al., 1972). These common features indicate widespread basic magmatic activity in 

the craton during the early Precambrian, resulting in an Archaean Fe-Ti-V-Cu 

metallogenic province in the Southern Indian Shield. 
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