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INTRODUCTION

Ideally geochemical studies on rocks and their minerals are 

carried out only on rock units for which adequate information is 

available regarding their geological setting, structure and petrography. 

This condition is met fairly well by previous studies on the South 

African Cape Granite. Only very limited work has been done on the 

granitic rocks of the Snowy Mountains area, Australia. Since the 

inception of the Snowy Mountains Hydro-Electric Scheme large-scale 

underground operations have taken place in this geologically interest­

ing region. In addition to many miles of excavated tunnel, underground 

power stations have been built, new roads constructed and a number of 

drill-cores have become available. Since the progressive flooding of 

the tunnels will prevent further access, this rare opportunity was 

taken of collecting fresh rock samples over a wide area, large parts 

of which are covered by a thick mantle of residual soil.

The work presented here is the first systematic trace element 

study of the granitic rocks from both areas. The granitic bathyliths 

of the Snowy Mountains area encompass the whole range of composition 

from tonalites to alkali granites. The more basic Snowy gneisses and 

granodiorites preserve distinct evidence of their origin. In contrast, 

the differentiated typically "high-level1’ Cape Granite plutons have 

passed beyond this stage largely obscuring their origin.

Part I of this study describes the geological setting of the 

Snowy Mountains granites and deals with their subdivision and origin
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on the geochemical evidence. Part II describes the Cape Granites and 

their minerals and includes a chapter on the isotopic age determina­

tion of the Cape Granite and invaded Malmesbury sediments. A full 

discussion of the geochemical behaviour of individual elements in the 

rocks and minerals is given in Part III. A full description of the 

analytical methods used, bibliographies end all tables and diagrams 

referred to in the text are given in a separate volume.
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I. GRANITES OF THE SNOWY MOUNTAINS REGION, HEW SOUTH WALES,

AUSTRALIA.

CHAPTER 1. INTRODUCTION.

1-1. General description.

The Snowy Mountains region is part of the Southern Highlands 

of New South Wales (DAVED, 195^, Vol. 2) which are continuous with 

the Eastern Highlands of Victoria. The regional setting of the area 

is shown in Fig. 1. Fig. 2 is a geological map of this area of 

nearly 10,000 square miles which lies between 147°50'E. to 149°15,E* 

Longitude and 35 15’S. to 37°00,S. Latitude.

The central complexly block-faulted region is made up of 

several partly dissected plateaus or tablelands, lying at different 

elevations, but dominated by the central Kosciusko Plateau, most of 
it above 4500 feet and including the highest country in Australia, 
culminating in Mt. Kosciusko, 7314 feet above sea-level. This 
plateau, about 15-20 miles wide, is elongated and gently tilted 
downwards in a north-north-easterly direction, merging there with 

the Kiandra Tableland, while passing into deeply and very irregularly 

dissected highlands in Victoria to the south. The western margin 

of the plateau is formed by a series of parallel south-west to 

north-east trending major fault-scarps, while the descent to the 

east is more gradual occurring in part along a broad warped zone, 

and in part along a, series of step-like fault escarpments.
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Immediately to the east lies the Adaminaby Tableland followed by 

the Berridale Tableland lying mostly at elevations between 2500 and 

5500 feet.
The Snowy, Murrumbidgee and Murray Rivers rise in the 

Snowy Mountains; but the Great Divide of south-eastern Australia 

separates the drainage of the Murray-Murrumbidgee Rivers from that 

of the Snowy River system.

1-2. Previous work.

A great number of geological notes, papers and reports on 

the Snowy Mountains Region have been written. Some of these date 

back to the latter half of last century and are far too numerous to 

mention individually. An exhaustive bibliography, running to over 

400 titles has been compiled by D.G. Moye (1964), Chief Geologist 

of the Snowy Mountains Hydro-Electric Authority. This includes 

references not only to previously published work on the area, but 

also to some unpublished reports by the New South Wales Department 

of Mines, the Bureau of Mineral Resources and the Snowy Mountains 

Authority itself. An excellent summary of the geology of the area 

has also been compiled by the geologists of the Snowy Mountains 

Authority (MOYE, SHARP and STAPLEDON, 1963), accompanied by a 
geological map on which Fig. 2 is largely based.

Reference is made in the text to a number of the more 

important papers dealing with the area, as well as with some of the 

adjoining regions of New South Wales and Victoria. These are all
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l i s t e d  in  th e  b ib l io g ra p h y  d e a l in g  w ith  th e  Snowy M ountains A rea.

S in ce  th e  p re s e n t  c o n t r ib u t io n  i s  e s s e n t i a l l y  g eo ch em ica l, th e  

r e f e r e n c e s  c i te d  a re  m a in ly  th o se  w hich in c lu d e  chem ical d a ta .

These a re  n o t num erous.

M ention m ust be made o f th e  d e ta i le d  s tu d ie s  by JOPLIN 

(1942, 1943) th e  Cooma Complex and on th e  A lb u r y - J in g e l l ic  A rea 

(1947) j as w e ll as a  more g e n e ra l acco u n t o f th e  Tasman G eosyncline  

( 1962) .  P a r t  1 o f th e  c o m p ila tio n  o f  chem ical a n a ly se s  o f A u s t r a l i a n  

ro ck s  (JOPLIN, 1963) c o n ta in s  a  number o f p re v io u s ly  u n p u b lish e d  

a n a ly se s  o f  g r a n i t i c  ro c k s  o f th e  a r e a .  TATTAM (1929)> EDWARDS and 

EASTON (1937) and CROHN (195^) d e sc r ib e d  b o rd e rin g  a re a s  in  n o r th ­

e a s te r n  V ic to r ia  and VALLANCE (1953> a , b , c and i 960) gave an  

excellen t account o f  th e  geo logy  o f  th e  W antabadgery-Adelong-Tumbarumba 

D i s t r i c t .  SNELLING ( i 960) p u b lish e d  chem ical d a ta  on th e  M urrumbidgee 

B a th y ^ ith . The p ap e r by EVERNDEN and RICHARDS ( 1962) on K-Ar ages 

o f  ro ck s  in  th e  a re a  p ro v id e s  a  ra d io m e tr ic  g e o c h ro n o lo g ic a l b a s is  

f o r  r e g io n a l  c o r r e l a t i o n .  The most r e c e n t  c o n t r ib u t io n ,  due to  

PIDGEON and COMPSTON ( 1965)» c o n s id e rs  th e  age and o r ig in  o f th e  

Cooma G ra n ite  and i t s  a s s o c ia te d  m etam orphic zones on th e  b a s is  o f  

R b-Sr age d e te rm in a tio n s  and c o n s id e ra t io n  o f S r is o to p e  r a t i o s .

1 -3 . Aims o f p re s e n t  i n v e s t i g a t i o n .

The p r in c i p a l  aims o f t h i s  s tu d y  a r e i  

( l )  E s ta b lish m e n t o f th e  p a t t e r n  o f b o th  m ajor and t r a c e  e lem en ts  

f o r  th e  g r a n i t i c  ro ck s  o f  th e  a r e a .
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The only published analyses so far available, all confined 

to major elements, are from the Cooma and Adelong Areas, together 

with some analyses of rocks of the Murrumbidgee Bathylith and a few 

analyses listed by JOPLIN (1965)*

(2) Subdivision of the granites on the basis of this data, using 

especially critical element ratios.

(5) Testing of possible modes of origin of these rocks.

(4) Comparison of the established composition with that of similar 

rocks from other parts of the earth's crust.

Due to the relatively large size and strategic, almost 

central position of the area in the Lachlan Geosyncline, such data 

and any conclusions arrived at may be of more regional significance 

and provide keys to the study of the granites over a large area.

1-4» Analytical methods.

Techniques of sampling, preparation and all methods of 

analysis are described in detail in the Appendix.
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CHAPTER 2 . GEOLOGICAL OUTLINE.

2- 1» The L ach lan  G eo sy n c lin e«

Throughout th e  e a r t h 's  c r u s t  g r a n i t i c  b o d ies  o f  b a t h y l i t h i c  

d im ensions ap p ea r to  be in t im a te ly  connected  w ith  p a s t  o ro g en ic  

zo n es . The h i s to r y  o f  th e  Tasman G eo sy n c lin a l Zone, w hich e x ten d s  

a long  th e  e a s te r n  s id e  o f  th e  A u s t r a l ia n  c o n t in e n t ,  w i l l  th e r e f o r e  

have c o n s id e ra b le  b e a r in g  on th e  o r ig in  o f th e  la rg e  g r a n i t i c  b o d ie s  

o c c u rr in g  in  s o u th - e a s te r n  A u s t r a l i a .

PACKHAM (i9 6 0 ) d iv id e d  th e  so u th e rn  p a r t  o f th e  Tasman 

G eosyncline in to  th e  w e s te rn , and o ld e r ,  L ach lan  G eosyncline  ta k in g  

in  Tasm ania, much o f  V ic to r ia  and s o u th -e a s te rn  and c e n t r a l  New 

South  W ales, and th e  younger New England G eosyncline  to  th e  e a s t ,  

which occu p ies  n o r th - e a s te r n  New South  Wales and ex tends in to  

so u th e rn  Q ueensland (F ig . 1) .  EVERNDEN and RICHARDS (1 9 6 2 ), on th e  

b a s is  of K-Ar ages on g r a n i t e s ,  dem onstra ted  a  p a t t e r n  o f e a s te r n  

m ig ra tio n  o f a su b m erid io n a l a x is  o f  in t r u s i o n s .  JOPLIN (1962) 

d e sc r ib e d  and compared th e  sequence o f  igneous ev en ts  in  th e  two 

g e o sy n c lin e s .

P recam brian  and Cam brian: The o n ly  P recam brian  ro ck s  so f a r

reco g n ized  w ith in  th e  L ach lan  G eosyncline o ccu r in  Tasm ania and 

c o n s is t  o f q u a r tz  and m ica s c h i s t s  fo llow ed  unconform ably  by 

q u a r t z i t e s ,  p h y l l i t e s ,  g r a p h i t i c  s l a t e s  and th ic k  d o lo m ite s , w hich 

p o s s ib ly  ex tend  in to  th e  Lower Cam brian. The unconform ably  o v e r-  

ly in g  M iddle and Upper Cam brian Dundas Group c o n s is t s  o f  10,000  f e e t
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o f greyw acke, cong lom erate  and sa n d s to n e , a r g i l l i t e s ,  and some 

s p i l i t i c  la v a s  and p y r o c la s t s .  In  V ic to r i a  th e  o ld e s t  ro ck s known 

a re  M iddle Cam brian, b u t th e  base o f  th e  s u c c e s s io n  i s  nowhere 

ex p o sed .

P o s s ib le  Cambrian ro ck s  in  New South Wales have been r e ­

corded  from  th e  Cobar d i s t r i c t ;  and th e  Wagonga S e r ie s  on th e  S ou th  

C oast n e a r  Narooma (BROWN, 1935) i s  com prised o f h ig h ly  fo ld e d , 

b la c k ,  banded r a d i o l a r i a n  c h e r t s ,  g reyw ackes, p h y l l i t e s  and s c h i s t s  

to g e th e r  w ith  some v o lc a n ic  igneous flow s and t u f f s ,  a l l  unconfo rm ab ly  

o v e r la in  by Upper O rd o v ic ian  g r a p t o l i t e  s h a le s .  On l i t h o l o g i c a l  

grounds th e  Wagonga S e r ie s  has been  c o r r e la te d  w ith  th e  Cam brian o f  

V ic to r i a ,  a lth o u g h  t h i s  must be v e ry  t e n ta t i v e  in  th e  absence o f 

d a ted  f o s s i l s  from  th e  Wagonga B eds. JOPLIN (1962 ), how ever, assumed 

th a t  s im i la r  s t r a t a  c o n ta in in g  a l b i t i z e d  b a s ic  la v a  u n d e r l ie  a l l  

so u th e rn  New S outh  W ales, a lth o u g h  i t  s t i l l  seems u n c e r ta in  w h eth er 

s e d im e n ta tio n  over th e  w hole o f  th e  L ach lan  G eosyncline  to o k  p la c e  

b e fo re  th e  O rd o v ic ia n .

O rd o v ic ia n : The JUKESIAN MOVEMENT a t  th e  end o f th e  Cam brian was

p ro b a b ly  r e s t r i c t e d  to  Tasm ania. I t  seems to  have caused sh a llo w in g  

o f th e  s e a  th e r e ,  s in c e  th e  unconform ably  o v e r ly in g  1000-3000 f e e t  

o f O rd o v ic ian  s t r a t a  c o n s i s t  o f  co n g lo m era te s , q u a r t z - r i c h  sa n d s to n e s  

and s h a le s  in  th e  Lower O rd o v ic ia n , and th ic k  lim e s to n e s  in  th e  

M iddle and Upper O rd o v ic ia n . The l i th o lo g y  o f th e  m ain land  O rd o v ic ia n , 

on th e  o th e r  hand , i s  v e ry  u n ifo rm , c o n s is t in g  g e n e ra l ly  o f  q u a n tz -

r i c h  g reyw ackes, b la c k  g r a p t o l i t i c  and s i l i c e o u s  s l a t e s  and
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o c c a s io n a l  c h e r t .  E s tim a te s  o f  th ic k n e s s  show about 15 , 000- 20,000  

f e e t  in  V ic to r i a  and abou t 12,000 f e e t  f o r  th e  Upper O rd o v ic ian  in  

th e  G oulburn d i s t r i c t .  In  w es te rn  V ic to r i a  a p p a re n tly  o n ly  Lower 

and M iddle O rd ov ic ian  ro c k s  o c c u r, conform able w ith  th e  Cam brian, 

b u t in  e a s te r n  V ic to r i a  and New South W ales s t r a t a  a re  m ain ly  con­

f in e d  to  th e  Upper O rd o v ic ia n .

C o n s id e rin g  th e  e x te n t  and th ic k n e s s  o f O rd o v ic ian  s e d i ­

ments v e ry  l i t t l e  v o lc an ism  took  p la c e  d u rin g  t h i s  tim e , b u t 

a n d e s i t i c  v o lc a n ic s  w ere a c t iv e  in  th e  W ellin g to n  d i s t r i c t  and some 

o th e r  a n d e s i t i c  ro ck s  ap p e a r f u r th e r  s o u th , w h ile  some r h y o l i t e  

o ccu rs  in  th e  Cooma d i s t r i c t .  JOPLIN ( 1946) su g g es ted  th a t  th e  

s i l i c e o u s  g r a p t o l i t e  s l a t e s  found a t  Cooma and o th e r  a re a s  o f  

e a s te r n  New South  W ales form ed l a r g e ly  from r h y o l i t i c  a sh .

A ccording to  BROWNE in  DAVID (1950) the  O rd o v ic ian  was 

c lo sed  by th e  BENAMBRAN OROGENY d u r in g  w hich th e  beds were s tro n g ly  

fo ld e d  and a  b road  m edian g e a n t ic l in e  was formed which was a t  l e a s t  

200 m ile s  wide in  New S ou th  W ales. Along t h i s  g e a n t ic l in e  

O rd o v ic ian  and S i lu r i a n  ro c k s  a re  unconfo rm ab le , w ith  a n g u la r  

concordance on e i t h e r  s id e .  He a l s o  su g g es ted  th a t  th e  two p a r a l l e l  

b e l t s  o f r e g io n a l  m etam orphism  w ith  accom panying "O rd o v ic ian ” 

g r a n i t e s ,  one s t r e t c h in g  from  e a s te r n  V ic to r i a  f a r  in to  New South 

Wales and th e  o th e r  a t  Cooma, w ere formed d u rin g  t h i s  o rogeny .

K-Ar d e te rm in a tio n s  by EVERNDEN and RICHARDS ( 1962) and some Rb-Sr 

d a te s  (PIDGEON and COMPSTON, 1965) on some o f th e se  g r a n i t e s  have
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cast considerable doubt on their Ordovician age. These age results 

are further mentioned in the next chapter.

Silurian: The Silurian on the -whole was a period of steady sinking

and deposition with a total recorded thickness of over 20,000 feet 

in Victoria. Both, there and in New South Wales the sediments con­

sist mainly of shales, mudstones and often thick limestones, 

demonstrating the gradual increase in shallow water deposits from 

Ordovician to Middle Devonian time. Dacite tuffs and some rhyolites 

are found, mainly in New South Wales. The Silurian was closed by a 

strong folding movement, the BÖWNING OROGENY, during which most 

strata were folded and uplifted. (JOPLIN (1962) placed this move­
ment into the early Lower Devonian). The concordant, foliated and 

massive granite bathyliths were formed and serpentinites and some 

ultrabasic rocks may also be of this age.

Lower - Middle Devonian: Sedimentation produced shales, conglomerates

and important limestone formations. Widespread acid volcanics are 

found in eastern Victoria extending into New South Wales. During 

the following TABBERABBERAN OROGENY massive granites were introduced.

However, JOPLIN (1962, p.64) stated: ”.... it is possible that the

Bowning and Tabberabberan Orogenies are movements of a single great 

orogeny, which partly stabilized the Lachlan Geosyncline”.

Upper Devonian - Lower Carboniferous: After the Tabberabberan

Orogeny sedimentation changed from the previously dominantly flysh 

phase into the molasse-like phase of the Upper Devonian to Lower
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Carboniferous. The sediments are quartz-rich and composed mainly of 

sandstones.

No tectonic break occurred at the end of the Devonian and 

the KANIMBLAN OROGENY of Lower Carboniferous time was the final great 

folding movement in the Lachlan Geosyncline. High-level granites and 

granodiorites were produced on its northern flank.

Essentially only epeirogenic movements seem to have occurred 

in New South Wales after this stage.

2-2. The Snowy Mountains Region.

(a) Sedimentary and volcanic rocks: Most of the sediments occurring

in the area (Fig. 2) are of Upper Ordovician age. They are of low 

regional metamorphic grade and tightly folded with strikes generally 

about meridional. Lithologically they are dominantly interbedded 

shales, siltstones and fine-grained sandstones (subgreywacke) with 

minor development of chert locally.

The ADAMINABY BEDS are part of a major belt of such Upper 

Ordovician sediments extending northwards from Victoria along the 

eastern side of the Snowy Mountains into the Australian Capital 

Territories. On the western side of the mountains similar sediments, 

dated by graptolites as Mid-Upper Ordovician (Eastonian), are 

represented by the BOGONG CREEK BEDS which also extend southwards 

into Victoria in the direction of Benambra and Omeo. A relatively 

small, wedge-shaped area in the vicinity of Tumut Pond tapers out 

to the south opening into two arms northwards. Upper Ordovician
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KIANDRA BEDS w ith  u n d e r ly in g  p ro b a b ly  Lower O rdov ic ian  BOLTONS BEDS 

form  th e  e a s te rn  arm w h ile  th e  th i n  w es te rn  b e l t  i s  formed by 

O’HARES BEDS and th e  NINE MILE VOLCANICS which in c lu d e  some a n d e s i t e ,  

a n d e s i te  t u f f s  and b r e c c ia .

D uring S i l u r i a n  tim es d e p o s i t io n  took  p la c e  in  much 

sh a llo w e r w a te r . The se d im e n ts , a p a r t  from s h a le s ,  s i l t s t o n e s  and 

sa n d s to n e s , c o n ta in  l im e s to n e , o f te n  th ic k  and m a ss iv e , and some 

conglom erate  l o c a l l y .  In  f u r th e r  marked c o n t r a s t  to  th e  O rd o v ic ia n , 

w idesp read  v o lcan ism  o c c u rre d , p ro d u c in g  d a c i te  and more a c id  t u f f s ,  

c r y s t a l  t u f f s  and la v a s ,  o f te n  in te rb e d d e d  w ith  th e  se d im e n ts . In  

th e  B low ering a re a  p ro b a b le  S i lu r i a n  q u a r tz - f e ld s p a r  p o rp h y r ie s  a re  

in tru d e d  by Bogong G ra n ite  and an e x te n s iv e  a re a  o f po rphyry  o u t­

crops n o r th - e a s t  o f Y a rra n g o b il ly ;  w h ile  a  b e l t  o f S i lu r i a n  

se d im e n ts , la v a s  and po rp h y ry  ex ten d s  no rthw ards from  Cooma th ro u g h  

th e  A u s tr a l ia n  C a p i ta l  T e r r i t o r i e s .  S ed im en ts , p ro b ab ly  an 

e x te n s io n  o f th e  V ic to r ia n  COWOMBAT GROUP, occur on th e  New South  

W ales -  V ic to r ia  b o rd e r  and a  narrow  b e l t  p ro b ab ly  c o n tin u e s  n o r th ­

wards to  l in k  up w ith  th e  more e x te n s iv e  developm ent in  th e  

Y a rra n g o b illy  -  Tumut Pond a r e a .  F u r th e r  S i lu r i a n  sed im en ts  o ccu r 

n e a r  Tumut and in  th e  Cooleman P la in s  d i s t r i c t .

Only few and r e l a t i v e l y  sm a ll o ccu rren c es  o f  Lower-M iddle 

Devonian rocks a re  found in  th e  a r e a .  S o u th -e a s t of T alb ingo  th ic k  

r h y o l i t e  la v a s  and t u f f s  o f Lower D evonian age a re  o v e r la in  by 

M iddle Devonian sh a llo w  w a te r  m arine sed im en ts  in c lu d in g  sh a le y
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s i l t s t o n .e s ,  s a n d s to n e s , cong lom era tes  and th ic k  l im e s to n e s .  T h is  

whole s e r i e s  forms an e lo n g a te d  s t r u c t u r a l  b a s in  o f abou t 95 sq . 

m ile s  o u tc ro p  a re a  and o v e r l i e s  Upper S i lu r i a n  ro ck s w ith  a  marked 

a n g u la r  u n co n fo rm ity . N orth  o f  T an tan g ara  R e se rv o ir  occu rs  a  b e l t  

o f Lower to  p ro b a b le  M iddle D evonian age . T his in c lu d e s  q u a r tz -  

f e ld s p a r  po rphy ry  and r h y o l i t e  to  a n d e s i te  la v a  and t u f f .  Sm all 

o u tc ro p s  o f m ain ly  a c id  la v a s  o f Lower-M iddle Devonian age a l s o  

occur n e a r  C anberra  and a re  exposed a long  th e  upper M urray R iv e r  

on th e  New South  W ales -  V ic to r i a  b o rd e r .

(b) M etam orphic r o c k s ? G e o g ra p h ic a lly  two ro u g h ly  n o r th - s o u th  

tr e n d in g  m etam orphic b e l t s  a re  re c o g n iz e d .

The w e s te rn  s id e  o f  th e  Snowy M ountains A rea i s  o n ly  a  

sm all p a r t  o f a  g r e a t  b e l t  o f  m e ta -sed im en ts  and a s s o c ia te d  

g n e is s e s  which s t r e t c h e s  some JOO m ile s  in  a  n o r th - n o r th - w e s te r ly  

d i r e c t io n .  I t  b eg in s  n e a r  Omeo in  n o r th - e a s te r n  V ic to r i a  (TATTAM, 

1929; EDWARDS and EASTON, 1937 ; CROHN, 1950) .  I t  c ro s s e s  th e  

M urray R iv e r in  th e  A lb u r y - J in g e l l ic  A rea (JOPLIN, 1947); 

in c lu d e s  k n o tte d  s c h i s t s  and q u a r t z i t e s  o f  th e  Swampy P la in  M eta- 

m orphics in  th e  Khancoban A rea as w e ll as th e  Grey Mare M etam orph ics, 

g ra d a t io n a l  in to  th e  Grey Mare g r a n i t i c  b e l t  (MOYE, SHARP and 

STAPLEDON, 1963) ;  th e  Tumbarumba-W antabadgery A rea d e sc r ib e d  by 

VALLANCE (1953 h , c ,  1960); and may be fo llo w ed  w ith  some 

b reak s a t  l e a s t  as f a r  as C ondobolin  in  c e n t r a l  New South  W ales.
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This great western metamorphic belt seems to stop abruptly 

along the Grey Mare Range, only to reappear on a very subdued scale 

at Cooma, about 40 miles to the east. The Cooma belt, with its 

concordant core of gneiss, has a maximum width of about 8 miles and 

has been traced for 50-40 miles in a meridional direction and may 

even extend further south under Tertiary basalt. It is cut off to 

the north by the younger granites of the Murrumbidgee Bathylith. 

JOPLIN (1942, 1945) divided the metamorphosed Adaminaby Beds in the 

Cooma Area into the Coolringdon Beds, occurring to the west, con­

sisting of psammites (quartzite) and siliceous slates with Upper 

Ordovician graptolites (JOPLIN, 1946) and the probably older 

Binjura Beds, which, however, were considered younger than the 

Coolringdon by BROWNE (1943) • Binjura Beds are made up of

alternating pelites and psammites (originally banded aluminous 

shales, mudstones and sandstones), with sporadic lenses of cal­

careous (possibly tuffaceous) psammites and some thinly bedded basic 

igneous rocks.

According to JOPLIN (1942, 1943 and 1952) the area 

suffered regional metamorphism before the intrusion of the gneiss 

superimposed thermal metamorphism, which can now be traced in 

progressive zones with boundaries parallel to the gneissic core.

This has been classified by MIYASHIRO (1961) as an example of his 

Andalusite-Sillimanite type regional metamorphism.
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The graptolite slates of the Coolringdon Beds in the west 

are in the zone of clastic mica» The following 5 higher-grade zones 

are encountered as one passes eastwards across the strike of the 

Binjura Beds into the gneiss. In the chlorite-. biotite- and 

andalusite-zones the rocks are typically schists with knots of 

andalusite and cordierite occurring in the last-named zone. In the 

orthoclase-cordierite (formerly permeation) zone spotted granular 

pelites (formerly granulites), with spots composed of porphyroblasts 

of orthoclase around small fragments of schist, pass into mottled 

gneiss. In the migmatite (formerly injection) zone distinct lit- 

par-lit structure is developed.

Similar zones of progressive metamorphism have been described 

from the western metamorphic belt and the meta-sediments and gneisses 

show a remarkable uniformity in lithology and chemistry in both areas. 

The equivalent of the Cooma Coolringdon siliceous slates, hoY/ever, 

seems to be lacking in the Albury and Tumbarumba-Wantabadgery Areas.

(c) Granitic rocks: Considerably more than half of the Snowy

Mountains Area and surrounding regions is made up of large granitic 

bathyliths, generally elongated and concordant with the north-south 

striking sediments. These bathyliths are composite bodies made up 

of varying types of granitic rocks with regard to mineralogy, 

structure, texture and relation to country rocks, but biotite- 

granodiorite is the dominant type.
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The subdivision of the granitic types is discussed in the 

next chapter, but geographically five main bodies can be recognized, 

although boundaries between them are not everywhere quite distinct 

with smaller outcrops occurring between them.

1. The Kosciusko Bathvlith forms the central mass of the area 

stretching for more than 65 miles from south of the Victorian border 

to north of Kiandra. It forms most of the Kosciusko Plateau. To 

the west it is terminated by the long narrow strip of Silurian 

sediments and Geehi Metamorphics. On its eastern side it is 

separated from the Berridale Bathylith by Upper Ordovician sediments 

although the two granite bodies unite for a short distance near 

Lake Eucumbene. The main mass of Kosciusko Granite is intruded by 

the small Jindabyne, Island Bend and the more leucocratic Eucumbene 

Granites.
2. The Berridale Bathvlith to the east varies between 10 and 

20 miles in width and stretches for about 7° miles northwards from 

the Victorian Border. Southwest of Cooma it invades the Upper 

Ordovician Coolringdon Beds forming a contact aureole of quartzite, 

hornfels and chiastolite slate (JOPLIN, 1942). Like the other large 

granitic bodies the Berridale Bathylith is a highly composite mass. 

Thus LAMBERT (1963) mapped four separate components in the Berridale 

District alone.
The Murrumbidgee Bathvlith has an outcrop area of about 

550 square miles mainly in the Australian Capital Territory south
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of C anberra , bu t i t s  so u th e rn  t i p  in t ru d e s  th e  Cooma G neiss and 

i t s  a s s o c ia te d  metamorphic a u re o le .  I t  has been p a r t l y  remapped 

f o r  th e  1964 Second E d i t io n  o f th e  1 : 250 ,000  C anberra  S heet S 1 55- 16. 

SHELLING ( i 960) d e sc rib e d  n in e  s e p a ra te  com ponents. The e a r l i e r ,  

more b a s ic ,  x e n o l i th - r ic h  s o - c a l le d  "co n tam in a ted "  ty p e s  occur in  

th e  e a s t  and com prise th e  C le a r  Range ( 19O sq u are  m i le s ) ,  Callemondah 

( ö j ) ,  W illoona  (%) and B o la iro  ( 5) G ra n o d io r i te s  as w e ll as th e  

Murrumbucka T o n a lite  (20-^. The somewhat l a t e r ,  more m assive and 

le u c o c r a t i c ,  s o - c a l le d  ’uncon tam ina ted" ty p e s  in  th e  w est a re  made 

up o f Shannons F la t  G ra n o d io r ite  ( 26O) and Tharwa A d am ellite  (1 8 ) , 

w hile  th e  youngest com ponents to  th e  so u th -w e s t a re  r e p re s e n te d  by 

th e  Yaouk L eu co g ran ite  ( 25) and W e s te rly  M uscovite G ra n ite  (5ir) •

4. The Bogong G ra n ite  s t r e t c h e s  20 m ile s  no rthw ards from 

Y a rra n g o b illy  where i t  i s  in t r u s iv e  in to  S i lu r i a n  l im e s to n e . I t  i s  

a  m assive p in k  g r a n i t e  low in  fe rro -m a g n e s ia n  m in e ra ls .

5. The M aragle B a th v l i th  com prises th e  la rg e  mass o f  g r a n i t i c  

rock  to  th e  w est and n o r th -w e s t o f th e  K osciusko B a th y l i th .  I t  

ex tends from n o r th  o f  Adelong to  so u th  o f th e  V ic to r ia n  b o rd e r  where 

i t  was d e sc r ib e d  as th e  C orryong B a th y l i th  by EDWARDS and EASTON 

( 193?)* In  ^he Tumbarumba-Wantabadgery A rea to  th e  n o r th  VALLANCE

( 4953c, 1960) d is t in g u is h e d  two d i s t i n c t l y  d i f f e r e n t  groups o f  

g r a n i te  which seem to  c o n tin u e  southw ards in to  th e  Grey Mare G ra n it ic  

B e l t .  The f i r s t  group com prises th e  W antabadgery and Green H i l l s  

G ra n ite s ,  a s s o c ia te d  w ith  broad zones o f  m etam orphism , re sem b lin g
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therefore the Cooma and Albury Gneisses as well as the Boomerang 

Creek Granitic Gneiss in the area of the Tumut-1 and Tumut-2 power 

stations (MOYE, SHARP and STAPLEDON, 1965)» The second group is 

represented in the Adelong Area hy the younger Ellerslie-Wondalga 

Granites. They in turn are similar to the Happy Valley Granite 

further south which is intrusive into Boomerang Creek Granitic 

Gneiss, and thus resemble the bulk of the granitic rocks in the 

main bathyliths.

Younger intrusive, more leucocratic granite masses of the 

Maragle Bathylith are represented by the Welumba, Khancoban and 

Scamels Granites (MOYE, SHARP and STAPLEDON, 1963) due north, south 

and east of Khancoban respectively, as well as the red granites of 

Pine Mountain and Mt. Mittamatite (EDWARDS and EASTON, 1937) near 

Tintaldra on the Victorian side of the Murray River.

(d) Basic and ultrabasic rocks: A number of elongated, composite

masses comprising pyroxenite, hornblendite, gabbro, diorite, 

monzonite, lamprophyre and gradational types occur roughly parallel 

and en echelon to one another in a zone stretching 35 miles north- 

north-eastwards from Geehi Dam to north of Kiandra. They are mostly 

intruded into Upper Ordovician Kiandra Beds and some are themselves 

contact-altered by Happy Jacks Granite. JOPLIN (1958, 1959)» after 

a study in the northern area of this belt, tentatively concluded 

that they were all related and derived by mixing of basic and
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granitic magmas just prior to the emplacement of the granite during 

the Bowning Orogeny (Lower Devonian).

VALLANCE (1953k) described a metamorphosed belt of inter­

mediate to basic rocks of apparent igneous origin which are now 

mainly amphibolites and pyroxene granulites. This belt outcrops 

from Batlow to beyond Adelong and also predates the Ellerslie- 

Wondalga Granites. A sample of amphibolite from Batlow has been 

included in the present study (sample 36, Tables 1 et seq.)j and 

the observed pattern of both major and trace elements agrees with 

the postulated origin from basic igneous rock.

JOPLIN (1939> 1942, 1943) also described small masses of

amphibolite occurring both in and near the Cooma Gneiss as also as

inclusions in the granitic rocks of the southern part of the

Murrumbidgee Bathylith. She considered these to have formed from

basic and ultrabasic rocks respectively, originally intruded into

the Ordovician sediments. PIDGEON and COMPSTGN (1965) strengthened
this conclusion by evidence from a large pyroxene-amphibolite

8T 86xenolith in the Cooma Gneiss, which showed an initial Sr /Sr 

ratio about 2$ lower than that of the Cooma Gneiss and not 

distinguishable from that of recent basic igneous rocks. SNELLING 

(1958)» on 'the other hand, found very low Ni (5 p.p.m.), Co (20 p.p.m. 
and Cr (10 p.p.m.) in a similar amphibolite specimen, an inclusion 

in the southern extremity of the Murrumbidgee Bathylith, and there­

fore suggested a possible origin for this specimen from an impure

calcareous sediment.
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It thus seems possible that amphibolites of both basic 

igneous and sedimentary origin occur in the area.

Further basic rocks in the Snowy Mountains Region are 

represented by two narrow belts of serpentine. One extends about 

30 miles north-north-westwards from Tumut Pond and the other, 

roughly parallel and en echelon, occurs further north running 

towards Coolac. These belts consist of a series of disconnected 

lenses and sheets comprised of massive and foliated serpentine, 

often associated with amphibolites and diorite. Most contacts with 

other rocks seem to be faulted or sheared. The northern belt 

clearly intrudes Bogong Granite and therefore must be of Lower 

Devonian age or younger.

(e) Tertiary geology: At the end of the Cretaceous most of the

area seems to have been reduced to a peneplain with monadnocks. 

Periodical disturbances from the late Mesozoic onwards raised this 

peneplain into a highland region. During Upper Eocene or possibly 

Oligocene time series of abundant olivine basalt flows became 

interbedded with lacustrine sediments. Uplift with consequent 

denudation and valley deepening continued and glaciation affected 

portions of the Kosciusko Plateau during the Pleistocene. Wide­

spread seismicity in the area indicates continuing tectonic activity

to the present



CHAPTER THE GRANITE TYPES.

The analytical data is utilized in this chapter to demon­

strate the subdivision of the Snovjy Mountains granites into various 

types; further points emerge from a fuller discussion on element 

abundances in granites generally, given in Part III.

5-1. Abundance and distribution of the elements.

New data for 31 major and trace elements is presented for 

32 granitic rocks, 3 porphyry dykes and 1 amphibolite from the Snowy 

Mountains Region.

Sample locations are shown in the geological map (Fig. 2) 

and are described in Table 1. Table 2 lists the dominant structure 

and texture of the granites as well as their average modal composition 

determined from thin sections. This may be compared with Table 3 

showing previously published modes of similar rocks in the area.

The analytical results are set out in Table 4 for: rocks

of mainly granodioritic composition (samples 13-32), gneisses 

(samples 1-4), leucogranites (samples 5-12) and the 3 porphyry dykes 

and 1 amphibolite. Calculated averages are given for the 

granodiorites, gneisses and leucogranites. Elements are listed in 

order of increasing ionic radius, expressed as weight per cent for 

the major elements and as parts per million by weight (p.p.m.) for 

the minor and trace elements. Major elements, expressed as oxides, 

are included for comparative purposes.



5 -2 . S u b d iv is io n  o f th e  g r a n i t e s «
2 0 .

BROME ( 1929) an^ BROWNE i n  DAVID (195^0 reco g n ized  th re e  

d i s t i n c t  types o f g r a n i te  in  th e  L ach lan  G eosyncline  and c o r r e la te d  

th e s e  g r a n i t e  in t r u s io n s  w ith  o ro g e n ic  epochs.

O ther w orkers have b a s ic a l ly  ag reed  w ith  such a  d iv i s io n .  The 

f e a tu r e s  o f th e se  d i f f e r e n t  ty p e s  have been  d e sc r ib e d  as fo llo w s , 

u s in g  th e  nom encla tu re  proposed by JOPLIN ( 1962) :

1 . G n e iss ic  g r a n i te s  (O rd o v ic ia n  ty p e ) . These a re  g e n e ra l ly  

d e s c r ib e d  as m edium -grained, s p o r a d ic a l ly  p o r p h y r i t i c ,  banded and 

co n tam ina ted  rocks c o n ta in in g  many x e n o l i th s .  They a re  tw o-m ica 

g r a n i t e s ,  r i c h  in  b i o t i t e ,  and c o n ta in  a n d a lu s i te ,  s i l l im a n i t e  o r 

c o r d i e r i t e .  They a re  lo c a l ly  g n e i s s ic  and a re  co n co rd an t to  r e l a t e d  

p ro g r e s s iv e ly  zoned m etam orphic b e l t s  o f  O rdov ic ian  m e ta -sed im en ts . 

They ap p ea r to  be th e  o ld e s t  g r a n i te s  in  any one a r e a ,  in  p la c e s  

invaded by type 2 ; and BROWNE in  DAVID (1950) co n s id e re d  them to  

be of Benambran age.

Inc luded  in  t h i s  group a re  th e  fo llo w in g , a l l  s u r p r i s in g ly  

s im i la r  to  one a n o th e r :  Cooma G neiss (JOPLIN, 1942, 1943» PIDGEON

and COMPSTON, 1965) ;  A lbury  G neiss (JOPLIN, 194?)» "G n e iss” o f 

n o r th - e a s t  V ic to r ia  (TATTAM, 1929); W antabadgery and G reen H i l l s  

m asses (VALLANCE, 1953 c ) ;  Boomerang C reek G ra n i t ic  G neiss n e a r  

C abram urra (MOYE, SHARP and STAPLEDON, 1963) .

Four new a n a ly se s  o f t h i s  ty p e  from  th e  Snowy M ountains 

A rea, in c lu d in g  t r a c e  elem en t d a ta ,  a re  p re s e n te d  in  T able 4 

(sam ples 1 to  4)» Modal com positions  a re  g iv e n  in  T ab le  2 .
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T able 3 shows p re v io u s ly  p u b lish e d  modal com positions o f t h i s  type 

and f o r  f u r th e r  com parison  T able 6 (colum n 5) l i s t s  th e  average o f 

11 p r e v io u s ly  p u b lish e d  m ajor elem ent a n a ly se s  from  v a r io u s  a r e a s .  

The d i s t i n c t i v e  chem ical f e a tu r e s  o f th e se  g n e is s e s  a re  i l l u s t r a t e d  

in  a  number o f d iagram s in  th e  d is c u s s io n  g iv en  below , b u t th e  

o u ts ta n d in g  f e a tu r e s  may be l i s t e d  a s :

1. H igh c o n c e n tra t io n s  o f 1%, Fe and o th e r  " fe rro -m ag n es ia n "  

e le m e n ts . (E lem ents s u b s t i t u t i n g  m ain ly  f o r  Mg and Fe in  6 - fo ld  

c o o rd in a t io n  in  fe rro -m a g n e s ia n  m in e ra ls ;  e .g .  Cr, N i, Co, Cu, V ).

2 . H igh K and con co m itan t Rb and Cs.

3» Very low Ca and S r .

4 . R e la t iv e ly  low Na.

2 . F o l ia te d  g r a n i t e s  ( S i lu r i a n  t y p e ) . These a re  g e n e ra l ly  

l a r g e ,  e lo n g a te d  and co n co rd an t (sy n ch ronous) b o d ie s . Where th ey  

invade O rd o v ic ian  o r S i lu r i a n  se d im e n ts , which g e n e ra l ly  on ly  show 

r e g io n a l  metamorphism n o t exceed ing  th e  g r e e n s c h is t  f a c i e s ,  they  

o n ly  p roduce v e ry  l im i te d  c o n ta c t  a u r e o le s .  They a re  medium to  

c o a rs e -g ra in e d  and o f te n  show pronounced f o l i a t i o n ,  b u t a ls o  g rade 

in to  more m assive v a r i e t i e s .  They o f te n  c o n ta in  abundant x e n o l i th s  

and a re  m ain ly  g r a n o d io r i t e s , som etim es g rad in g  in to  t o n a l i t e s ,  

a lth o u g h  some more a c id  members e x i s t  as w e ll .

A Bowning age was a t t r i b u t e d  to  th e se  ty p e s  by BROWNE in  

DAVID (1950)> s in c e  th e y  c u t a c ro s s  th e  g n e is s e s  b u t a re  them selves 

invaded by type 3*
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In the area considered here the following members fall 

into this group: the bulk of the Kosciusko Bathylith - Kosciusko

and Happy Jacks Granite (MOYE, SHARP and STAPLEDON, 1963); the 

"contaminated” granites of the Murrumbidgee Bathylith (SHELLING,

1960); components of the Maragle Bathylith - Ellerslie - Wondalga 

Granites (VALLANCE, 1953 c) and Happy Valley Granite (MOYE, SHARP 

and STAPLEDON, 1963).

Samples 13, 14, 16 to 23, 26, 28 and 3^ fall into this

category.

5. Massive granites (post-Silurian types). These are described 

as massive, often more or less equidimensional bodies showing no 

meridional trend. They are transgressive (subsequent), and often 

surrounded by thermal aureoles of hornfels of the intruded sediments. 

They appear younger than the foliated granites and BROWNE in DAVID 

(1950) ascribed these massive types to the Tabberabberan and 

Kanimblan Orogenies.

MOYE, SHARP and STAPLEDON (1963) described such massive types in 

the Snowy Mountains Region. They contain few xenoliths and are 

generally adamellites grading into granodiorites or granites.

They include: components of the Kosciusko Bathylith —  Island Bend

and Jindabyne Granites; most of the Berridale Bathylith; the 

"uncontaminated" granites of the Murrumbidgee Bathylith (SNELLING, 

i960); and components of the Maragle Bathylith, such as the

Khancoban Granite.
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Into this group therefore would fall samples 15, 24, 25,

27, 29, and 32.

However, all samples falling into groups 2. and 3* have 
"been called granodiorites in this study, since the chemical evidence 

discussed below indicates such a degree of gradation and overlapping 

between these two types that no such stringent division seems 

warranted on chemical grounds. Possible exceptions are represented 

by the Khancoban Granite (sample 29) and the Island Bend Granite 
(samples 3"1 an^ 32) •

4. Leucoa-ranites. Although these are not generally placed 

into a special category, samples 5 to 12 are representatives of 
massive, cross-cutting, fine-grained to coarse porphyritic, acid 

granites. They occur as minor phases with the bathyliths of 

granodiorite and appear to be the youngest granites in the area.

As shown in the diagrams discussed below, they are clearly 

highly differentiated rocks, demonstrated by very low concentrations 

of Fe, Mg, ferro-magnesian elements, as well as Ca and Sr, while 

showing marked enrichment in Rb and Cs.

The correlation of different granite types with different 

orogenies was seriously questioned by EVERNDEN and RICHARDS (1962). 
K-Ar ages of the granites in the Lachlan and New England Geosynclines 

showed apparently continuous tectonic activity from Middle Silurian 

to Middle Devonian with a gradual eastward movement of the axis of 

intrusion. The K-Ar ages presented showed a complete overlap in
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time between the foliated (Silurian type) and massive (post-Silurian) 

granites emplaced mainly during the Lower Devonian. The gneissic 

granites (Ordovician type) showed dominantly Upper Silurian ages 

although also overlapping the other two types to a considerable 

extent. These conclusions are basically confirmed by more recent, 

as yet unpublished, K-Ar determinations (RICHARDS, personal commun­

ication) .

This is essentially corroborated by Rb-Sr age determina­

tions (PIDGEON and COMPSTOR, 1965) on the Cooma Gneiss and Shannons 
Plat Granodiorite (Murrumbidgee Bathylith) indicating ages of 

415 - 12 m.y. and 417 m.y. respectively. Another unpublished K-Ar 

determination on biotite from the intrusive, leucocratic Scamels 

Granite (I. McDOUGALL, A.N.U., personal communication) gave an age 

of 37O m.y., which must be regarded as a minimum. Compared with 

the isotopic age results on other granitic rocks of the area the 

Scamels Leucogranite is therefore not much younger and the massive 

leucogranites generally are therefore regarded as part of the same 

general period of activity that produced the other granitic rocks.

JOPLIN (1962), while agreeing that the three types of 

granite could not be correlated with specific orogenies, cited 

major element chemical data from granites over a wide area to 

distinguish between the three types. All leucogranites were 

similarly chemically subdivided into three groups depending on 

their field occurrence with the three types of granite.
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The chemical data presented in this study, however, only 

support a major division of the granites in the area into:

(a) Gneisses, equivalent to the gneissic granites (Ordovician 

type).

(b) Granodiorites. including both foliated (Silurian type) and 

massive (post-Silurian types) granites which show overlapping 

chemical compositions, so that they cannot be readily subdivided 

into these two types. Possible exceptions, however, are the Island 

Bend Granite (samples 31 and 32) and the Khancoban Granite (sample 
29)> both massive intrusive types, chemically dissimilar to the 
granodiorite group as a whole.

(c) Leucoaranites. similar* to those described by JOPLIN (1962)•
They show different stages of differentiation although not divisable 

into groups depending on association with different types of granite.

The chemical divisions outlined above are illustrated in 

Figs. 3 to 13* An attempt is also made, using the major element 

chemical data available from previously published work, to 

demonstrate the chemical similarity between the granites here 

described and those from a wider area.

Fig. 3 shows the clear separation of the Snowy Mountains 

Granites into gneisses, leucogranites and granodiorites with 

respect to Na, K and Ca. These major elements are plotted here 

as oxides to allow easy comparison with similar plots of previously 

published analyses. These are presented in Fig. 4, which also 

shows plots of the calculated averages from the previous diagram.
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The similarity of the data presented in these diagrams is even more 

remarkable when one considers that they were obtained by different 

analytical techniques, in different laboratories and over a consider­

able space of time.

The granodiorites numbered in Fig. 3 refer to samples from 

massive-type bodies. The spread of these plots throughout the 

granodiorite group is apparent.

The diagrams illustrate the low Ca content of both gneisses 

and leucogranites relative to the alkalis; but 3-component diagrams 

must obviously be used with caution since they may under some con­

ditions subtly infer element relationships which are not real, and 

disguise others. Thus, without recourse to the actual values, it 

might be inferred from Fig. 3 that the gneisses contain more K than 

the leucogranites. It is clear from Figs. 5 and 6 that the leuco­
granites are richer in K than the gneisses, a fact obscured in 

Fig. 3 by the much higher Na content of the leucogranites. The low 

Na content of the gneisses relative to the granodiorites is also 

better shown on the 2-component diagrams, which give the actual 

concentrations. Furthermore, a possibly linear continuity for 

these elements between gneisses and granodiorites is suggested.

This is further dealt with in the next chapter, which deals with the 

origin of the different granite types. Fig. 6 also suggests that 

the somewhat different, massive Khancoban Granite (sample 29) and 
Island Bend Granite (sample 31 and 32) have slightly higher Na

concentration than the average granodiorite.
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A f u r th e r  t e s t  o f  th e  s i m i l a r i t y  in  m ajor e lem ent com posi­

t io n  betw een th e  g r a n i t e s  o f  th e  Snowy M ountains A rea and p re v io u s ly  

p u b lish e d  a n a ly se s  o f s im i la r  g r a n i t e s  from b o rd e r in g  a re a s  i s  

p ro v id ed  by th e  MgO-FeO p lo t s  o f F ig s .  7 and 8 . A lo g a r i th m ic  p lo t  

i s  used  to  encompass th e  w id e r range  in  c o n c e n tr a t io n  shown by Mg 

and Fe ( t o t a l  F e ) . Comparison betw een F ig s .  7 and 8 r e v e a ls  a  f a r  

l a r g e r  sp read  o f r e s u l t s  f o r  th e  p r e v io u s ly  p u b lish e d  a n a ly s e s .

This i s  p ro b ab ly  a t  l e a s t  p a r t l y  due to  a n a l y t i c a l  e r r o r  o f th e  

w et-chem ica l methods u se d , e s p e c ia l ly  a t  th e  low c o n c e n tra t io n s  o f 

Fe and Mg encoun tered  in  th e  le u c o g r a n i t e s . The same r e la t io n s h ip  

betw een r e s u l t s  o f  th e  two a n a l y t i c a l  methods i s  dem o n stra ted  f o r  

th e  South A fr ic a n  Cape G ra n ite s  fo r  w hich c l a s s i c a l  chem ical Mg and 

Fe r e s u l t s  a re  compared w ith  th e  sp e c tro c h e m ic a l d a ta  on th e  same 

ro c k s . T h is s e rv e s  as a n o th e r  i l l u s t r a t i o n  o f  th e  wellknown f a c t  

th a t  a t  low er c o n c e n tra t io n s  s p e c tro g ra p h ic  m ethods a re  n o rm ally  

more p r e c i s e  than  chem ica l m ethods. (See f o r  in s ta n c e  STEVENS 

e t  a l . ,  1960, P a r t  3 )»

Viewed in  t h i s  l i g h t  F ig . 8 shows good agreem ent betw een 

th e se  two s e t s  o f  FeO and MgO r e s u l t s .  The s i m i l a r i t y  o f  av erag e  

i ro n  and magnesium c o n c e n tra t io n s  f o r  g n e is s e s  and g r a n o d io r i te s  

may be n o te d , as a l s o  th e  v e ry  low le v e ls  i n  th e  le u c o g r a n i t e s .

F u r th e r  lo g a r i th m ic  p lo t s  o f some m inor and t r a c e  e lem en ts  

in  th e  Snowy M ountains G ra n ite s  a re  shown in  th e  n e x t 5 d iag ram s.
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The c o n c e n tra t io n  range  shown by some o f th e  p lo t te d  t r a c e  e lem en ts  

i s  very  g r e a t ;  t h i s  i s  an ex tre m e ly  u s e fu l  f e a tu r e  in  c h a r a c te r i s in g  

ro ck  ty p e s .

F ig . 9 shows th e  s tro n g  coherence betw een Mg and V. Both 

h e re  and in  th e  F e -T i p lo t  o f F ig .  10 th e  le u c o g ra n i te s  a re  c l e a r l y  

dem arcated from b o th  g n e is s e s  and g r a n o d io r i te s  by t h e i r  v e ry  low 

c o n te n t o f fe rro -m a g n e sia n  e le m e n ts , which show v e ry  s im i la r  concen­

t r a t i o n  le v e ls  in  th e  l a t t e r  two ro ck  ty p e s .

F ig s .  11 and 12 i l l u s t r a t e  th e  C a-Sr-B a r e la t io n s h ip  in  

th e  g r a n i t e s .  H ere i s  an e v id e n t chem ical s e p a r a t io n  betw een th e  

g r a n o d io r i te s  and th e  g n e is s e s ,  th e  l a t t e r  b e in g  d i s t i n c t l y  low er 

in  bo th  Ca and S r ,  b u t no t in  Ba. The le u c o g ra n i te s  f u r th e r  show 

th e  wellknown s tro n g  d e c re a se  in  S r and Ba w ith  p ro g re s s iv e  d i f f e r e n ­

t i a t i o n ,  due to  th e  c a p tu re  o f  th e se  two e lem en ts  in  e a r ly  formed 

K -m in era ls . The a p p a re n tly  anom alously  h ig h  Ba c o n c e n tra t io n  in  

le u c o g ra n i te s  6 , 11 and 12 (F ig . 12) i s  f u r th e r  m entioned in  th e  

fo llo w in g  c h a p te r ,  which a ls o  d e a ls  w ith  a  p o s s ib le  e x p la n a tio n  

f o r  th e  observed  o v e r a l l  p a t t e r n  o f th e se  th r e e  elem en ts in  th e  

g r a n i t e s .

F ig . 15 shows th e  K-Rb r e la t io n s h ip  f o r  th e  d i f f e r e n t  

ty p e s  o f g r a n i t e .  The le u c o g r a n i te s  a re  c l e a r ly  en ric h ed  in  Rb 

r e l a t i v e  to  K; and c o n se q u e n tly  show low K/Rb r a t i o s  (T able 5)»

The g n e is s e s  have somewhat h ig h e r  K c o n c e n tra t io n s  th a n  th e  

g r a n o d io r i te s ,  b u t n e i th e r  o f th e  l a t t e r  two g r a n i t e  types show
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Rb e n ric h m e n t. T his s i g n i f i c a n t  f e a tu r e  i s  a ls o  f u r th e r  d isc u sse d  

in  th e  n e x t c h a p te r .

P ig s .  7 to  13 a l s o  i l l u s t r a t e  th e  v a ry in g  d eg ree s  o f  

d i f f e r e n t i a t i o n  among th e  l e u c o g r a n i t e s . Thus, compared w ith  o th e r  

l e u c o g r a n i t e s , th e  Welumba and P ine M ountain G ra n ite s  (sam ples 5 and 

7 ) ap p e a r th e  most h ig h ly  d i f f e r e n t i a t e d  showing th e  lo w est Fe, Mg,

V, S r and Ba. c o n c e n tr a t io n s ,  as w e ll as low Ca and T i ,  coupled  w ith  

h ig h  Rb. The Bogong, Scam els and Mt. M itta m a tite  G ra n ite s  

(sam ples 6 , 11 and 12), by o o n t r a s t ,  show h ig h e r  c o n c e n tra t io n s  o f 

fe r ro -m a g n e s ia n  e lem en ts , Ca, 3 r  and e s p e c ia l ly  h ig h  Ba, coupled w ith  

low Rb. The rem ain in g  th r e e  le u c o g ra n i te s  show g e n e ra l ly  in te rm e d ia te  

c o n c e n tr a t io n  le v e l s  f o r  th e se  e lem en ts .

5 -5 . C o n c lu s io n s .

From th e  d a ta  p re s e n te d  th u s  f a r  a  number o f p re lim in a ry  

c o n c lu s io n s  may be drawn on th e  chem ical s u b d iv is io n  o f  th e  Snowy 

M ountains G r a n i te s :

( 1) U sing b o th  m ajor and t r a c e  elem ent d a ta  th e  g r a n i t i c  ro ck s  o f 

th e  r e g io n  can  be b ro a d ly  d iv id e d  in to  " g n e is s e s "  (c o rre sp o n d in g  to  

J o p l i n ’ s g n e i s s ic  g r a n i t e s ,  O rd o v ic ian  ty p e ) ,  " g r a n o d io r i te s "  

(c o rre sp o n d in g  to  bo th  f o l i a t e d ,  S i lu r i a n  and m assive p o s t - S i lu r i a n  

ty p es  g r a n i t e s )  and " le u c o g r a n i te s " .

(2 ) The g r a n o d io r i te s ,  w hich form tie b u lk  o f th e  b a t h y l i t h s ,  show 

a  s t r o n g ,  b u t  a p p a re n tly  a lm o st c o n tin u o u s , v a r i a t io n  in  m ajor and 

t r a c e  e lem en ts  when v iew ing  th e  re g io n  as a  w hole. W ith th e  d a ta
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a v a i la b le  th e y  canno t th e re f o r e  be r e a d i ly  f u r th e r  su b d iv id e d  in to  

" f o l i a t e d ” and "m assive" ty p e s , a lth o u g h  t h i s  may be p o s s ib le  fo r  

any p a r t i c u l a r  s m a lle r  a r e a ,  as shown, f o r  in s ta n c e ,  by th e  

c h e m ic a lly  somewhat d i s t i n c t i v e  i n t r u s i v e  and m assive I s la n d  Bend 

and K hancoban G ra n i te s .  T h is  a p p a re n t o v e r a l l  chem ical s i m i l a r i t y  

betw een f o l i a t e d  and m assive ty p e s  f in d s  a  p a r a l l e l  in  th e  K-Ar 

ages o f  th e s e  ro c k s ,  which a l s o  showed no r e a l  d i s t i n c t i o n  betw een 

f o l i a t e d  and m assive ty p e  g r a n i te s  on a  broa,d re g io n a l  b a s i s ,  

a lth o u g h  th e  g n e is s e s  appeared  somewhat o ld e r  in  any one a r e a .

(3) The le u c o g ra n i te s  sam pled may be su b d iv id ed  in to  th r e e  s ta g e s  

o f d i f f e r e n t i a t i o n  w hich , how ever, a re  a p p a re n tly  n o t r e l a t e d  to  

a s s o c ia t io n  w ith  th e  d i f f e r e n t  g r a n i t e  ty p e s  in  th e  a r e a .

(4) The la rg e  b a th y l i t h s  sam pled a re  s t r o n g ly  com posite b o d ie s  

made up o f  s e v e ra l  in te r g r a d in g  ty p e s  o f g r a n i t i c  ro ck s  and may 

v a ry  in  r e l a t i v e  p ro p o r tio n s  o f th e se  com ponents; b u t v a r i a t io n s  

in  c h e m is try  betw een th e  d i f f e r e n t  components o f any one b a t h y l i t h  

ap p ea r to  be l a r g e r  th a n  o v e r a l l  v a r i a t io n s  betw een d i f f e r e n t  

b a t h y l i t h s .  T h e re fo re  a  v e ry  much l a r g e r  number o f sam ples would 

be needed to  d e te c t  any s i g n i f i c a n t  d i f f e r e n c e  in  chem ical compo­

s i t i o n  betw een th e  g r e a t  g r a n o d io r i te  b a t h y l i t h s ,  i f  such a  d i f f e r ­

ence e x i s t s .

(5 ) Com parisons o f th e  m ajo r e lem ent d a ta  p re se n te d  h e re  from th e  

Snowy M ountains Region w ith  p re v io u s ly  p u b lish e d  a n a ly se s  from  a 

w id er a r e a  in d ic a te s  t h a t  th e  new t r a c e  elem ent d a ta ,  and o th e r
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conclusions reached in this study, may be applicable to the granitic 

rocks of a similarly wider area of the Lachlan Geosyncline.
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CHAPTER 4. ORIGIN OF THE SNOWY MOUNTAINS GRANITES.

4-1» The Gneiss*

An outline of the field occurrence, age, mineralogy and 

main distinctive chemical features of these rocks has been given in 

the previous two chapters. It is apparent, that, compared with 

granites of similar SiO^ content, the gneisses have an unusual chemical 

composition (Table 6). A high concentration of K, Fe, Mg and other 

ferro-magnesian elements is coupled with very low Ca, Sr and 

relatively low Na» Clearly these rocks have not formed by any normal 

magmatic process of differentiation.

The field evidence (JOPLIN 1942, 1943, 1947; VALLANCE,

1953 c), the similar composition of biotites from the granitic rocks 

and surrounding high grade meta-sediments of the area described by 

VALLANCE (i960) and the Sr isotope data from the Cooma Area (PIDGEON 

and COMPSTON, 1965) suggest that these rocks have at least partially 

formed from sediments. Possible sedimentary parent material must 

therefore be considered.

The Ordovician sediments associated in all areas with these 

gneisses have been described in chapter 2. Table 7 (Columns 1 and 2) 

lists the averages of 17 published major element analyses of pelites 

and 10 psammo-pelites from the Cooma Area (JOPLIN 1942, 1943), the 

A1bury-Jingellie Area (JOPLIN, 1947), the Tumbarumba-Wantabadgery 

Area (VALLANCE, 1953 a) and from north-east Victoria (TATTAM, 1929)»
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This data has been used in Fig. 14, a triangular diagram of 

Ca0-Na20-K^0 , which compares sediments well since it dispenses with 

the need for recalculation on a water-free basis. The calculated 

average gneiss (Table 6, Column 2) is included for comparison as well 

as averages of a number of other commonly occurring sediments, all 

listed in Table 7*

It is evident from Fig. 14 that the Ordovician sediments 

in the areas considered are exceptionally poor in Ca, but rich in K, 

when compared with world averages of normal geosynclinal deposits such 

as shales, greywackes and subgreywackes. This suggests an original 

sediment poor in limestone and carbonate cement but rich in clay 

minerals. The chemical composition of the gneiss, with regard to the 

ratios of the three oxides plotted, is similarly characteristic and 

close to that of the psammo-pelites which form the dominant sediments 

in all areas where these gneisses occur (VALLANCE, 1953 c)•

The same author, after a comparison of major element com­

position of the gneisses and the psammo-pelitic Ordovician sediments, 

showed their composition to be similar for all elements except Na, 

which seemed to be too low in the sediments. From such a comparison 

and the abundance of meta-sediment inclusions in the gneiss he

concluded ".... it seems clear that a good deal of sedimentary

material has been added to them even if the granites were not largely 

derived from the meta-sediments at a lower level".
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JOPLIN ( 1962) ,  d is c u s s in g  th e  o r ig in  o f th e se  g n e is s e s ,  

s ta t e d  " . . . . . a t  t h i s  s ta g e ,  how ever, th e  w r i t e r  i s  no t p rep a red  to  

say  th a t  th e  g n e is s ic  g r a n i te s  a re  e n t i r e l y  th e  p ro d u c ts  o f m o b iliz ed  

sed im en ts  in  s i t u ,  and s t i l l  b e l ie v e s  th a t  some g r a n i t i c  m a te r ia l ,  

p o s s ib ly  sed im en ts  d i f f e r e n t i a l l y  m elted  a t  a  s t i l l  low er l e v e l ,  have 

been  added to  a  p a r t i a l l y  m elted  and m ob ilized  p sam m o -p e litic  

seq u en ce" . Dr. J o p l in  th e n  showed th a t  th e  m ajor elem ent co m p o sitio n  

o f  th e  g n e is s  could  be d e r iv e d  by m ixing th e se  p sam m o -p e litic  s e d i -
I

m ents w ith  a  l e u c o c r a t i c  o l i g o c la s e - r i c h  g r a n i te  in  p ro p o r tio n s  o f 

from  2:1 to  1:1 r e s p e c t iv e ly .  T his would a ls o  accoun t f o r  th e  

a p p a re n tly  s l i g h t l y  h ig h e r  Na c o n c e n tra t io n  observed  in  th e  g n e is s e s  

when compared w ith  th e  p sam m o -p e litic  p a re n t  m a te r ia l .

T race e lem en t c o n s id e ra t io n s  p re se n te d  below make i t  ap p ea r 

u n l ik e ly  th a t  any such  la r g e - s c a le  a d d i t io n  o f l e u c o c r a t i c  g r a n i t e  

to  th e  sed im en ts p lay ed  a  r o le  in  th e  g e n e s is  o f  th e  g n e is s ,  and th e  

fo llo w in g  c o n s id e ra t io n s  may a t  l e a s t  p a r t i a l l y  e x p la in  th e  a p p a re n t 

d isc re p a n c y  in  Na c o n te n t.

The fo llo w in g  m ajor e lem ent com po sitio n s  o f  th e  "av e rag e  

igneous rock" (C la rk e ) and th e  "av erag e  sed im en t" (C o rren s) a re  ta k e n  

from BARTH (1 962, p»375)> b o th  h e re  r e c a lc u la te d  on a  v o l a t i l e - f r e e

b a s i s :
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Av. igneous rock Av. sediment
Si02 60.1 62.1

A12°3 15.6 16.1

Fe2°3 3-1)
)

3-9)

7-6
Fe0 • • *

MnO 0.12 O.13
MgO 3.6 3-3
CaO 5.2 5-2
Na20 3.9 1-3
k2° 3.2 3.2
Ti02 1.1 0.8

P2°5 O.3 0.19
Sum 100.0 99.9

Although such compilations can be criticised in some
details, it is clear that the composition of the average sediment
ultimately derived by weathering of igneous rocks, is reasonably 

similar to the latter, with the marked exception of Na which is 

seemingly enriched in the average igneous rock by a factor of about 3* 
On the basis of this Na missing from the sediments, 

accumulated presumably in the ocean, both Clarke and Goldschmidt 

attempted to calculate the total amount of rock weathered during 

geological time. BARTH (1961, 1962) criticised such calculations 
because the Na would not stay in the ocean indefinitely but would be
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re c y c le d  as sed im ent a f t e r  what he c a l le d  i t s  " p e r io d  o f p a s sa g e " , 

c a lc u la te d  a t  abou t 120 m .y. fo r  th e  Na io n . These newer c a lc u la ­

t io n s  gave f a r  l a r g e r  e s t im a te s  o f th e  t o t a l  amount o f  s e d im e n ta tio n , 

v iz .  30 km over th e  t o t a l  s u r fa c e  o f th e  g lobe in  3OOO m .y. U sing 

th e  same concept o f  re c y c le d  Na, LIVINGSTONE (1963) a ttem p ted  a  new 

e s tim a te  o f th e  "N a-age" o f th e  o cean s.

The sim ple c a l c u la t io n  p re se n te d  below r e p r e s e n ts  th e  Na 

budget o f th e  c r u s t  a t  th e  p re s e n t  g e o lo g ic a l  tim e and i s  based 

on ly  on d i r e c t  e s t im a te s .  The on ly  u n d e r ly in g  assum ption  made in  

th e  argum ent i s  t h a t  u l t im a te ly  a l l  sed im en ts  a re  d e r iv e d  by 

w e a th e rin g  o f igneous ro c k s ,  and " c r u s t"  in  t h i s  c o n te x t r e f e r s  to  

t h a t  (u p p er) p a r t  o f th e  e a r t h 's  c r u s t ,  w hich, a t  some tim e d u rin g  

th e  g e o lo g ic a l  p a s t ,  ha.s been s u b je c te d  to  c y c le s  o f  e ro s io n  and 

s e d im e n ta tio n . In  g e n e r a l ,  to o , such  a  r e s t r i c t e d  concep t o f  " c r u s t"  

may be more p r a c t i c a l l y  u s e f u l  in  geochem ical com putations th a n  th e  

one used a t  p r e s e n t ,  s in c e  i t ,  a f t e r  a l l ,  r e p r e s e n ts  th e  on ly  p o r t io n  

of th e  c r u s t  which has b een  d i r e c t l y  and w idely  sam pled.

Na^O in  ocean (LIVINGSTONE, I9 6 3 )1 

Na2° in  a l l  sed im en ts :

19»° x 1015 to n s .  

18.3 x 1015 to n s .

(POLDERVAART, 1955, based  on 1. 1# ) :

Rock s a l t  d e p o s its  (KUENEN, 1941) :

T o ta l Na^O in  sed im en ts  and ocean: 37*7 x 1 0 '^  tons.

A ccord ing  to  POLDERVAART ( 1955) th e  t o t a l  mass o f a l l  sed im en ts  i s  

151702 x 10 ' to n s , made up as  fo llo w s : deep ocean ic  2 1 7 ;

0 .4  x 10 to n s .

,15
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su b -o c e a n ic  1OO5 ; young fo ld ed  b e l t s  340; and c o n t in e n ta l  s h ie ld s  

15140 x 10 • to n s .  Thus " p u t t in g  back" a l l  Na from th e  ocean and ro ck  

s a l t  d e p o s its  in to  th e  c r u s t ’ s se d im e n ts , th e  t o t a l  p o s s ib le  

p e rc e n ta g e  o f Na^O in  a l l  sed im en ts  i s  :

,1537.7  x 10 " x 100 

1721 x 1015
2.2

I f  sed im en ts  a re  a l l  d e riv e d  by w ea th e rin g  o f ig neous ro c k s ,  

com parison o f t h i s  f ig u r e  w ith  th e  3*9^  Na^O o f th e  average igneous 

ro ck  shows t h a t ,  u n le s s  th e  d i r e c t  e s tim a te  o f th e  t o t a l  amount o f 

sed im ent i s  f a r  to o  h ig h , o r Na has been l o s t  to  o u te r  space o r  th e  

low er c r u s t  o r m a n tle , a l l  r a t h e r  im probab le , th e  Na c o n te n t o f 

sed im en ts sampled has been c o n s i s t e n t ly  u n d e re s tim a te d .

For in s ta n c e ,  GOLDBERG and ARRHENIUS (1 95Ö) found P a c i f i c  

p e la g ic  c la y  to  c o n ta in  4% Na, which in c lu d ed  some s a l t  in  po re  

s o lu t io n s ,  b u t i t  seems v e ry  l i k e l y  th a t  some o f t h i s  Na w i l l  be 

r e ta in e d  even a f t e r  lo s s  o f some o f  th e  w a te r d u rin g  com paction . 

E s p e c ia l ly  th e  f in e -g ra in e d  sed im en ts  such as  th e  abundant s h a le s  

may be e x p e c te d , in  a d d i t io n ,  to  h o ld  a f t e r  com paction a  c o n s id e ra b le  

amount of Na lo o s e ly  adsorbed  on p a r t i c l e  s u r f a c e s .

Normal g e o s y n c lin a l  sed im en ts  s im i la r ly  l a id  down in  s e a ­

w a te r a re  on ly  sampled a f t e r  u p l i f t  and p ro lo n g ed  p assag e  th ro u g h  

th e  zone o f g rou n d -w ate r d u rin g  w hich much o f t h i s  lo o s e ly  h e ld  and 

ex trem ely  so lu b le  Na would be le a c h e d  out and re tu rn e d  to  th e  ocean
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by r i v e r s .  Thus norm al sam pling  a t  th e  e a r t h ’s s u r fa c e  would s e r io u s ly  

u n d e re s tim a te  th e  Na c o n te n t o f  v e ry  f in e -g ra in e d  sed im en ts  such  as 

c la y  and s h a le ,  b u t p ro b a b ly  i s  more re a so n a b ly  a c c u ra te  f o r  most 

a rk o s e s ,  greyw ackes e t c .

I t  i s  a ls o  a p p re n t th a t  sed im en ts  metamorphosed and 

Mg r a n i t i s e d M a t  dep th  have n o t passed  p re v io u s ly  th rough  th e  zone o f 

p e r c o la t in g  g roundw ater and th e re f o r e  r e t a i n  s u f f i c i e n t  Na to  form  

norm al m etam orphic and igneous rocks w ith o u t th e  o th e rw ise  n e c e s s a ry  

a d d i t io n  o f  la rg e  amounts o f  ’’magmatic" Na em anations.

I t  th e re f o r e  seems q u i te  p o s s ib le  t h a t  th e  a p p a re n t s l i g h t  

Na d e f ic ie n c y  o f  th e  O rd o v ic ia n  p sam m o-pelites  in  th e  re g io n  h e re  

co n sid e red  v i s - a - v i s  th e  Snowy M ountains g n e is s  may be due to  th e  

u n d e re s tim a tio n  o f Na in  th e  o r ig in a l  sed im en ts  a t  d e p th . This 

s e r io u s  o b je c tio n  to  th e  proposed  o r ig in  o f th e  g n e is s  e n t i r e l y  from 

th e se  sed im en ts i s  th e r e f o r e  n o t n e c e s s a r i ly  v a l id .

I n  c o n s id e r in g  th e  o r ig in  o f th e  g n e is s  i t  would be o f  g re a t  

i n t e r e s t  to  compare i t s  t r a c e  elem ent co m p o sitio n  w ith  t h a t  o f th e  

proposed sed im en ta ry  so u rce  m a te r ia l .  U n fo r tu n a te ly  no such d a ta  i s  

a v a i la b le  f o r  th e se  p sa m m o -p e litic  se d im e n ts , and t h e i r  r a t h e r  

u n u su a l modal co m p o sitio n  p re c lu d e s  th e  u s e ,  by an a lo g y , o f any 

norm al sed im en ta ry  ty p e  a v e ra g e s  in  th e  l i t e r a t u r e .

Such t r a c e  e lem en t d a ta  h a s , how ever, been o b ta in e d , 

a lth o u g h  n o t y e t p u b lis h e d , f o r  a p p a re n tly  r a th e r  s im i la r  sed im en ts  

from th e  Malmesbury F o rm atio n , so u th -w e s te rn  Cape P ro v in c e , South
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Africa (ERLAUK, 1965)« Table 7> Column 3 lists the average composi­

tion of Malmesbury Shales which are found interbedded with 

argillaceous siltstones (Column 4)» The average of these two 

Malmesbury sedimentary types (Column 5)» although containing slightly 
more Fe, Mg and Na, is rather similar to the major element composition 

of the psammo-pelites here considered (Column 2). The trace element 

content of the South African sediments should therefore be also 

broadly comparable to the psammo-pelites of the Snowy Mountain Area, 

and hence also similar to the gneisses, if these are derived wholly, 

or in part, from such material. It may be mentioned also, that the 

trace element data shown for the South African sediments are of 

especial value to the present study, since the same analytical methods 

were used and a number of standards were exchanged as interlaboratory 

checks.
Such a comparison of the trace elements of the average 

gneiss with the average of the Malmesbury Sediments in fact shows a 

remarkable similarity. In the absence, at present, of any such trace 

element data from the Ordovician psammo-pelitic sediments in the area, 

it is therefore argued, by analogy, that the gneisses could have 

formed entirely by transformation of such sediments.

Another argument against the suggested origin of the gneiss 

by addition of differentiated leucocratic granite to the sediments 

is demonstrated by Fig. 15, which shows the K-Rb plots of the 

average gneiss, granodiorite and leucogranite, as well as the sedi­

ments listed. (All granite data points are shown in Fig. 13)» The



40

K-Rb relationship is particularly interesting because abundance data 

for these two elements is good and the K/Rb ratio for most types of 

geological materials is well established with an average of about 

220 (AHRENS, PINSON and KEARNS, 1952; HEIER and ADAIvE, 1963). Any 

strong deviation from this ratio, shown by plots approaching or 

crossing the limits of normal scatter (dashed lines), has geological 

significance. Any marked enrichment of Rb relative to K, as shown 

for instance by the leucogranites (K/Rb about 100), is due to strong 

magmatic or metamorphic differentiation (for a discussion see, e.g., 

TAYLOR, 1965).

The normal K/Rb ratio shown by the gneiss (about 2O5) con­

versely precludes any such strong differentiation process from its 

origin since the sediments from which it could have formed would be 

expected to show similarly normal K/Rb ratios. It is also apparent 

from Pig. 15 that the gneiss could not have formed by the addition 

of any significant amount of differentiated leucocratic granite 

showing such abnormally low K/Rb ratio to any of the sediments con­

sidered .

Cs and T1 usually show even more marked enrichment than Rb 

in a differentiation sequence. For a more detailed discussion of 

all trace element data, see Part III of this study. Unfortunately 

the analytical data for these two elements is not as good as for Rb 

since the concentrations encountered are near spectrographic 

sensitivity limits. Cs may also show erratic fluctuations in
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g r a n i t e s  ( e .g .  BUTLER and THOMPSON, 1965) .  The co n c lu s io n s  drawn 

above from  th e  K/Rb r a t i o s  a r e ,  how ever, s tre n g th e n e d  by th e  K-Cs 

and K-Tl r a t i o s  o f th e  d i f f e r e n t  g r a n i t e s  and sed im en ts . Again th e  

le u c o g ra n i te  i s  s t r o n g ly  e n ric h e d  in  b o th  Cs and T1 r e l a t i v e  to  K 

w hereas th e  g n e is s  (and g r a n o d io r i te )  shows "norm al” K/Cs and K/Tl 

r a t i o s ,  s im i la r  to  th o se  o f  th e  sed im en ts .

W hile t h i s  d a ta  th u s  p re c lu d e s  s ig n i f i c a n t  a d d i t io n  o f 

s t r o n g ly  d i f f e r e n t i a t e d  le u c o g ra n i te  m a te r ia l  as found e lsew h ere  in  

th e  Snowy M ountains A rea, i t  does n o t ,  by i t s e l f ,  r u le  ou t th e  

p o s s i b i l i t y  th a t  v e ry  sm a ll amounts o f  m a te r ia l ,  formed by p a r t i a l  

m e ltin g  o r m etam orphic s e g re g a t io n  from th e  p r e - e x i s t in g  sed im en ts , 

were added . Such m a te r i a l ,  f o r  in s ta n c e ,  could  accoun t f o r  th e  

sm all p e g m a tit ic  dykes o b se rv ed . One such dyke, t r a n s g r e s s in g  th e  

o r th o c l a s e - c o r d ie r i t e  zone a t  Cooma, was found by PIDGEON and 

COMPSTON ( 1965) to  have a  R b-Sr age (402 -  7 n i.y .) and i n i t i a l  

S r8^ /S r 8° r a t i o  (»724 -  .0 0 4 ) v ery  s im i la r  to  the  g n e is s  i t s e l f .

Such sm all s e g re g a te d  p e g m a ti t ic  b o d ie s  u s u a l ly  have norm al 

K/Rb r a t i o s  ( e .g .  HEIER and TAYLOR, 1959 a) and a d d i t io n  o f such 

m a te r ia l  to  th e  sed im en ts  to  form th e  g n e is s  would th e r e f o r e  no t 

s i g n i f i c a n t l y  a l t e r  an  o r i g i n a l l y  norm al K/Rb r a t i o .  I f  th e  g n e is s  

as a  whole was formed by any t r u l y  l a r g e - s c a le  p ro c e ss  o f p a r t i a l  

m e ltin g  and d i f f e r e n t i a t i o n  o f th e  p sam m o -p e litic  sed im en ts , i t  

would be expected  to  show a  f a r  low er c o n c e n tra t io n  o f F e , Mg and 

o th e r  f e r r o -m agnesian  e lem en ts  th a n  a c t u a l l y  o b se rv ed . The c lo se  

chem ical s im i l a r i t y  o f  th e  g n e is s  and i t s  sed im en ta ry  pa-rent m a te r ia l
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thus rules out the possibility of any large-scale differential melting 

of the sediments, or addition of such material.

It may therefore be concluded that the gneiss formed entire­

ly from the psammo-pelitic sediments in the area, without any 

significant addition of material. Whether granitization took place 

in situ or whether the transformed mobilized sediments were intruded 

at a slightly higher level, as suggested by Vallance, cannot be 

decided from the chemical evidence. However, considering the 

similarly unusual chemical composition of both the gneiss and its 

source rock, it seems reasonable to argue that any such source 

material at a deeper level must have been very similar to the 

Ordovician psammo-pelitic sediments now found at the surface.

The conclusions reached here on chemical grounds are 

corroborated by the Sr isotopic data of P3DGE0N and COMPSTON (1965)* 

They found an unusually high uniform Sr /Sr ratio of .7179 - »005 

for the Cooma Gneiss (Rb-Sr age 415 - 12 m.y.) with a very similar 

ratio and age for the surrounding high-grade meta-sediments, while 

the more distant greenschist facies meta-sediments showed a signifi- 

cant greater age of 460 - 11 m.y. and a lower initial Sr /Sr ratio 

of .710 -  .002. Prom the data presented the authors inferred that 

the gneiss could have formed from the local meta-sediments more or 

less in situ.

4-2. The Granodiorites.

The mode of occurrence and structure of these rocks forming 

the bulk of the bathyliths in the Snowy Mountain Area have been
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d e sc r ib e d  in  C hap ters  2 and 3* Modal com positions  a re  g iv en  in  

T able 2 and 20 a n a ly se s  a re  l i s t e d  in  Table 4»

A lthough th e se  a n a ly se s  show some range  in  co m p o sitio n , 

th e  observed v a r i a t i o n  i s  co n tin u o u s  and th e  wide g e o g ra p h ic a l sp read  

o f sample lo c a t io n s  over d i f f e r e n t  ty p es  seem to  j u s t i f y  th e  c a lc u la ­

t i o n ,  fo r  p u rp o ses  o f com parison , o f th e  av erag e  g r a n o d io r i te  g iv en  

in  Table 6 , Column 1.

In  c o n s id e r in g  th e  o r ig in  o f  th e se  ro ck s  a number o f  

p o s s i b i l i t i e s  must be c o n s id e re d  in  th e  l i g h t  o f bo th  m ajor and t r a c e  

elem ent d a ta .  Such p o s s i b i l i t i e s  in c lu d e :

1. D i f f e r e n t i a t i o n  from  a  b a s ic  magma.

2 . M ix ture o f  b a s ic  magma w ith  some sed im en ta ry  m a te r ia l  (DEN TEX,

1956, a ,* ) .

3» M ixture o f  b a s ic  magma w ith  a  p rim ary  d i f f e r e n t i a t e d  g r a n i t i c  

magma.

4 . M ixture o f a  d i f f e r e n t i a t e d  g r a n i t e  magma w ith  sed im en ta ry  m a te r ia l .  

5* M eltin g  o f sed im en ta ry  m a te r ia l .

P u re ly  from  volume c o n s id e ra tio n s  i t  seems v e ry  u n l ik e ly  

th a t  g r a n o d io r i te  b o d ie s  o f b a t h y l i t h i c  d im ensions could  form d i r e c t l y  

by d i f f e r e n t i a t i o n  o f  a  b a s ic  p a re n t  magma. F u rth erm o re , th e  

g ra n o d io r i te s  have q u i te  norm al K/Rb, K/Cs and K /T l r a t i o s ,  w hich r u le  

ou t any env isaged  la r g e - s c a le  d i f f e r e n t i a t i o n  p ro c e s s .  In  f a c t ,  th e  

o v e r a l l  m ajor and t r a c e  elem ent p a t t e r n  o f  th e se  g r a n o d io r i te s ,  when 

compared w ith  ty p i c a l  h ig h - le v e l  g r a n i te s  such  as th e  South A fr ic a n

Cape G ra n ite s  d e sc r ib e d  in  P a r t  I I I ,  shows c l e a r ly  th a t  no s tro n g
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f r a c t io n a t io n  p ro c e s s  -was in v o lv ed  in  t h e i r  fo rm a tio n . This c o n s id e ra ­

t i o n  th e re fo re  a ls o  p re c lu d e s  th e  a d d i t io n  to  any m a te r ia l  o f d i f f e r e n ­

t i a t e d  g r a n i t e  magma, in  any s i g n i f i c a n t  am ount. On th e  o th e r  hand , th e  

d i r e c t  adm ix tu re  o f  b a s ic  magma in  amounts n e c e ssa ry  to  y ie ld  th e  

re q u ire d  p ro p o r tio n s  o f m ajor e lem en ts  i s  e q u a l ly  u n te n a b le .  T ab le  6 , 

Columns 9 and 10, l i s t s  th e  co m p o sitio n  o f  th e  average b a s a l t  and u l t r a -  

b a s ic  rock  tak en  from TU'REKIAN and WEDEPOHL ( 1961) .  The c o n c e n tra t io n  

o f  some f e r r o -m agnesian  e le m e n ts , f o r  in s ta n c e ,  in  b a s a l t i c  (g a b b ro ic )  

magma e .g .  Cr ( 17O p .p .m .) ,  Ni ( 13O p .p .m .) ,  Co (48 p .p .m .)  and Ti 

( 1 . 38c/o) i s  c l e a r ly  f a r  too  h ig h  in  com parison w ith  th e  average  

g r a n o d io r i te  w ith  Cr (34 p .p .m .) ,  Ni (15 p .p .m .) ,  Co (13 p .p .m .)  and 

T i ( .2 5 °/o) to  e x p la in  th e  g r a n o d io r i te s  as p ro d u c ts  o f such a  m ixing 

p ro c e s s ,  in v o lv in g  more th a n  10-20$ b a s ic  magma.

J u s t  such  a  m ixing o f b a s ic  and a c id  magmas is  u s u a l ly  

invoked as o r ig in  f o r  in te rm e d ia te  rocks i f  m ajor elem ent ox id es  

p roduce re a so n a b ly  s t r a i g h t - l i n e  p lo t s  on v a r i a t i o n  d iag ram s, such as 

th e  s i l i c a  v a r i a t i o n  d iag ram . Such p lo t s  o f Al^O^, FeO (sum Fe) and 

MgO a re  shown in  F ig . 16. (The Cape G ra n ite  d a ta  a lso  shown i s  d i s ­

cussed  in  P a r t  I I I ) .  These th r e e  o x id es  in  th e  g ra n o d io r i te s  show 

p o s s ib le  s t r a i g h t - l i n e  r e l a t i o n s  w ith  SiO^, b u t t h i s  cannot be claim ed  

f o r  s im i la r  p lo t s  o f  CaO, Na^O and K^O v e rsu s  SiO^ shown in  Fig* 17« 

However, th e se  2 d iagram s should  be compared w ith  F ig s .  18 and 19» 

showing th e  same s ix  m ajor ox ide  v e rsu s  s i l i c a  v a r i a t i o n  diagram s 

f o r  the  15 av erag e  sed im en ta ry  ty p e s  o f w orld -w ide o ccu rren ce  l i s t e d

in  Table 7* These show a  g r e a t e r  th a n  f o u r - f o ld  range  in  SiO^ compared 

w ith  the  Snowy M ountains G ra n o d io r i te s .
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It is apparent that even over this great range of silica 

variation these very diverse sediments show an almost straightline 

relationship for Al^O^, FeO (sum Fe), and MgO, but again a not well 

developed relationship for CaO, Na^O and K^O, when all different 

types are considered together. Observed straightline plots for any 

element for the limited SiO^ range shown by quartz diorites, 

granodiorites to adamellites can clearly not be used as argument 

for an origin by admixture of basic and acid magmas, but may simply 

be due to a variable mixture of two or more dominant sedimentary 

parents or the progressive dilution of one or more sedimentary types 

with increasing amounts of silica (quartzite).

In summary, none of the four magmatic processes considered 

above seems probable and a sedimentary origin must therefore be con- 

sidered for the granodiorites, as was done for the gneisses in the 

previous section.

Comparison of the composition of the granodiorites and 

gneisses shows similar concentrations of SiO^, anc* ^err0"‘

magnesian elements, but higher Na and especially Ca, coupled with 

lower K content in the granodiorites. This is shown in Fig. 20 

which includes plots of the unusually clay-rich Upper Ordovician 

psammo-pelitic parent material of the gneisses, together with more 

normal geosynclinal sediments such as average greywacke, subgreywacke 

and normal shale, all listed with references in Table 7*

If both gneisses and granodiorites, now occurring in the

same area, originated from sediments, the difference in their
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chem ical com p o sitio n  m ust be sought in  d i f f e r e n t  sed im en ta ry  so u rce  

m a te r ia l s .  The p e c u l ia r  c l a y - r ic h  Upper O rd ov ic ian  s h a le s  th a t  

se rv ed  as p a re n t m a te r ia l  f o r  th e  g n e is s e s  a re  so c o n s ta n t in  

m in e ra lo g y  and ch e m is try  th a t  i t  may be assumed th a t  th e y  covered 

most o f  th e  a re a  a t  th e  tim e . The g r a n o d io r i te s  may th e re f o r e  be 

exp ec ted  to  be p a r t l y  composed o f  such  m a te r ia l  as w e ll .

U n fo r tu n a te ly  no r e l i a b l e  e s t im a te s  o f i t s  th ic k n e s s  e x i s t  

f o r  th e  a r e a  and i t  i s  n o t c e r t a in  what sed im en ts u n d e r l ie  them. As 

o u tl in e d  in  C hapter 2 , how ever, e a r l i e r  sed im en ts  from o th e r  p a r t s  o f 

th e  L ach lan  G eosyncline  seem to  c o n ta in  more norm al g e o s y n c lin a l 

d e p o s i t s ,  v i z .  greyw ackes and s h a le s .  Thus JOPLIN (1962) assumed 

th a t  th e  basem ent ro ck s  o f  th e  g e c sy n c lin e  were o f greywacke com­

p o s i t i o n .

F o llow ing  PETTIJOHN (1957) and KRUMEEIN and SLOSS (1951) 

norm al sed im en ts  can be m in e ra lo g ic a l ly  d e sc r ib e d  in  term s o f fo u r  

dom inant end-m em bers: q u a r tz ,  c la y ,  f e ld s p a r s  and lim e s to n e .

F ig s .  21 and 22 o u t l in e  such a d iv i s io n  showing approx im ate  p lo t s  

o f th e  av e rag e  g r a n o d io r i te  and g n e is s ,  based  on t h e i r  chem ical 

c o m p o sitio n . On t h i s  b a s is  th e  g r a n o d io r i te  may be presumed to  have 

o r ig in a te d  from m a te r ia l  c o n ta in in g  g r e a t e r  p ro p o r tio n s  o f f e ld s p a r  

and lim e s to n e  b u t l e s s  c la y -m in e ra ls .  F ig . 23 ad ap ted  from  PETTIJOHN 

(1963) i l l u s t r a t e s  e s p e c i a l l y  w e ll th e  h ig h  Na/K r a t i o  o f norm al 

greyw ackes compared w ith  s h a le s  and a r g i l l i t e s  g e n e r a l ly ,  a lth o u g h  

th e  argum ent was advanced in  th e  p re v io u s  s e c t io n  t h a t  Na i s  n o rm ally  

somewhat u n d e re s tim a te d  i n  the f in e - g r a in e d  sed im en ts .
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Summarizing the evidence thus far: the major element com­

position of the granodiorites, especially their higher Ca and Na but 

lower K content as compared with the gneisses, can be accounted for 

by an origin from a variable mixture of the Ordovician clay-rich 

psammo-pelites in the area, and assumed underlying normal greywackes

and shales ---  on an average all three components in about equal

proportions.

The calculated composition of such a sedimentary mixture is 

given in Table 7> Column 8. Compared with the average granodiorite 

(Table 6, Column 1) the trace element data also shows reasonable 

agreement except for apparently anomalously high values of Cr and Ni 

in the sediment parent material. The following considerations, however, 

indicate that both elements have probably been overestimated in the 

sedimentary mixture:

1. The Cr (140 p.p.m.) and Ni (43 p.p.m.) values cited for the grey- 

wacke by WEBER and MIDDLETON (1961) are probably far higher than normal 

because that sediment was derived from a somewhat unusual basic source 

area. Furthermore their samples were crushed in a steel mortar and 

contamination by these two elements is likely.

2. FROEHLICH (196O) cites three greywackes with an average Cr content 

of 35 p.p.m., while his average sandstone contained 58 p.p.m.

3. PETTIJOHN (1963) estimated the average sandstone to contain only 

10-20 p.p.m. Cr and only about 2 p.p.m. Ni. Furthermore, much of the 

Cr in sandstones is probably present as the mineral chromite apart

from its presence in the clay components.
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Thus, summarizing, the trace element concentrations of the 

granodiorites and the proposed sedimentary mixture agree reasonably 

well considering the uncertainties of present trace element data for 

sediments; and the apparently low Ni and Cr values of the granodior­

ites in fact show that little, if any, basic rock and certainly no 

ultrabasics served as their source material. Further treatment of 

the trace element data of the Snowy Mountains Granites is given in 

Part III in which the geochemistry of individual elements is discussed 

as observed for the Australian and South African Granites.

At first sight a more direct approach to the origin of the 

granodiorites would have been furnished by the analyses of all the 

sedimentary types actually encountered in the area, as was done for 

the parent material of the gneiss. Practical considerations, however, 

would rule out such an attempt. Present exposures of such sediments 

in the area are restricted and not good, and the sediments thus 

sampled would in any case not represent the original parent material 

of the granodiorites which, as the field evidence shows, have obviously 

been faulted or otherwise moved out of their original position to 

higher levels.

The proposed origin of the granodiorites from the typical 

sedimentary mixture considered above would explain a number of other 

observed chemical features:

1. The considerable but continuous variation among the granodiorites 

of the area and between granodiorites and gneisses is explained 

simply by the continuously varying proportions of the three types of
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sedimentary source rock. Thus the gneisses are pant of the whole 

process — —  they represent only one of the components, the Ordovician 

clay-rich sediments. The inverse relation between Na and K for the 

different granodiorites and for the gneisses and granodiorites as a 

group (Fig. 6), as well as the direct relationship between Na and Ca 

clearly do not point to a process of magmatic differentiation, but 

can be explained by the sedimentary mixing process. The observed 

variation of these three major elements also shows that the leuco- 

granites from the area, on the other hand, could have formed by 

normal magmatic differentiation processes (Chapter 4-3)•

2. Considering the whole region the granodiorites show a fairly con­

tinuous variation in composition but some of the massive transgressive 

(post-Silurian) types described in Chapter 3-2 do contain less Fe, Mg 

and other ferro-magnesian elements while Na is higher and Ca is variable, 

but remains at relatively high concentrations. Examples of this type 

are the Khancoban Granite (Sample 29), the Island Bend Granite (31 and 

32) and also probably the "uncontaminated" granites of the Murrumbidgee 

Bathylith (e.g. Shannons Flat Granodiorite) which were described by 

SHELLING (i960) as representing a parental granite magma. Here these 

massive types are simply regarded as representing the original sedi­

mentary mixture relatively richer in the greywacke component. This 

would account simultaneously for lower Fe, ug and other ferro-magnesian 

elements (less clay), higher Na and high Sr and Ba (more feldspar). By 

contrast, such lowered ferro-magnesian values coupled with undiminished 

Ca and high Sr and Ba would be difficult to reconcile with an origin
i

from a normal magmatic sequence.
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5» Figs. 11 and 12 presented in the previous chapter shoYf up distinct­

ions in Ca/Sr and Ba/Sr ratios between gneisses and different granodio- 

rites. This may also be explained, at least qualitatively, by their 

origin from a variable mixture of sediments, which show the following 

average concentrations of these three elements:

Clav-rich shale Shale Grevwacke Sed. Carbonate

Table 7> no. 5 6 7 TUREKIAN and 
WEDEPOHL (1961).

Ca/o •76 2.44 1.95 30.2

Sr p.p.m. 107 300 260 610

Ca/Sr 71 81 75 495

Ba p.p.m. 65O 580 380 -

Ba/Sr 5.9 1.9 1.56 -

From this data one would expect fairly constant Ca/Sr ratios for the

gneisses (formed mainly from clay-rich shale) and the massive-type 

granodiorites (formed from a sedimentary mixture enriched in greywacke), 

their ratios being somewhat lower than for the granodiorites generally 

(which may in addition to all three sedimentary types include a small 

proportion of sedimentary limestone). Such a relation is in fact 

evident from Fig. 11, with gneisses and massive Island Bend Granite 

(Samples and 32) showing a Ca/Sr ratio of about 55 while the bulk 

of the granodiorites have a Ca/Sr ratio of about 120.

The Bp/Sr ratio, on the other hand, should decrease in the 

order: gneiss, granodiorites generally, massive-type granodiorites.

From Fig. 12 it can be seen that the Ba/Sr ratio is about 5*2 for the
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g n e is s e s ,  about 3*7 fo r  th e  av erag e  g ra n o d io r i te  bu t d ropp ing  to  about 

2»5 fo r  some o f  th e  more m a ss iv e -ty p e  g r a n o d io r i te s  re p re s e n te d  by 

sam ples 31 and

In  th e  l i g h t  o f th e  c o n c lu s io n s  reached  h e re  on th e  d i f f e r e n t

sed im en ta ry  so u rce  m a te r ia ls  f o r  th e  Snowy M ountains G neiss and

G ra n o d io r ite  i t  may be m entioned th a t  PIDGEON and COMPSTON (1965)

re p o r te d  d a ta  on a sample o f Shannons P la t  G ra n o d io r i te .  This gave

an  in d ic a te d  Rb-Sr age o f  417 m .y . , th u s  v i r t u a l l y  i d e n t i c a l  w ith  th a t

87 86o f  th e  Cooma G n eiss , bu t i t s  i n i t i a l  S r / S r  r a t i o  was found to  be 

some 1.4 fo low er th a n  th a t  o f th e  g n e is s .  T h is was in te r p r e te d  by th e  

a u th o rs  as s u g g e s tin g  th a t  th e  S r in  th e  two m asses had d i f f e r e n t  

so u rce  m a te r ia l .

4 -5 . The L eu cog rran ites.

In  marked c o n t r a s t  to  th e  g n e is s e s  and most g r a n o d io r i te s  

c o n s id e re d  above th e  le u c o c r a t i c  g r a n i t e s ,  d e sc r ib e d  in  C hap ter 3 -2 , 

a re  m assive , h ig h - l e v e l ,  c r o s s c u t t in g  g r a n i t e s ,  and th e re fo re  a p p a re n tly  

th e  l a s t  g r a n i te s  to  form in  th e  Snowy M ountains R egion . A b so lu te  

age d e te rm in a tio n , how ever, su g g e s ts  an age com parable to  th a t  o f  th e  

o th e r  g r a n i t i c  ro ck s  in  th e  a r e a .  They may th e r e f o r e  be re g a rd e d  as 

r e p re s e n t in g  an e n d s tag e  o f  th e  same g e n e ra l p e r io d  o f a c t i v i t y .

T h e ir  modal com positions  (T ab les 2 and 3) show somewhat low er 

p la g io c la s e  and v e ry  low fe rro -m a g n e s ia n  m in e ra ls .  T his i s  r e f l e c t e d  

in  t h e i r  v e ry  low c o n te n t o f Ca, Fe, Mg and fe rro -m a g n e s ia n  t r a c e  

e lem en ts  (Table 4 ) .  T h e ir  h ig h ly  d i f f e r e n t i a t e d  n a tu re ,  shown a l s o
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by high alkali and silica content (SiOQ averages over 75$) > is further 

demonstrated by abnormally low K/Rb, K/Cs and K/Tl ratios (Table 5)* 

Their strong depletion in Ca, Sr and Ba is shown in Figs. 11 and 12.

As outlined in Chapter 3-2 the leucogranites may be subdivided 

into three groups showing differing degrees of differentiation. Among 

the major elements only Fe, Mg and to some extent Ca show this dis­

tinction but a number of trace elements considered together are again 

more useful in this connection. The three groups are:

(1) The Welumba and Pine Mountain Granites (Samples 5 und 7) appear 

to be the most strongly differentiated. They are distinguished from 

the other leucogranites by their extremely low content of Fe, Mg, V,

Ti, Ca, Sr and Ba, as well as low Zr and La, coupled with high Li, Rb,

Cs and Tl.

(2) The Bogong, Scamels and Mt. Mittamatite Granites (Samples 6, 11 

and 12), on the other hand, represent the least differentiated 
granites of the group. They show higher concentrations of the ferro- 

magnesian elements mentioned in (l), higher Ca, Sr and Ba as also the 

highest Zr and La content among the leucogranites while their trace 

alkalis are relatively low.

(3) The Eucumbene and Yaouk Leucogranites (Samples 8, 9 and 10) are 
generally intermediate Between (1) and (2).

Considering the limited number of leucogranite samples used 

the above subdivision cannot be more than a preliminary outline since 

conceivably local, somewhat untypical phases may have been sampled in
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one or two cases. Further more detailed work on the leucogranites 

may reveal correlations between the degree of fractionation and 

factors such as: the size of the leucogranite intrusions, differences

between their cores and border facies, geographical distribution and 

association with different granites in the area. From the limited 

data considered here no such correlations are apparent.

Since the leucogranites must have formed by differentiation 

at a deeper level, not open to inspection at present, one may speculate 

on possible parent material. Is it possible, for instance, that they 

originated from a normal basic magma or even more basic "mantle material" 

by fractionation before being intruded to their present high crustal 

level? Such a process was, after all, until recently invoked to 

explain the origin of granites generally. Moreover, recent isotopic 

studies involving Sr /Sr ratios have led to the setting up of 

petrogenic models seemingly demanding the addition of "mantle strontium" 

to explain the observed Sr isotope ratios in many granites. The well- 

known fact that fractionation of a basic magma cannot yield much more 

granitic material than about 5$ of its volume by fractionation makes 

such an origin for the huge granitic bathyliths of the earth’s crust 

very doubtful. But such volume considerations do not apply to some 

granite bodies of small dimensions and cannot be invoked, for instance, 

for the leucogranites of the Snowy Mountain Region, since they 

represent a relatively minor phase (Fig. 2).
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M ajor and t r a c e  elem ent d a ta  i s  a v a i la b le  from  two w e ll -  

documented examples o f such s tro n g  d i f f e r e n t i a t i o n  o f b a s ic  magma 

p ro d u c in g  s ig n i f i c a n t  amounts o f  a c id  m a te r ia l .  T ab le  6 , Column 7 

l i s t s  th e  com position  o f  th e  average  a c id  granophyre o f  th e  S k aerg aa rd  

I n t r u s io n  (WAGER and MITCHELL, 1951» T able F ) ,  Column 8 s im i la r ly  

shows th e  average  o f s ix  g r a n i t e s  and g ranophyres from  th e  Bushveld 

Igneous Complex (LIEBENBERG, 1960, T ab le  2 1 ) . Comparison w ith  th e  

av e rag e  le u c o g ra n ite  from  th e  Snowy M ountains Region (Column 3 ) 

r e v e a ls  such s i m i l a r i t y  in  SiO^, K and o th e r  m ajor e lem en ts  th a t  on 

such m ajor elem ent d a ta  a lone  p la in ly  no ev idence a g a in s t  an o r ig in  

o f  th e  le u c o g ra n i te s  from a s im i la r  b a s ic  magma could  be g le an ed .

T his s i m i l a r i t y ,  how ever, shows th a t  we a re  d e a l in g  w ith  ac id  rocks 

th a t  have reached  ro u g h ly  e q u iv a le n t d eg rees  o f f r a c t io n a t io n .  T h ere ­

fo re  co n c lu s io n s  may presum ably  be drawn from a com parison o f some o f 

th e  t r a c e  elem ent d a ta  shown by th e se  th r e e  g r a n i t e s .

F ig . 24 shows a lo g a ri th m ic  p lo t  o f Mg v e rsu s  N i. At 

s im i la r  average Mg c o n c e n tra t io n s  o f abou t .12°Jo th e  average  Ni v a lu e s  

o f  S kaergaard  and B .I .C . G ra n ite s  a re  8 and 22 p .p .m . r e s p e c t iv e ly ;  

th e  Snowy M ountains le u c o g r a n i te s ,  in  s tro n g  c o n t r a s t ,  a l l  showed 

l e s s  th a n  1 p .p .m . The Mg/Ni r a t i o  th e re f o r e  in c re a s e s  s t r o n g ly ,  

from  abou t 100 to  over 1200. The h ig h  Ni v a lu e s  found in  th e  a c id  

d i f f e r e n t i a t e s  o f th e  b a s ic  magmas a re  in  f a c t  com parable to  th o se  

o b ta in ed  in  the  u n d i f f e r e n t i a t e d  Snowy M ountains g n e is s e s  and 

g r a n o d io r i te s ,  which show, how ever, a  1 0 -fo ld  h ig h e r  Mg c o n c e n tra t io n .
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Compared to  th e  Snowy le u c o g ra n i te s  th e  ac id  f r a c t io n s  d e riv e d  from  

b a s ic  magma a re  a ls o  r i c h  in  o th e r  fe rro -m a g n e s ia n  elem ents such  as 

C r, T i , Co, Cu, V and Mn.

A ll th e se  e lem en ts  co n s id e re d  have v e ry  h ig h  c o n c e n tra t io n s  

in  th e  o r ig in a l  b a s ic  p a re n t magmas and though t h e i r  a c id  ’'o f f s p r i n g ” 

a re  ex trem ely  d i f f e r e n t i a t e d  w ith  r e s p e c t  to  a l l  m ajor e lem en ts , t h e i r  

o r ig in  i s  re v e a le d  by some o f  t h e i r  t r a c e  elem ent " b ir th m a rk s” . On 

t h i s  ev idence th e  Snowy M ountains le u c o g ra n i te s  d id  a p p a re n tly  n o t 

o r ig in a te  from a b a s ic  magma, b u t may have o r ig in a te d  by a  l a r g e - s c a le  

p ro c e s s  o f p a r t i a l  m e ltin g  and d i f f e r e n t i a t i o n  e i t h e r  o f p r e - e x i s t in g  

sed im en ts  o r o f some o f th e  g r a n i t i c  o r  g n e is s ic  ro ck s d eep e r in  th e  

g e o s y n c lin a l p i l e  b e fo re  in t r u s io n  in to  h ig h e r  l e v e l s .

The o r ig in  and magmatic h i s to r y  o f th e  le u c o g ra n i te s  may 

a ls o  be c o n s id e re d  by r e fe re n c e  to  th e  system  Ab-Or-Q-H^O s tu d ie d  

e x p e r im e n ta lly  by TUTTLE and BOWEN (1958) to  4000 kg/cm^ (P^ q) and 

ex tended  to  10,000 b a rs  by LUTH, JAHNS and TUTTLE ( 1964)» T his 

" g r a n i te  system ” was used  f o r  in s ta n c e  by BROWN ( 1963) to  d em o n stra te  

t h a t  th e  T e r t ia r y  g r a n i t i c  rocks in  Skye and Rhum were d e riv e d  m a in ly  

by p a r t i a l  m e ltin g  o f L ew isian  basem ent g n e is s  w ith  s u b s id ia ry  am ounts 

o f g r a n i t i c  magma s im i la r l y  formed from  T o rr id o n ia n  a rk o se .

Table 8 l i s t s  th e  c a lc u la te d  m o lecu la r norms (wt °Jo) o f  th e  

le u c o g tä n i te s , th e  av erag e  g r a n o d io r i te ,  av erag e  g n e is s  and a l s o  f iv e  

o f th e  average sed im en ts  l i s t e d  in  T able 7* In  th e  absence o f 

s e p a ra te  FeO and FegO^, a n a ly se s  fo r  th e  g r a n i t e s  th e  FeO/Fe^O^ r a t i o s
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used in the calculations were based on the averages of the previously 

published analyses of leucogranites, granodiorites and gneisses from 

the area. The normative Ab-Or-Q ratios are plotted in Fig. 25 taken 

from TUTTLE and BOWEN (1958» Fig. 58). The quartz-feldspar boundaries 

at water-vapour pressures of 500, 1000, 2000 and 5OOO kg/cm are also 

shown projected to the anhydrous base of the tetrahedron. The isobaric 

temperature minima for these pressures are indicated by crossbars.

The crosses indicate the further shift of the isobaric eutectic with 

increasing ^ from 56OO to 10,000 bars (LUTH, JAMS and TUTTLE, 1964). 
The enclosed oval represents the region of maximum distribution of all 

571 analysed plutonic rocks in Washington’s Tables that carry 80$ or 

more normative Ab+Or+Q.

It can be seen that the Snowy Mountains leucogranites plot 

close to the region of minimum melting temperatures in this system 

suggesting that they originated by crystallization of the liquid 

residuum of fractional crystallization. Reference to Table 8 shows 

that for all leucogranites the sum of normative Ab+Or+Q lies between 

90$ and 95$ of the rock’s normative constituents. Therefore recalcula­

tion in terms of the coordinates of the Ab-Or-Q ternary diagram 

involves neglect of only very minor amounts of other constituents.

This, however, is clearly not the case for the average granodiorite, 

gneiss and sediments which all have less than 80% Ab+Or+Q. Their 

plots can therefore only serve as rough comparison since the addition 

especially of An produces a marked change in the position of the



57 -

c r i t i c a l  s i l i c a - a l k a l i  f e ld s p a r  boundary . The le u c o g ra n i te s  p lo t  c lo s e  

to  th e  1000 kg/cm i s o b a r i c  s e c t io n  and F ig . 26 th e re f o r e  shows a l l  

specim ens from th e  p re v io u s  d iagram  p lo t te d  in  r e l a t i o n  to  the  i s o b a r i c  

s e c t io n  f o r  1000 kg/cm  P^ q p ro je c te d  on to  th e  anhydrous base  o f th e  

te t r a h e d ro n .  (TUTTLE and BOWEN, 1958» FIG. 30) ,  The im p o rta n t i s o b a r i c  

f r a c t i o n a t io n  cu rv es  a re  rep roduced  to g e th e r  w ith  th e  q u a r tz - f e ld s p a r  

boundary  (E-E*) and th e  s o c a lle d  f e ld s p a r  " th e rm al v a l le y "  (Pm) w hich 

s e p a ra te s  th e  Ab sind Or f i e l d s .

R eference to  th e se  two diagram s shows t h a t ,  a lth o u g h  th e  

le u c o g ra n i te  p lo t s  l i e  cLose to  each o th e r  c lu s t e r in g  abou t th e  te r n a r y  

minimum, t h e i r  s u b d iv is io n  o u tl in e d  p re v io u s ly  m ain ly  on th e  b a s is  o f  

t r a c e  elem ent d a ta  i s  r e f l e c te d  h e re  as w e ll to  some e x te n t .  Thus 

sam ples 5 and 7 r e p r e s e n t in g  th e  Welumba and P ine M ountain G ra n ite s  

r e s p e c t iv e ly  v i r t u a l l y  c o in c id e  w ith  th e  te rn a ry  te m p e ra tu re  minimum 

f o r  th e  1000 kg/cm is o b a r  shown. These two g r a n i te s  were shown above 

to  be th e  most h ig h ly  d i f f e r e n t i a t e d  members o f  th e  le u c o g r a n i te s .

The Eucumbene and Yaouk L e u c o g ra n ite s  (Samples 8 , 9 and 10) were 

p re v io u s ly  c a l le d  group ( 3 ) showing in te rm e d ia te  d eg ree s  of f r a c t i o n a ­

t i o n .  These th re e  sam ples seem to  form a c l u s t e r  s l i g h t l y  a p a r t  from  

th e  r e s t ,  b u t th e  rem a in in g  le u c o g ra n i te  sam ples 6 , 11 and 12 seem to  

show some sp re a d .

The sm all b u t perhaps r e a l  s c a t t e r  o f  p lo t s  observed  f o r  

th e  le u c o g ra n ite s  cou ld  p o s s ib ly  a s c r ib e d  to  th e  changing  p o s i t io n s  

o f  th e  te rn a ry  minimum a t  d i f f e r e n t  vi/a te r -v a p o u r  p re s s u re s  i . e .



58.

related to varying depths of formation and water contents of the 

granite magmas. Thus, for instance, samples 8, 9 and 10 could be 

oonsidered as clustering rather around the ternary temperature minimum 

for the 580 kg/cm isobar. The similar crustal level to which the 

leucogranite masses were intruded and their similar structure and 

mineralogy, however, seem to indicate that the physical conditions 

prevailing during their formation were also at least broadly similar. 

But small differences in the original source material, water content 

and depth may explain the observed varying degrees of fractionation 

of the different leucogranite magmas.

A few additional comments can be made on the origin of the 

leucogranites:

1. Whatever isobaric section is selected, the leucogranites do plot 

on the Or side of the feldspar ’’thermal valley” or on the SiO^ side 

of the quartz-feldspar boundary. Therefore they cannot have formed 

by fractional crystallisation of a basic magma since such a process 

would produce liquids either in the Ab-Q region of the low temperature 

trough E'P or on the Ab side of the feldspar ’’thermal valley” mP

(cf. WYLLIE and TUTTLE, 1961, Pig. 3®)* This conclusion also is in 

accord with the trace element evidence considered earlier.

2. The leucogranites do not fall on a single isobaric fractionation 

curve and therefore did not form by differentiation of one single type 

of homogenous magma.

5» Experimental melting studies (e.g. WINKLER and VON PLATEN, 1961) 

ha/ve shown that various sedimentary rocks such as shales and greywackes
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can , by a  p ro c e s s  o f  p a r t i a l  m e ltin g , p roduce g r a n i t i c  m e lts  c lo se  in  

co m p o sitio n  to  th e  te rn a r y  minimum. The v a r io u s  sed im en ts  p lo t te d  in  

F ig .  25, as -well as th e  av e rag e  g n e is s  end g r a n o d io r i te ,  a l l  f a l l  w e ll 

in to  th e  q u a r tz  f i e l d  showing c o n s id e ra b le  s c a t t e r ,  and i t  may be q u i t e  

re a so n a b ly  assumed th a t  th e  le u c o g ra n i te s  formed by p a r t i a l  m e ltin g  and 

f r a c t i o n a l  d i f f e r e n t i a t i o n  o f a m ix tu re  o f such ty p ic a l  sed im en ts .

Such an o r ig i n  would a l s o  e x p la in  t h e i r  o v e r s a tu r a t io n  w ith  r e s p e c t  to  

alum ina shown by th e  p re se n c e  o f n o rm ative  corundum ('Table 8 ) .

C o n sid e rin g  a l l  th e  g r a n i t i c  ro ck s o f th e  g e o sy n c lin e  th e  

le u c o g r a n i te s  th u s  a re  th e  on ly  d i f f e r e n t i a t e d  g r a n i t e s ,  form  on ly  a  

m inor p hase  e s tim a te d  a t  ro u g h ly  Jfo and a re  i n  a l l  c a se s  th e  y o ungest 

g r a n i t e s  c r o s s c u t t in g  a l l  o th e r  ty p e s .  The c o n n ec tin g  l i n k  betw een 

th e se  f a c t s  m ight be so u g h t in  th e  geom etry o f th e  p a r t i a l l y  s t a b i l i z e d  

g e o s y n c lin a l  b lo c k . The e a r l i e r  formed g n e is s e s  and enormous g ran o ­

d i o r i t e  b a th y l i t h s  may impede th e  upward advance o f  any su b se q u e n tly  

h ea ted  and m o b iliz ed  sed im en ts  w hich would n o rm ally  have r i s e n  as 

g r a n o d io r i te  w ith o u t s i g n i f i c a n t  d i f f e r e n t i a t i o n .  T his m a te r ia l  would 

now, how ever, be on ly  a b le  to  advance upwards a f t e r  s t ro n g  d i f f e r e n t i a ­

t io n  has produced  th e  n e c e s s a ry  b u ild -u p  o f v o l a t i l e  p re s s u re  to  fo r c e  

a  way th ro u g h  th e  g n e i s s ic  and g r a n o d io r i t i c  co v e r.

4 -1 . P orphyry  dvkes and b a s ic  ro c k s .

T ab le  4 l i s t s  th e  a n a ly se s  o f th r e e  sam ples o f f e ld s p a r  and 

q u a r tz - f e ld s p a r  po rp h y ry  dykes in t r u s iv e  in to  th e  g r a n i t i c  ro c k s .

T h e ir  co m p o sitio n s  and c a lc u la te d  e lem ent r a t i o s  (T ab le  5) a re  v e ry



60.

variable and no firm conclusions can therefore be based on such few 

samples. Their K/Rb ratios, however, plotted in Fig. 13 are normal 

as are their levels of T1 and Cs. These dykes therefore do not appear 

to represent material that has undergone strong differentiation.

Sample 35» a small dyke in the Boomerang Creek Granitic 

Gneiss, was found to be somewhat altered and threaded by a few thin 

later calcite veins. This would partially account for the low sum 

(94»yfo) of major element oxides since H^O and C0o were not determined. 

Except for slightly higher Ca, also explained by the calcite, this 

dyke is otherwise close enough in composition to the gneisses, so that 

it may be regarded as having formed from remobilized gneissic material 

or from its original mica-rich meta-sediment. It has somewhat lower 

SiO^ and Al^O^ concentrations but the combination of very high ferro- 

marnesian content, appropriately high K, Rb and Ba together with very 

low Na and Sr concentrations is characteristic of the gneiss.

The quartz-feldspar porphyry dyke, Sample 33, on the other 

hand, shows much higher concentrations of Na, Ca and Sr but less K 

(and Rb). Its composition is therefore rather more similar to the 

granodiorites, particularly the more massive types; and may represent 

such material remobilized and intruded at a later stage.

By contrast, feldspar porphyry dyke, Sample 34, approaches 

the composition of the Snowy Mountains leucogranites in its high 

levels of SiO^ (73/°) > Na and K and relatively low concentrations of 
Sr and ferro-ma.gnesian elements. However, a normal K/Rb ratio (249) >
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low Cs and T1 and very high Ba (920 p.p.m.) and Ni (18 p.p.in.) among 

others indicate that this dyke did not form from material similar to 

the differentiated leucogranites. It is also distinguished by 

unusually high Zr (38O p.p.m.)» Y (63 p.p.m.) and La (62 p.p.m.).
This combination of observed element concentrations shows this dyke 

cutting the Boomerang Creek Granitic Gneiss at the Tumut-2 power 

station to be quite distinct from any of the granitic rocks examined. 

Conceivably it may thus be related to the Lower Devonian rhyolite 

lavas and tuffs found in abundance only little further north (Fig. 2). 
But this must remain a speculation until something is known about the 

chemistry and origin of these lavas, which may be quite unrelated to 

the granites in the area.

Table 4, no. 36 represents a sample from the belt of inter­
mediate to basic rocks stretching northwards from Batlow, described 

in Chapter 2-2. The rock has been strongly metamorphosed and must now 

be described as a foliated amphibolite. SHELLING (1958) suggested a 

possible sedimentary origin from an impure calcareous sediment for a 

small amphibolite specimen found as inclusion in the granodiorite of 

the southern extremity of the Murrumbidgee Bathylith since it combined 

low concentrations of Ni, Co and Cr with low Na. But the amphibolite 

analysed here although also showing relatively low Ni (17•5 p.p.m.),

Ti (0*36$), Cu (22 p.p.m.) and also lower Sr (162 p.p.m.) and Ba 
(145 p.p.m.) when compared for instance with TUREKIAN and WEDEPOHL’s 

(1961) average basalt (given here in Table 6, Column 9) hoes show an
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overall pattern of major and trace elements that suggests an originally 

basic parent.

4~5. Conclusions.

Although further reference to the Snowy Mountains granites 

is made in Part III the principal conclusions on the origin of these 

granitic rocks may be conveniently summarized here as follows:

(1) On both major and trace element data the gneisses (gneissic 

granites, Ordovician type) could have formed entirely from the Upper 

Ordovician psammo-pelitic, clay-rich sediments with which they are 

associated, without differentiation or addition of any significant 

amount of magmatic material.

(2) The granodiorites forming the bulk of the bathyliths in the area 

show a limited but continuous variation in both major and trace 

elements. This is attributed to their origin by mobilization and 

melting at depth, without significant magmatic differentiation, of 

varying proportions of geosynclinal sediments that can be represented 

on an average by equal parts of normal shale, greywacke and Upper 

Ordovician clay-rich psammo-pelite.

(3) Some massive (post-Silurian types) granodiorites exemplified 

for instance by the cross-cutting Island Bend Granite may have 

originated from a similar sedimentary mixture containing, however, 

a greater proportion of greywacke and less clay-rich shale.

(4) The leucogranites are strongly differentiated granites and may 

be subdivided into three groups showing varying degrees of magmatic
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fractionation. They did not originate by fractionation of basic magma 

but probably formed by partial melting and magmatic differentiation 

from pre-existing geosynclinal sediments.

(5) Samples of three quartz-feldspar porphyry dykes examined indicate 

that they are chemically very dissimilar to one another but do not 

represent strongly differentiated material. One is chemically similar 

to the gneisses, another resembles the massive type granodiorites, 

vfhile the third may possibly be related to Lower Devonian rhyolite

lavas in the area.
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I I .  CAPE GRANITE. SOUTH-WESTERN CAPE PROVINCE. SOUTH AFRICA

CHAPTER 5. INTRODUCTION.

5 -1 . G eneral d e s c r ip t io n .

P h y s io g ra p h ic a lly  the  Cape A rea a t  th e  so u th e rn  t i p  o f  th e  

A f r ic a n  c o n tin e n t (F ig . 27 ) forms a s t r o n g ly  v a r ie d  r e g io n .  I t s  

topog raphy  i s  a lm ost e n t i r e l y  dependent on th e  g e o lo g ic a l  s t r u c t u r e ,  

dom inated by the  sed im en ts  o f th e  Cape System , which form  th e  Cape 

F olded  R anges. These r e p re s e n t  a  fo rm id ab le  b a r r i e r  betw een th e  

C o a s ta l F o re lan d s  and th e  a r id  i n t e r i o r  re g io n s  o f  th e  L i t t l e  and 

G rea t K arroo , th e  l a t t e r  ex ten d in g  no rthw ards to  th e  G reat E scarpm ent, 

w hich g e n e ra lly  form s th e  w atershed  o f coastw ard  d ra in a g e  and i n t e r i o r  

r i v e r  system s in  th e  s u b c o n tin e n t.

The a lm ost unbroken  l i n e  o f h ig h  ground formed by th e  Cape 

System  Sed im en ts, e s p e c i a l l y  th e  dom inant Table M ountain S e r ie s  (TMS), 

e x h ib i t s  two main s t r u c t u r a l  l i n e s .  The C edarberg  F o ld in g s ex ten d  

from  n e a r  Van Rhynsdorp s o u th -so u th -e a s tw a rd s  ro u g h ly  p a r a l l e l  to  th e  

A t la n t ic  c o a s t l in e  te rm in a t in g  f i n a l l y  a t  Cape H an g k lip . At r i g h t  

a n g le s  to  t h i s  b e l t  th e  e a s t-w e s t  zone o f th e  Cape F o ld in g s  s t r e t c h e s  

in  a  g e n t ly  curved b e l t ,  a t  l e a s t  100 m iles  w ide, from  th e  r e g io n  o f 

s y n ta x is  of th e se  two axes in  th e  W o rceste r-C eres  A rea to  beyond P o r t  

E l iz a b e th  in  the  e a s t ,  where i t  i s  te rm in a ted  by th e  In d ia n  Ocean.

The average h e ig h t above se a  le v e l  o f th e se  N-S and E-W ran g es  in  th e
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south-western Cape is between 4OOO-5OOO feet with individual peaks 

exceeding 7^00 feet.

Especially in the extreme western portion of the Western 

Province, however, the protective covering of the TMS has been almost 

entirely removed by erosion leaving only such conspicuous outliers 

as the mountains of the Cape Peninsula and Riebeek Kasteel, thus 

exposing the underlying older Malmesbury Beds and the granite bodies 

intruded into the latter. The Malmesbury Sediments seldom give rise 

to any pronounced relief but characteristically form flat undulating 

country unless either somewhat metamorphosed by the granite or 

protected by a covering of more resistant TMS.

Thus the present configuration of the West Coast is largely 

determined by the general NW-SE trend of the granite plutons which 

follow the foldings of the Malmesbury Series (Fig. 27)- Many of the 
coarse porphyritic granites occur in large naked dome-shaped outcrops 

but areas in which the finer even-grained variety of granite pre­

dominates are usually rocky, rugged and more densely vegetated.

The Saldanha and Darling granite plutons, their bases hidden 

by sand, rise above the Mio-Pliocene surface as a chain of separate 

hills about 70 miles long from St. Helena Bay to Katzenberg with peaks 

rising to over 1800 feet. The separate Malmesburv Granite striking 

in a similar 1TW-SE direction reaches a height of nearly 25OO feet in 
the rugged Paardeberg. The Paarl Boss to the south-east rises into

dramatic bare domes with a maximum height of 2592 feet. Another
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elongated mass of granite near Wellington, however, passes beneath 

the younger TMS and other granite bodies further south similarly do 

not form conspicuous topographic features, but generally occur as 

dissected slopes skirting the Cape Mountains. The Stellenbosch-Kuils 

River Pluton includes the granite of Somerset West, Schaapenberg,

Kuils River, Banhoek and French Hoek although some outcrops are 

separated from each other by strips of Malmesbury Sediments. The 

Cane Pluton due west extends the full length of the Cape Peninsula but 

is largely concealed by a thick cover of TMS.

Of the relatively minor plutons further east, including 

granite outcrops at Robertson, Swellendam, Greyton and near Hermanus, 

only the Robertson Pluton has been sampled. It forms the fairly 

prominent Tierberg (3112 feet) intruding low-lying Malmesbury but 

is partially concealed by the younger TMS of the Langeberg Range to 

the north and has been exposed indirectly through the action of the 

Great Worcester Fault.

In contrast to the majority of the "south-western" granite 

plutons described above the "eastern" plutons represented by the 

gneissic granite of George and Woodville do not produce any prominent 

topographic features but have been levelled to the 'JOO-SOO feet Mio- 

Pliocene marine erosion surface probably due to their highly crushed 

and sheared condition and the subtropical climate of the Eastern Coast. 

Both plutons, also intrusive into Malmesbury Sediments, are greatly 

elongated in a W3W-ENE direction.
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8- 2 . P re v io u s  w ork«

The g r a n i t e s  o f th e  Cape o f  Good Hope have l e f t  a  mark on 

th e  developm ent o f  c l a s s i c a l  geology and p u b l ic a t io n s  d a te  back to  

th e  f i r s t  decade o f l a s t  c e n tu ry . In  1815 C ap ta in  B a s il  H a ll d i s ­

covered  th e  g r a n i te -h o rn s to n e  c o n ta c t in  th e  P l a t t e k l i p  Gorge n e a r  

Cape Town. PLAYFAIR and HALL (1915) used t h i s  ev idence in  su p p o r t o f  

H u tto n 's  p io n e e r in g  th e o ry  on th e  igneous o r ig in  o f g r a n i t e .  In  h i s  

c l a s s i c  m ajor work PLAYFAIR (1802, 398-400 and 410-411) a ls o  r e f e r r e d  

to  th e  g r a n i t e  a t  P a a r l .  How p ro te c te d  by th e  H is to r i c a l  Monuments 

Commission th e  even more famous c o n ta c t w ith  i t s  s p e c ta c u la r  m igm atite  

zone (F ig . 28) a lo n g  th e  fo re s h o re  a t  Sea P o in t ,  Cape Town, was f i r s t  

d e sc r ib e d  by C. ABEL (1818) and seems to  have been examined su b se q u e n tly  

by ev ery  g e o lo g is t  s te p p in g  ash o re  a t  T ab le  Bay. DARWIN (1844) v i s i t e d  

th e  l o c a l i t y  b r i e f l y  in  I 836 on th e  r e tu r n  voyage o f  HMS "B eag le” and 

drew a t t e n t i o n  to  and e x p la in ed  th e  s t r u c t u r a l  c o n t in u i ty  o f  th e  

g r a n i t e  x e n o l i th s  and th e  metamorphosed w a ll ro c k s .

The s y s te m a tic  g e o lo g ic a l  su rv ey  o f  th e  W estern  P ro v in ce  by 

th e  th e n  G e o lo g ic a l Commission o f  th e  Cape o f  Good Hope commenced in  

1897 und much b a s ic  g e o lo g ic a l  d a ta  on th e  re g io n  was p u b lish e d  by 

th i s  o rg a n iz a t io n  and su b se q u e n tly  by th e  G eo lo g ica l S urvey .

In dependan t w orkers g e n e ra l ly  have d e a l t  w ith  more s p e c i f i c  p rob lem s.

MATHIAS ( 194O), on th e  b a s is  o f m in e ra lo g ic a l  and some 

chem ical d a ta ,  su g g es ted  a  c o r r e l a t i o n  o f  th e  Cape G ra n ite ,  as 

ex em p lif ie d  by th e  P a a r l  and Cape P e n in s u la  G ra n ite s ,  w ith  th e



g r a n i t e - g n e i s s  w hich form s the  m ajor p o r t io n  o f so u th e rn  Namaqualand; 

b u t t h i s  c o n c lu s io n  was c r i t i c i s e d  by GEEVER3 (1940 ), JOUBERT (1941) 

and BRINK ( 1945) and i s  a ls o  u n l ik e ly  on th e  b a s is  o f r e c e n t  work 

in c lu d in g  i s o to p ic  age s tu d ie s  w hich a re  d isc u sse d  in  C hap ters 6 and 7* 

Most o th e r  im p o rtan t e a r l i e r  p ap e rs  d e a l in g  w ith  th e  Cape 

G ra n ite  were r e f e r r e d  to  by SCH0LT2 ( 1946) in  th e  f i r s t  com prehensive 

s tu d y  o f th e se  post-M alm esbury g r a n i t e s ,  in c lu d in g  g e n e ra liz e d  o u t­

crop  and s t r u c t u r a l  maps and a  com piled l i s t  o f  45 m ajor elem ent 

chem ica l a n a ly se s  c o v e rin g  v a r io u s  g r a n i t e  ty p e s ,  x e n o l i th s  and some 

M almesbury S ed im en ts . For d e s c r ip t iv e  p u rp o ses  S c h o ltz  su b d iv id ed  th e  

g r a n i t e s  g e o g ra p h ic a lly  i n to :  th e  N o rth e rn  P lu to n s  ly in g  e a s t  o f  th e

Orange R iv e r Mouth in  N o rthern  Namaqualand, th e  Sou th -W estern  P lu to n s  

s i tu a te d  to  th e  so u th -w e s t of an a r b i t r a r y  l i n e  jo in in g  S t .  H elena 

and S t .  S e b a s tia n  Bay and th e  E a s te rn  P lu to n s  n e a r  George and f u r th e r  

e a s t  (F ig . 27)* S c h o ltz  concluded th a t  th e  s o u th -w e s te rn  p lu to n s  a re  

v e ry  s im i la r  p e t r o l o g ic a l ly  and r e l a t e d  g e n e t ic a l ly  to  th e  g r a n i t e s  o f 

th e  n o r th e rn  and e a s te r n  a re a s  and were emplaced bo th  by f o r c e f u l  

i n j e c t i o n  and p a s s iv e  rep lacem en t o f th e  Malmesbury Sedim ents in  th e  

l a t e  P recam brian  a t  th e  c lo se  o f th e  Malmesbury Orogeny.

The work o f  S c h o ltz  has su b se q u e n tly  been  ex tended  by o th e r  

w o rk e rs , a ls o  from th e  U n iv e rs i ty  o f S te l le n b o s c h , who have g e n e r a l ly  

d e a l t  in  g r e a te r  d e t a i l  w ith  more lo c a l  a s p e c ts  o f th e  g r a n i t e s .

Thus POTGIETER (195^) made a s t r u c t u r a l ,  p e t r o lo g ic a l  and chem ical 

s tu d y  o f the  e a s te r n ,  George G ra n ite  and c o u n try  ro c k s , and a ls o
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concluded  th a t  th e  g r a n i t e  was p ro b a b ly  r e l a t e d  to  th e  so u th -w e s te rn  

p lu to n s ,  w hich i t  re sem b les  c h e m ic a lly . OTTO (1956) d e sc r ib e d  th e  

geo lo g y  and p e tro lo g y  o f a  sm all s u b p a r a l l e l  swarm o f a c id  dykes 

t r a v e r s in g  th e  m a rg in a l f a c ie s  o f th e  S aldanha  P lu to n  a t  Cape 

S t .  M a rtin . McIVER (1957) in v e s t ig a te d  th e  c o n ta c t betw een th e  

S a ld an h a  G ran ite  and Malmesbury Sedim ents exposed on th e  c o a s t a t  

S l ip p e r s  Bay and concluded  th a t  th e  c o n ta c t  was in t r u s i v e .  More 

r e c e n t ly  SCHOCH ( 1962) d e sc r ib e d  th e  d e fo rm a tio n  phenomena o f th e  

S ald an h a  G ra n ite s  a t  N orthw est Bay.

O ther more r e c e n t  p ap e rs  in c lu d e  a d e ta i le d  s tu d y  by WALKER 

and MATHIAS (1946) on th e  g r a n i t e - s l a t e  c o n ta c ts  a t  Sea P o in t and 

K loof Q uarry , Cape Town. They concluded  th a t  a lk a l in e  em anations 

from a  con tam inated  and d i f f e r e n t i a t e d  b i o t i t e - g r a n i t e  magma 

so fte n e d  th e  Malmesbury Sedim ents a t  th e  c o n ta c t  and th e n  formed 

th e  m igm atite  zone by a d d i t io n  o f g r a n i t i c  m a te r ia l ,  w h ile  l a t e  

p o ta s h - r ic h  s o lu t io n s  were r e s p o n s ib le  f o r  th e  grow th o f th e  la rg e  

m ic ro c lin e  p o rp h y ro b la s ts  and p h e n o c ry s ts , n o t on ly  in  th e  m eta­

sed im en ts  o f th e  m ig m atite  zone (F ig . 2 8 ) , x e n o l i th s  in  th e  g r a n i te  

and some p e g m a tite s , b u t a l s o  in  th e  Cape P e n in su la  G ra n ite  i t s e l f .  

T his proposed  l a t e  o r ig in  o f th e  m ic ro c lin e  p h e n o c ry s ts  e s p e c ia l ly  

in  th e  g r a n i t e s  was c r i t i c i s e d  by MENNEL and SPENCER (1947)> SHAND 

(1949) and BOOCOCK (1 9 5 °)•  A f te r  a  v i s i t  to  th e  Cape READ (1954) 

agreed  th a t  th e  Sea P o in t  c o n ta c t  was "magm atic" and d e sc r ib e d  th e  

Cape G ra n ite  as a " p lu to n "  i n  term s o f h is  G ra n ite  S e r ie s .
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In  a  s h o r t  n o te  MeLACHLAN (1950) d e sc r ib e d  two v a r i e t i e s  o f 

Cape G ra n ite  on L assen  Is la n d  ly in g  o f f  th e  so u th -w es t Cape. F in a l ly ,  

a  c o n c ise  acco u n t o f th e  Cape G ra n ite  appeared  in  A .L. DU TOIT’ s 

"G eology o f South  A fr ic a "  ( 1954, 171-175).

P u b lish e d  t r a c e  elem ent d a ta  on Cape G ra n ite  in c lu d e  some 

rad ium  d e te rm in a tio n s  by BMCLMAN (1 9 3 4 ), s p e c tro g ra p h ic  boron  d e t e r ­

m in a tio n s  by WASSERSTEIN ( 1951)> and a  few d e te rm in a tio n s  by a  

combined s p e c tro c h e m ic a l-a n io n  exchange te ch n iq u e  o f a  number o f r a r e  

e lem en ts  by L.H. Ahrens and cow orkers a t  th e  U n iv e rs ity  o f Cape Town. 

These r e s u l t s ,  w ith  r e f e r e n c e s ,  a re  l i s t e d  in  Table 9 »

5- ^ .  Aims o f  p re s e n t  i n v e s t i g a t io n .

(1) E s ta b lish m e n t o f  a  com prehensive p a t t e r n  o f  m inor and t r a c e  

e lem en ts  f o r  th e  g r a n i t e s ,  to  be used in  c o n ju n c tio n  w ith  th e  m ajor 

e lem ent d a ta  o b ta in e d  f o r  th e  same sam p les.

(2) D e te rm in a tio n  o f th e  t r a c e  elem ent c o n c e n tra t io n s  o f some of 

th e  c o e x is t in g  m in e ra ls  o f  th e  g r a n i t e s  to  i l l u s t r a t e  th e  d i s t r i ­

b u tio n  o f  t r a c e  e lem en ts  betw een them.

(3) S tudy  o f th e  v a r i a t i o n  in  com p o sitio n  o f  th e  g r a n i t e s  a t  some 

c o n ta c ts  w ith  th e  in tru d e d  M almesbury Sedim ents and a n a ly se s  o f  

in c lu s io n s  in  th e  g r a n i t e .

(4) E s ta b lish m e n t o f  p o s s ib le  d i f f e r e n c e s  in  m ajor and t r a c e  elem ent 

co m p o sitio n  betw een d i f f e r e n t  g r a n i t e  p lu to n s  and betw een th o se  in  

th e  so u th -w e s te rn  and e a s te r n  a r e a s .
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(5) Establishment of the differences in composition between the 

coarse porphyritic granite of the plutons and their finer-grained 

facies, using such a comparison to throw light on their genetic 

relationship.

(6) Use of the data to test possible modes of origin of the granite 

plutons as a whole.

(7) Comparison of the established Cape Granite composition with 

that of the Snowy Mountains Granites and other reported granite 

data.

(ö) Radioactive age and isotope study on the Cape Peninsula Granite 

and invaded Malmesbury Sediments.
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CHAPTER 6, GEOLOGICAL OUTLINE.

The basic geological structure of the southern and south­

western Cape is rather simple: the oldest sediments in the area,

represented mainly by the Malmesbury Formation, were invaded during 

the Middle Cambrian by the stocks and plutons of the Cape Granite. 

After prolonged erosion had produced a well peneplaned surface of 

these rocks, deposition of thick sediments of the Cape System on 

this platform commenced towards the close of the Silurian or earliest 

Devonian, followed without break by the further deposition of the 

conformably overlying rocks of the Karroo System. Due to later 

erosion of much of this sedimentary cover, especially in the present 

coastal areas, parts of the old Malmesbury-Cape Granite surface have 

again become exposed.

6-1. Pre-Cane System Sediments.

The greatest development of the Malmesbury Sediments occurs 

south of Piketberg mainly in the coastal districts of Malmesbury 

and Stellenbosch including outcrops on the Atlantic coast from 

Table Bay to St. Helena Bay, some 80 miles to the north. Other 

smaller outcrops in the south-western Cape occur as inliers brought 

up from below the Cape System, as for example, the long narrow strip 

between Tulbagh and Swellendam bounded on the south by the Great 

Worcester Fault, and patches in the Caledon and Bredasdorp Areas.

In none of these occurrences can the base of this succession be seen 

and all normal contacts with the various granite bodies are intrusive.
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The s t r a t a  a re  dom inan tly  "blue aren aceo u s c l a y - s l a t e s  o r 

f in e - g r a in e d  a r g i l la c e o u s  q u a r t z i t e s  th a t  a l t e r n a t e  -with groups o f 

p h y l l i t e ,  q u a r t z i t e ,  f e r ru g in o u s  q u a r t z i t e ,  dark  f e ld s p a th ic  g r i t  

and o c c a s io n a l ly  co n g lo m era te , lim e s to n e , do lom ite  and c h e r t .  V eins 

o f w h ite  q u a rtz  a re  f r e q u e n t .  B asic  la v a s  and t u f f s  a re  r e p o r te d  

from  th e  Berg V a lle y  n e a r  H onigberg and HAUGHTON (1933) d e sc r ib e d  

h ig h ly  a l t e r e d  and sh ea red  o r ig i n a l l y  p ro b a b ly  t r a c h y t i c  la v a s  a t  

B laauwberg S tran d  o p p o s ite  Cape Town and a  ho rn b len d e-lam p ro p h y re  

s h e e t - l i k e  in t r u s io n  a t  B e l l v i l l e .  D o le r i t e  dykes, a p p a re n tly  o f 

v a r io u s  a g e s , a re  a l s o  known to  o c c u r. T hick accu m u la tio n s  o f  f r e s h  

b u t h ig h ly  sheared  a rk o s e s ,  d i f f i c u l t  to  d i s t i n g u is h  from  sh ea red  

a c id  igneous ro c k s , a re  found n e a r  R o b ertso n . Coarse cong lom era tes  

o ccu r a t  H onigberg on th e  Berg R iv e r and in  th e  R ob ertso n  A rea. 

A lthough c a lc a re o u s  ro ck s  a re  c o m p ara tiv e ly  r a r e  in  th e  Malmesbury 

o f th e  so u th -w e s te rn  Cape some in te rb e d d e d  bands o f c r y s t a l l i n e  

lim e s to n e  occu r in  th e  n o r th e r ly  p a r t s  o f t h i s  a r e a ,  e .g .  a t  P ik e t -  

b e rg  and M oorreesburg , and tow ards th e  e a s t  n e a r  R o bertson  and 

Swellendam . The lim e s to n e s  a re  g e n e ra l ly  low in  Mg a lth o u g h  some 

d o lo m itic  ones o ccu r.

D e ta ile d  work on th e  Malmesbury Sedim ents has been hampered 

c o n s id e ra b ly  by th e  w eathered  c o n d i t io n  o f  th e  ro c k s , th e  p a u c i ty  o f 

o u tc ro p s  and th e  d i f f i c u l t y  o f d is t in g u is h in g  betw een p r e -  and p o s t -  

Cape d efo rm a tio n . L .P . R a b ie ’s work (SCHOLTZ, 1946) on th e  sed im en ts  

in  th e  Malmesbury D i s t r i c t ,  how ever, has shown th e  Malmesbury S e r ie s
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to be probably more than 20,000 feet thick. The sedimentary strata 

have been subjected to extensive deformation and always appear 

strongly folded, usually dipping at high angles with a fairly 

regular strike between HW and NNW. According to L.P. Rabie strike 

faulting has interfered with the full sedimentary succession of the 

Malmesbury south of Piketberg but the strata are apparently arranged 

in two anticlinoria, one coinciding with the upper part of the Berg 

Valley, the other, in which the lowest horizons are seemingly 

represented, passing through Moorreesburg.

The possible northward extension of the folded Malmesbury 

Sediments is hidden by overlying T.M.S. but the folded pre-Cape and 

pre-Nama rocks in the Van Rhynsdorp-Bitterfontein Area have been 

correlated with the Malmesbury on lithological and structural grounds. 

Thus JANSEN (i960) subdivided the "Malmesbury Formation" in the 

Bitterfontein Area into calcareous, phyllite and quartzite suites 

and considered the pink (Namaqualand) paragneiss in the area to have 

formed by large-scale granitization of these "Malmesbury Sediments". 

However, if this field interpretation is accepted, the Rb-Sr age of 

the Malmesbury in the Cape Area obtained here and discussed in 

Chapter 7 indicates that these pre-Hama sediments in the Bitter­
fontein Area are not of Malmesbury age but represent an older 

formation, possibly Kheis System.

Further north still, in the vicinity of the Orange River 

Mouth, the sediments irftruded by the northern granite plutons, the
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largest of which is the Kuboos Mass, were regarded by SCHOLTZ (1946) 

as possible local equivalents of the Malmesbury System.

Regarded as the eastward extension of the Malmesbury Series 

of the Worcester-Swellendam Belt, the Can^o Beds occupy a lenticular 

area in the Oudtshoorn District some 75 miles long. The beds are 

highly folded and sheared and generally inclined southwards at high 

angles with the T.M.S. of the Swartberg Range apparently dipping in 

below them from the north due to inversion. On the south the belt 

is bounded by a thin strip of sandstone or else by downfaulted and 

crushed Cretaceous Beds. Detailed work by McINTYRE (1933) showed 

the presence in the south of a basement of gneiss, granite and schists 

overlain unconformably by the base of the series of grits, arkoses with 

very fresh feldspars, and conglomerates followed by slates and phyllites 

with bands of grey or black limestone low in Mg. In the thickest of 

these limestones are situated the famous stalactitic Cango Caves 

discovered in 1780. Occasionally oblitic types are seen, but no 

determinable shells have been found in the limestones and the Cango 

Beds are tentatively correlated with the northern facies of the 

Malmesbury Formation.

A strip of similar stra,ta in an inverted position beneath 

the T.M.S. reappears further east in the Gamtoos River Area, west of 

Port Elizabeth (HAUGHTON and VISSER, 1957)* Again the lower beds 

consist of phyllites with two thick horizons of limestone, followed 

by quartzites, feldspathic grits and small pebble conglomerates.



76 .

Pre-C ape sed im en ts  in  th e  George A rea (VISSER, FROMMURZE 

and HAUGHTON, 1937)» c o r r e la te d  w ith  th e  M almesbury in  th e  so u th ­

w est Cape, were in v e s t ig a te d  in  more d e t a i l  by POTGIETER (195^)•

These sed im en ts , in tru d e d  by th e  e a s te r n  p lu to n s  of George and Wood- 

v i l l e ,  form an a n t i c l i n e  o v e rfo ld e d  tow ards th e  n o r th  and a re  com prised 

o f  seven  d i f f e r e n t  h o riz o n s  w ith  a  t o t a l  th ic k n e s s  o f a t  l e a s t  13»500 

f e e t ,  w ith  no low er c o n ta c t  en c o u n te re d . The sed im en ts  mapped a r e  

com prised m ain ly  o f s h a le s ,  s l a t y  s h a le s ,  p h y l l i t e s ,  q u a rtz  s c h i s t s  

and f e ld s p a th ic  q u a r t z i t e s .

C o n sid e rin g  th e  o r ig in  o f th e  Malmesbury System  as  a  w hole, 

SCHOLTZ ( 1946) p roposed  th e  e x is te n c e  o f  a  l a t e  P recam brian  Malmes­

bu ry  G eosyncline (F ig .  27) p a r a l l e l i n g  p o r t io n s  o f  th e  p re s e n t  

so u th e rn  and s o u th -w e s te rn  c o a s t  o f  th e  Cape P ro v in ce  and e x te n d in g  

n o rth -w e s t a t  l e a s t  as f a r  as th e  R ic h te r s v e ld .  He c o n s id e re d  th a t  

th e  e lo n g a ted  Cape G ra n ite  P lu to n s  p layed  an  in t e g r a l  r o le  in  t h i s  

g eo sy n c lin e  and w ere em placed c o n c o rd a n tly  a lo n g  th e  co res  of 

unsym m etrica l a n t i c l i n e s  u n d er w aning s t r e s s  d u rin g  th e  c lo se  o f  th e  

Malmesbury Orogeny. The Cape G ra n ite s  were th u s  p la ced  in to  th e  

l a t e  P recam brian , s in c e  an e x te n s iv e  p e r io d  would be re q u ire d  f o r  

p e n e p la n a tio n  o f th e  p re-C ape p la tfo rm  and d e p o s i t io n  o f  p o s t -  

Malmesbury and p re-C ape  su c c e s s io n s  ( in c lu d in g  perhaps th e  Hama) 

u n t i l  th e  b eg in n in g  o f th e  Cape System  se d im e n ta tio n  tow ards th e  

c lo se  o f th e  S i lu r i a n .  (A lthough th e  Cape G ra n ite  now ap p ea rs  to  be 

r a th e r  o f M iddle Cam brian ag e , S c h o l tz ’ s concep t i s  b a s i c a l l y
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corroborated by the Rb-Sr ages obtained here, which indicate an age 

of 595 “ 46 m.y. for the Malmesbury and 553 “ 8 m.y. for the Cape 
Granite in the Cape Peninsula Area). The fresh angular alkali 

feldspars and acid plagioclase found as relatively prominent con­

stituents in many of the especially upper Malmesbury horizons and 

the occurrence of conglomerates in the Robertson and Cango Areas 

suggest limited transport and rapid deposition from a relatively 

nearby area, in which rocks of granitic composition were prominent. 

Furthermore, since the great thicknesses of relatively fine-grained 

sediments begin to appear towards the south and south-west the pre- 

Malmesbury distributive province probably was an elevated Precambrian 

continental area lying adjacent to the northern flank of the 

Malmesbury Geosyncline. The invading granite plutons also attain 

their largest dimensions and are more numerous in this region of 

apparently greatest accumulation of sediments. Lastly, considering 

the dominant regional strike of the sediments, their overfolding to 

the north-east, the sympathetic internal structure of the granite 

plutons and their apparent assymetrical areal distribution relative 

to that of the invaded sediments, Scholtz suggested that the 
regional stress of the Malmesbury Orogenetic Cycle operated from 

the S.W. or W.S.W.
Thus prior to the intrusion of the granite, the Malmesbury 

Sediments seem to have been subjected to low-grade dynamic regional 

metamorphism up to, but not exceeding, the biotite stage. In the
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more feldspathic and arenaceous upper horizons the granular minerals 

are often sheared and recrystallized and the principal foliated 

minerals are sericite and chlorite. Some thin sandstone horizons 

have been disrupted, contorted and partially recrystallized, while 

limestones yielded by flowage and recrystallization. In arkoses some 

clinozoisite and epidote formed from plagioclase grains. Argillaceous 

rocks were locally transformed into quartz-chlorite-sericite 

phyllites or, where less deformed, flakes of biotite developed in 

flow-cleavage planes.

After this regional metamorphism the Malmesbury Sediments 

were contact metamorphosed to varying extent by the intrusive 

granite plutons. The width of the resulting contact aureole depends 

on factors such as the composition of the wall rock, inclination of 

the contact and its depth relative to the roof of the original pluton. 

Thus highly susceptible argillaceous rocks may show “spotting" 

at distances of more than a mile from the contact. But generally, 

as for the clay-slates around the Paarl, Stellenbosch and Somerset 

West Granites, the contact aureole does not exceed about 3^0 yards.

In some instances, especially in highly quartzitic beds, the effects 

are barely visible to the naked eye. These “spotted" contact rocks, 

typical of the south-v^estern area, are due to the presence of oval 

patches of poikiloblastic cordierite, often partly replaced by 

sericite or chlorite. In the George Area andalusite is a common 

contact metamorphic mineral, and in places slates become highly

micaceous near the contact and pass into typical quartz-mica schists.
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Although they are generally rare in the Malmesbury Sediments, calcar­

eous rocks in contact with the Robertson and George Granites have 

produced minerals such as diopside, grossularite, wollastonite, 

clinozoisite, epidote, vesuvianite and occasionally sphene. In the 

Darling and Robertson Areas garnet and acicular sillimanite have also 

been observed, but quite generally a medium grade of metamorphism is 

rarely attained, and the normal products are biotite-plagioclase and 

cordierite-biotite-quartz hornfelses. Extensively eroded plutons may 

also exhibit comparatively broad belts of migmatite at the contacts.

This is shown especially well at Sea Point (Fig. 28).

Superimposed on the early regional metaraorphism and subse­

quent, far more local contact metamorphism associated with the granites, 

are further low grade regional metamorphic effects associated with 

the later Cape Orogeny. This is observed as contortion and shearing 

of the Malmesbury Beds near the unconformable contact with overlying 

T.M.S.; it occurs mainly in areas of strong folding or overfolding 

of the Cape System Beds.

Apart from the Malmesbury Formation two other, apparently 

different successions of pre-Cape Sediments have been mapped in the 

Western Province:

The French Hoek Beds, outcropping mainly in the French 

Hoek-Stellenbosch Area, are comprised of highly sheared slates, 

arkoses, grits and conglomerates, in places associated with presumed 

contemporaneous cherty felsites and felsitic tuffs (HAUGHTON, 1933)*

The French Hoek Beds are regarded as younger than the Cape Granites



80.

and associated quartz porphyries in DU TOIT (1954) although HAUGHTON 

(1932) cast doubt on their post-granite age.

In the area around Wellington a number of elongate strips 

of arenaceous rocks are exposed. In places they rest unconformably 

on Malmesbury Slates end Cape Granites and are themselves overlain 

unconformably by the Cape System. These Klipheuvel Beds consist of 

probably more than 5000 feet of red, brown and purple sandstones, 

grits, quartzites and conglomerates with interbedded coloured shales. 

They have been tentatively correlated with the Nama rocks north of 

Van Rhynsdorp.

6-2. The granites.

The areal distribution of the Cape Granite Plutons has 

been described in Chapter 5-1 and is illustrated in Pig. 27* The 

following general description of the rocks is based mainly on the 

comprehensive geological study by SCHOLTZ (1946).

(a) Textural types: Table 10 lists the approximate dimensions,

outcrop areas and estimated proportions of different textural types 

of the plutons. The textural classification used here is outlined 

in Table 11, based on Scholtz.

Although a considerable variation in texture is encountered, 

coarsely porphyritic biotite granites (C-2) predominate, especially 

in the more deeply eroded plutons. Thus phenocrysts may almost 

constitute the bulk of the rock, as for example, in parts of the 

Cape Peninsula Granite. In other regions the C-2 type may grade
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l o c a l ly  in to  th e  M-2 v a r i e ty ,  as  in  th e  P a te rn o s te r  and Som erset 

W est A reas. The C-2 v a r i e ty  has a l s o  been observed  to  p ass  in to  C-3 

and C-4 ty p es  in  th e  S te l le n b o s c h  and W ellin g to n  A reas . Such r e ­

d u c tio n  in  th e  m a tr ix  g r a in - s iz e  su g g e s ts  p o s s ib le  m arg in a l c h i l l i n g .  

The G-2 v a r i e ty  g r a n i te  a l s o  i s  common and l im ite d  to  th e  more c e n t r a l  

and d eeper p o r t io n s  o f  th e  p lu to n s .  I t  s im i la r l y  shows g ra d a t io n s  

in to  M-2, G-3, and G-4 ty p e s .  Both C-2 and G-2 ty p e s  may develop  

secondary  g n e is s ic  t e x tu r e ,  as in  th e  S aldanha  A rea, b u t r a r e l y  to  

th e  e x te n t as in  th e  case o f th e  e a s te rn  George P lu to n .

On a  g e n e ra l b road  tw o -fo ld  f i e l d  g roup ing  one can d i s ­

t in g u is h  a c o a rs e -g ra in e d  C-1, C-2, G-2, M-1 s u i t e  and a  f i n e r -  

g ra in e d  M-2, M-3, G-3, G-4 s u i t e ,  w ith  an approx im ate  a r e a l  d i s t r i ­

b u tio n  r a t i o  o f 71*29 fo r  th e  so u th -w e s te rn  p lu to n s .  The f in e r - g r a in e d  

s u i t e  i s  g e n e ra l ly  con fin ed  to  th e  c r e s t s  and some?/hat th in n e r  m arg ins 

o f th e  p lu to n s .  Where younger i n t r u s iv e  p h ases  o f  g r a n i te  o c c u r , as 

a t  S aldanha and O nrus, th e y  a l s o  belong  to  th e  f in e r - g r a in e d  s u i t e .

The v a s t  m a jo r i ty  o f younger q u a r tz -p o rp h y ry  dykes a re  o f  th e  G-4 

ty p e . M inor t r a n s g r e s s iv e  ty p e  M-4 dykes a re  co m p ara tiv e ly  r a r e ,  

a lth o u g h  found, f o r  in s ta n c e ,  on th e  n o r th e rn  s id e  o f th e  H o e d jies 

Bay P e n in su la , S a ld an h a , where th e  younger q u a r tz  po rphyry  has in tru d e d  

"norm al" C-2 g r a n i t e .

In  summary, th e  f in e - g r a in e d  s u i t e  may e i t h e r  c o n s t i t u t e  th e  

p ro b ab ly  alm ost contem poraneous hood f a c ie s  o f  a  p lu to n , o r may 

re p re s e n t  s l i g h t l y  younger, u s u a l ly  m arg in a l o r d y k e - lik e  in t r u s i o n s .

(b ) S t r u c t u r e : The o u ts ta n d in g  s t r u c t u r a l  c h a r a c t e r i s t i c  o f  th e
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south-western granite bodies is their elongation parallel to the 

dominant NW-SE regional tectonic axes of the intruded Malmesbury 

Formation. Therefore most visible contacts are broadly concordant 

and only discordant in minor detail. Although generally neither 

foliation nor lineation are well developed in the south-western 

plutons, a similar dominant NW-SE direction is apparent. The majority 

of xenoliths are also elongated in this direction.

Fairly extensive cataclastic deformation of the granites in 

some areas is shown by the presence of crush breccia and mylonite. 

Scholtz considers this deformation not to have been restricted to a 

definite epoch, but to have occurred from time to time. The most 

prominent directions of shear strike in a general NW-SE and a NE-SW 

direction. The latter is considered younger, since it offsets 

effects of the former. Thus the older coarsely porphyritic granites 

as well as the invaded Malmesbury Sediments were sheared in the NW-SE 

direction prior to the intrusion of the younger granites. Mineraliza­

tion also took place in this direction. But most aplites, quartz 

veins, and acid dykes in the northern Saldanha Area, as well as 

swarms of pre-Cape dolerites, e.g. in the Somerset West Region, 

mainly follow the NE-SW direction.

The George Pluton to the east (POTGIETER, 1950), which also 

mainly consists of coarsely porphyritic biotite granite, is also 

elongated (parallel to W.S.W.) and generally concordant with the 

invaded sediments. But in contrast to the generally massive granites



8 3 -

in  th e  so u th -w e s te rn  a r e a ,  where d e fo rm s tio n  has produced g n e is s ic  

ty p e s  o n ly  l o c a l ly ,  th e  George G ra n ite  i s  h ig h ly  g n e is so se  w ith  w e ll 

developed  l i n a t i o n  and f o l i a t i o n .  B io t i t e  f la k e s  a re  u s u a l ly  

o r i e n t a te d  p a r a l l e l  to  th e  f o l i a t i o n  p la n e s  and show d e f i n i t e  e lo n g a ­

t i o n  in  th e  d i r e c t io n  o f  th e  l i n e a t i o n .  SCHOLTZ (1946) sug g ested  

th a t  th e  d efo rm a tio n  was a s s o c ia te d  w ith  th e  most in te n s e  phase o f 

th e  Cape O rogenetic  C ycle d u rin g  th e  P e rm o -T ria s s ic . Such d e fo rm a tio n , 

a f f e c t i n g  th e  o v e r ly in g  Cape S t r a t a  as w e ll ,  would he more marked in  

th e  e a s te r n  a re a , w here th e  more p redom inan t h ig h ly  incom peten t 

M almesbury Beds and s m a l le r  g r a n i te  b o d ie s  formed a  l e s s  r i g i d  p r e -  

Cape p la tfo rm . But POTGIETER (1950) concluded  th a t  th e  g n e is s ic  

t e x tu r e  o f  th e  George G ra n ite  was m ain ly  p rim ary ; th e  g r a n i t e  magma 

c r y s t a l l i s e d  under d i r e c te d  p re s s u re  from th e  so u th -w e s t.

(c )  P e tro g ra p h y t The b u lk  o f th e  g r a n i t e s  (C-2 v a r i e ty )  a re  c o a r s e ly  

p o r p h y r i t i c  b i o t i t e  g r a n i t e s .

The co nsp icuous e u h e d ra l to  su b h e d ra l p h e n o c ry s ts  o f m ic ro -  

c l in e  m ic ro p e r th i te  o r  m ic ro c lin e  p e r t h i t e  re a c h  up to  a lm ost 20 cm 

in  le n g th  b u t av erag e  4-5 cm. They a re  u s u a l ly  sim ply  tw inned 

a c c o rd in g  to  th e  C a rlsb ad  Law and c o lo u r le s s  excep t f o r  some p in k  

ones in  th e  C -type g r a n i t e s  o f th e  n o r th e rn  S aldanha A rea and some 

G - te x tu r a l  v a r i e t i e s .  A p a rt from th e  som etim es p a tc h y  p la g io c la s e  

(Ab-Ol) s e g re g a tio n s  th e  p h e n o c ry s ts  o f te n  en c lo se  numerous sm all 

c r y s t a l s  o f  q u a r tz ,  b i o t i t e  and p la g io c la s e ,  o f te n  a rran g ed  z o n a l ly .
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Microcline microperthite also occurs in the matrix of the porphyritic 

granites and increases in relative abundance in the more equigranular 

leucocratic types.

Colourless plagioclase ranges from albite to oligoclase.

It is usually slightly zoned and often shows somewhat saussuritised 

cores.

Quartz normally occurs in scattered anhedral crystals, often 

strained. While normally colourless they are reddish-brown in some 

of the younger Saldanha Granites.

Pleocroic reddish-brown biotite is by far the commonest 

ferro-magnesian mineral present. It is usually scattered throughout 

the matrix, but sometimes aggregated into small clusters or schlieric 

bands (Fig. 29)* The biotite normally constitutes about 10$ or more 

by weight of the porphyritic granites, but less than 5c/° in the finer- 

grained more leucocratic varieties (Fig. 40). It is sometimes altered 

to a green variety or chlorite, and then often accompanied by 

segregated iron ore.

Small irregular flakes of muscovite are found scattered 

throughout most granites and may become a more important constituent 

in some finer-grained leucocratic varieties as at Kloof Quarry,

Cape Town (Fig. 30). Probably only part of the muscovite is primary. 

Some (sericite) seems to be altered from perthite, plagioclase or 

chloritised biotite, and is sometimes concentrated along joints.
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Isolated pleocroic brownish-green hornblende crystals are 

present in some granites, which then sometimes also show euhedral 

crystals or irregular grains of sphene.

Another relatively common accessory mineral is tourmaline, 

usually pale yellow or brown, sometimes associated with a marginal 

younger blue variety. The tourmaline shows a rather patchy distribu­

tion in the granites.

Colourless, often rectangular, crystals of cordierite in 

various stages of alteration to pinite are often found, especially 

nearer sediment contacts and where biotite is particularly abundant.

In such granite varieties small grains of pink almandine garnet are 

sometimes observed, probably also of xenolithic derivation.

Apart from common but small amounts of apatite, zircon, 

magnetite and pyrite the granites much more rarely shov; small crystals 

of topaz, purple fluorite in some finer-grained granites, pleocroic 

andalusite, zonal allanite and sometimes xenotime (VAN DER LINGER 

and WALKER, 1925).

Many granite -specimens show some, and occasionally strong, 

signs of strain. This is revealed by the undulöse extinction of 

quartz grains, some fractured feldspars and contorted biotites.

The important, relatively large ma.ss of Younger Saldanha 

Granite (Fig. 27) grades from a quartz-feldspar porphyry near its 

chilled contacts against the older granite to a generally medium­

grained granite further away from the contacts. The dark grey-blue
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porphyry occasionally contains rounded inclusions of the Older, 

coarsely porphyritic, Saldanha Granite, as at the Hoedjies Bay Contact, 

Saldanha (Fig. 31). The porphyry consists of euhedral or rounded, 

white or pink phenocrysts of microcline perthite and some usually 

rounded and embayed quartz phenocrysts set in a microcrystalline or 

cryptocrystalline matrix. The matrix was originally probably glassy 

and sometimes displays flow structures. Occasionally severe cata- 

clastic deformation is revealed in the Younger Granite by shattered 

phenocrysts dispersed through the gneissose matrix and biotite occurring 

in small irregular highly contorted fragments or even pulverised and 

scattered in sub-parallel streaks in a mylonised groundmass.

(d) Inclusions: Xenoliths of various sedimentary materials in

different stages of incorporation and assimilation are widely dis­

tributed throughout the plutons. They range in size from microscopic 

dimensions to some massive blocks of hornfelsed country rock several 

hundred feet long, found near sedimentary contacts; but dark, 

rounded or sub-rounded xenoliths, a few inches in diameter, are most 

common. (Fig. 32).

The xenoliths have a granitoid texture, generally finer in 

grainsize than the host rock. They consist of biotite, some 

cordierite, feldspar* and quartz in various proportions. Sometimes 

biotite and pinitised cordierite constitute up to 9 in volume, 

then often associated with a little green spinel, sillimanite or 

pink almandite. Hornblende-bearing xenoliths are common in the Paarl

and Swellendam Granites
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Some o c c u rre n c e s  o f x e n o l i th s  in  i s o la te d  c l u s t e r s  i s  

s u g g e s tiv e  o f th e  lo c a l  d i s r u p t io n  o f  a  l a r g e r  in c lu s io n .  But some, 

l i k e  th e  rem arkab le  la rg e  x e n o l i th  a t  C l i f to n ,  Cape Town (P ig . 33)> 

w hich c o n s is ts  o f a l t e r n a t i n g  d a rk  b i o t i t e - r i c h  and more le u c o c r a t i c  

l a y e r s ,  show s tro n g  r e a c t io n  w ith  th e  g r a n i t e ,  b u t on ly  s l i g h t  

d e fo rm a tio n .

(e ) Ore d e p o s i t s : Sm all o re  d e p o s i ts  in  th e  so u th -w e s te rn  a r e a ,

p ro b a b ly  g e n e t id a l ly  r e l a t e d  to  th e  o ld e r  Cape G ra n ite ,  a re  found 

m ain ly  in  a  zone o f  m in e r a l iz a t io n  tre n d in g  NW ( p a r a l l e l  to  th e  

p rom inen t o ld e r  s h e a r  zones) from  H e ld e rb e rg  p ro b a b ly  r i g h t  up to  

Y z e rfo n te in  on th e  A t la n t ic  C oast (SCHOLTZ, 1946).

Only sm a ll amounts o f c a s s i t e r i t e  (KRIGE, 1922; RABIE and 

COMADIE, 1944) have been mined in  th e  p a s t  from lo d e s ,  e lu v ia l  and 

a l l u v i a l  d e p o s i t s ,  a s  a t  Langverw acht n ea r K u ils  R iv e r . Even s m a l le r  

amounts o f w o lfra m ite  have been re c o v e re d . M inor c o n c e n tra t io n s  o f  

m o ly b d en ite , p y r i t e ,  c h a lc o p y r i t e , a r s e n o p y r i te  and t r a c e s  o f  g o ld , 

b ism u th  and s i l v e r  have been  re c o rd e d .

( f )  O rig in  o f th e  g r a n i t e : A ccord ing  to  SCHOLTZ ( 1946) g r a n i t e s  o f

two d i s t i n c t  b u t v e ry  s im i la r  ages were in tru d e d  u n d er waning com­

p re s s iv e  s t r e s s  a t  th e  c lo se  o f  th e  Malmesbury Orogeny. He re g a rd e d  

th e  exposed so u th -w e s te rn  p lu to n s  as p a r t s  o f  th e  v e ry  i r r e g u l a r  ro o f  

of one p a re n t s u b ja c e n t i n t r u s i o n .

The f in e r - g r a in e d  hood f a c i e s  o f th e  p lu to n s ,  e n r ic h e d  in  

s i l i c a ,  alum ina and a l k a l i s ,  and g ra d in g  in to  th e  m ain, c o a rs e r



88.

granite, represent a chilled and contaminated differentiation product 

of the parent magma. This magmatic differentiation could he explained 

by the process of diffusion-convection along a thermal gradient 

advanced by WAHL (1946)•

The main granite of the central and deeper parts of the 

plutons become more basic in depth, mainly due to gravitational 

differentiation, modified in part by mechanical incorporation of 

down-stoped sedimentary material and its partial or complete assimila­

tion. Local variations in the composition of the granites were also 

regarded as due to varying degrees of contamination of the original 

granite magma by predominantly argillaceous Malmesbury Sediments, 

such as shale.

POTGIETER (195^) concluded that the George Granite was 

chemically similar to the granites in the south-western area, but 

further differentiated and slightly more acid.

6-5« Dioritic intrusions.
Three relatively small occurrences of basic rocks are known 

in the south-western Cape Province.
VAN ZIJL (195O) described four small composite dioritic 

stocks lying on a line striking NNW-SSE on the western side of the 

Malmesbury Pluton. They are also intrusive into the Malmesbury 

Greywacke, but are believed to be older than the Cape Granites. 

Petrologically the rocks vary from normal gabbros to quartz diorites 

and are considered to have formed from successive intrusions of a
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pre-granite basaltic magma which had undergone different degrees of 

differentiation at depth.

Another gabbroic-dioritic suite occurring at Yzerfontein 

on the Atlantic Coastline west of the Barling Granite Pluton, was 

investigated by MASKE (1951)• He concluded that a pre-granite 

basaltic magma, comagmatic with the Malmesbury Basalt, differentiated 

at depth to form a gabbroic body. A hybrid dioritic liquid was then 

produced at depth by mixing of the gabbro with the marginal facies of 

the Darling Granite, which had itself assimilated argillaceous oountry 

rock.

The Brewelskloof Biorites, occurring about 6 miles north­

east of Worcester, also invade pre-Cape sediments. This composite 

stock-like body, investigated by P.J. Joubert, consists of a central, 

more basic portion surrounded by a more acid margin.

6-4. Cane System and post-Cape geology.

After the end of activity of the Malmesbury and Nama 

Geosynclines, erosion was active over a long period of crustal 

stability producing a very nearly perfect peneplain, especially in 

the west and south-west. This surface probably sloped gently 

southwards and gradual depression of this southern part of South 

Africa in late Silurian time marked the beginning of the roughly 

E-W trending geosyncline in which there was the maximum deposition 

of the thick Cape and conformably overlying Karroo System Sediments.
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The lowest member of the Cape System. 5000 feet of dominantly 

massive unfossiliferous sandstones and quartzites of the Table Moun­

tain Series (IMS), were derived mainly from the north. These sediments 

were laid down in a shallow fluviatile basin under cool or cold con­

ditions, revealed by a tillite horizon. In the succeeding shallow 

sea 2500 feet of the Bokkeveld Shales alternating with subordinate 

sandstone groups were deposited. Lower Devonian marine fossils occur 

mainly in the lower horizons of this series. The following 25OO feet 

of dominantly white quartzites with very subordinate shales of the 

Witteberg Series indicate a return to shallower, lacustrine conditions 

up to the Lower Carboniferous.
By the beginning of Karroo times the E-W Cape Geosyncline 

was well established. Rising land to the north and south contributed 

the extensive Karroo Sediments, reaching a maximum of about 25,000 

feet in the south, but thinning out northwards. During the early 

very cold climate of the Upper Carboniferous up to 2000 feet of 
Dwyka Tillite accumulated, followed by 6000 feet of dominantly shales 

of the Permian Ecca Series. From Upper Permain to Lower Triassic 

up to 10,000 feet of Beaufort sandstones and shales were deposited 

in the now rapidly shallowing trough. But neither the overlying 

Molteno Beds, Red Beds and Cave Sandstone of the Stormberg Series, 

nor the following enormous outpourings of the basic Drakensberg 

Volcanics and their connected Karroo Dolerites of Jurassic age are 

represented in the south-western and southern Cape.
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The deformation of these geosynclinal sediments took place 

in a number of stages (DE VILLIERS, 1944)*

1. A weak Middle Carboniferous pulse, prior to the deposition of the 

Dwyka Tillite, affected only the western belt.

2. A stronger, Upper Permian (Lower Beaufort) pulse is noticeable 

near the eastern extremity of the southern belt.

3« The third and important period of compression during the Early- 

Middle Triassic (pre-Molteno) ended the geosynclinal phase in the 

south.

These pulses not only produced the two main structural fold­

lines, viz., Cedarberg and Cape Foldings, but also affected the pre- 

Cape platform and strata up to and including the Lower Beaufort to 

varying extent, probably depending partly on the size and disposition 

of the Cape Granite Plutons.

During the Cretaceous relatively small, marine and conti­

nental, deposits of the Uitenha^e Series, derived from the earlier 

uplifted sediments, were laid down in a, few coastal areas of the 

southern Cape Folded Belt. Intense normal faulting with downthrow 

to the south and west occurred during the Mid-Cretaceous. In many 

cases this coincided with the major pre-Cape NW-SE and NE-SW trending 
shear zones of the basement rocks in the south-western Cape, and the 

E-W zones in the south.

Although largely obscured by more recent windblown sand, 

shelly limestones and calcareous sandstones were deposited during

the Tertiary in various localities along the coast. Conspicuous
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raised beaches demonstrate strong uplift of the southern continent 

during the Late Tertiary and Pleistocene, but a more recent depression 

may be indicated by drowned estuaries, such as Saldanha Bay and the 

Knysna Lagoons.
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CHAPTER 7 . ISOTOPIC AGE DETERMINATIONS *

7- 1. I n t ro d u c t io n .

The p r in c ip a l  pu rpose  o f t h i s  work was to  de te rm in e  th e  age 

o f emplacement o f  th e  Cape G ra n ite  by a  s tu d y  o f t o t a l  rock  sam ples 

u s in g  th e  Rb-Sr m ethod. In  a d d i t io n  i t  was hoped th a t  th e  i s o to p ic  

S r d a ta  would throw  l i g h t  on th e  g e n e s is  o f th e  g r a n i t e .

ALDRICH e t  a l .  C1958) r e p o r te d  is o to p ic  age m easurem ents by 

th e  Rb-Sr and K-Ar methods on a  b i o t i t e ,  and by th e  U-Pb and Th-Pb 

methods on a z i r c o n ;  b o th  m in e ra ls  came from a  s in g le  sample o f  th e  

norm al g r a n i te  o f  th e  Cape P e n in su la  P lu to n  a t  th e  Lower Cable S ta t io n  

Q uarry , Cape Town. The r e s u l t s  o b ta in ed  a re  l i s t e d  below*

B io t i t e K-Ar 505 -  25 m .y.

R b-Sr 600 -  30 m.y.

Z irco n n238 -  Pb206 35O m .y.

U2jS  -  Pb207 355 m .y.

Pb20? -  Pb206 530 - 40 m .y.

Th2?2 -  Pb208 238 - 3^ m .y.

The sp read  o f th e se  r e s u l t s  i s  s u f f i c i e n t  to  su g g e s t th a t  the  m in e ra l-  

ages have been in f lu e n c e d  by th e  lo s s  th rough  d i f f u s io n  o f r a d io g e n ic  

d a u g h te r -p ro d u c ts . T his i s  c o n s is te n t  w ith  th e  re p o r te d  p a r t i a l l y  

c h l o r i t i s e d  n a tu re  o f  th e  b i o t i t e  u se d .

The abundance and wide d i s t r i b u t i o n  o f  sed im en ta ry  x e n o l i th s  

in  th e  g r a n i te  showing a l l  s ta g e s  o f  a s s im i la t io n  su g g e s ts  th a t  a t  

l e a s t  a s u b s t a n t i a l  p a r t  o f  th e  g r a n i t e  was d e r iv e d  from the  invaded
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Malmesbury S ed im en ts . A d e ta i le d  geochem ical s tu d y  on th e se  sed im en ts  

by SR LANK ( 1965) i s  a t  p re s e n t nearing ’ c o m p le tio n , and th e  geochem ical 

d a ta  on th e  g r a n i te s  (C hap ters 8 and 9) > show ing v a r io u s  s ta g e s  o f 

d i f f e r e n t i a t i o n ,  do not p rec lu d e  th e  p o s s i b i l i t y  th a t  th e  g r a n i t e  was 

u l t im a te ly  d e riv e d  by m o b iliz a tio n  o f th e  M almesbury Sedim ents a t  

d ep th .

For exam ple, i f  th e  age o f  th e  M almesbury were a t  l e a s t  

2000 m .y ., as in d ic a te d  by i t s  p o s s ib le  c o r r e l a t i o n  w ith  th e  T ran sv aa l 

System  (DU TOIT, 1954), and i f  the  average R b /S r r a t i o  o f  th e  Malmes­

bu ry  Sedim ents were about 2"2, i t  fo llo w s t h a t  r e m o b i l i s a t io n  o f th e

sed im en ts abou t 1500 m.y. l a t e r  would have r e s u l t e d  in  th e  fo rm a tio n

87 86o f  a g r a n i te  hav ing  th e  u n u su a lly  h ig h  p rim ary  S r ' /S r  r a t i o  of . 85 .

I n i t i a l  r e s u l t s  on th e  g r a n i t e  showed, how ever, t h a t  i t s  p rim ary  

87 86S r /S r  r a t i o  was much low er a t  . 71* M easurem ents o f  p re s e n t-d a y
67 e6

S r / S r  r a t i o s  were th u s  made on the  M almesbury Sedim ents as w e ll .

The mass s p e c tro m e tr ic  i s o to p ic  a n a ly se s  and c a lc u la t io n s  

re p o r te d  in  t h i s  c h a p te r  were done a t  th e  A u s t r a l ia n  N a tio n a l 

U n iv e rs i ty  by D r. H .L. A llsopp  and t h i s ,  and some a d d i t io n a l  d a ta  i s  

to  be p u b lish e d  s h o r t ly  in  a  m utual p ap e r.

The fo llo w in g  p h y s ic a l c o n s ta n ts  v*ere useds

R b-Sr m ethod: ß= 1.j59 x 10” 11y r ' 1, = 2 .6 0 0 , S r88/ S r 86 = 8 . 34O.

-10  -1 -10  -1
K-Ar m ethod*. ß= 4*72 x 10 y r  , K = 0 .584  x 10 y r  ,

= 1.19 x 10 ^ m ole/m ole K.

D u p lic a te  Rb and Sr m easurements no rm ally  ag ree  to  b e t t e r  th a n  1 °/o,
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and K and Ar measurem ents to  b e t t e r  th a n  2Vo. Taking in to  accoun t a l l  

f a c to r s  ex cep t th e  u n c e r ta in ty  in  th e  v a lu e  used f o r  the  decay con-
0 7

s t a n t  o f Rb , a p p a re n t Rb-Sr ages a re  th o u g h t to  be a c c u ra te  to  

w ith in  2c/o, and K-Ar ages to  w ith in  

7 -2 . The Care G ran ite»

Sample lo c a t io n s  of a l l  g r a n i te  specim ens used  f o r  th e  i s o to p ic  

work a re  shown on th e  s im p l if ie d  g e o lo g ic a l  map o f  th e  Ca.pe P e n in su la  

and n e ig h b o u rin g  a re a s  in  F ig . 36* These same g r a n i t e  sam ples and some 

o f t h e i r  m in e ra ls  a re  a l s o  inc lu d ed  in  th e  g e n e ra l  geochem ical work 

d isc u sse d  in  th e  n ex t c h a p te rs  (see  T ab les  18 to  2 4 ); h u t fo r  conven­

ie n ce  th e  d e ta i le d  sample l o c a l i t i e s ,  s h o r t  p e tro g ra p h ic  n o te s  and 

d e s c r ip t io n s  o f th e  m in e ra l f r a c t io n s  used  h e re  a re  a ls o  g iven  in  th e  

appendix .

Samples 104, 108 and 110 r e p re s e n t  th e  norm al c o a rs e ly  

p o r p h y r i t ic  g r a n i t e  o f  th e  Cape P e n in su la , w h ile  Samples 136, 1^5 and 

147 a re  from a  f in e r - g r a in e d  g r a n i te  f a c ie s  exposed n e a r  th e  G ra n ite -  

Malmesbury o o n ta c t a t  K loof 'Vuarry, W y llie s  S id in g  (WALKER and MATHIAS, 

1946). There th e  norm al c o a rs e ly  p o r p h y r i t ic  Cape G ra n ite  p a s se s  

g r a d a t io n a l ly  in to  a  f in e r - g r a in e d  p o r p h y r i t ic  g r a n i t e  (Sample 136) ,  

which g rad es  in to  a  m ic ro g ra n ite  (Samples 145» 147; F ig . 30) , 

f i n a l l y  p in c h in g  ou t in to  a  th in  p e g m a tit ic  v e in  in tru d e d  in to  th e  

Malmesbury co u n try  ro c k . The th re e  sam ples 136, 145 and 147 a re  

th u s  c l e a r ly  o f th e  same age , b u t co u ld -b e  s i g n i f i c a n t l y  younger 

as a  group th a n  th e  norm al c o a rs e ly  p o r p h y r i t ic  g r a n i t e ,  s in c e  t h e i r

h ig h ly  d i f f e r e n t i a t e d  n a tu re  r e l a t i v e  to  th e  norm al co a rse  g r a n i t e  i s
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well demonstrated, for instance, by lower K/Rb, K/Cs and K/Tl ratios 

and very low Ba and Sr content (Table 18).
Table 12 summarises the Rb-Sr total-rock measurements on 

the Cape Granite. The usual isochron approach may be applied to a 

group of data only if all the samples are known to be of the same 

age. It was shown earlier that the three samples of the fine-grained, 

differentiated facies satisfy this condition, although they may be 

slightly younger than the normal granite samples. However, if a 

regression line is fitted to all the points, as shown in Fig. 37) it 

is noted that there is no systematic divergence from the line, and it 

is concluded that there is unlikely to be a significant difference in 

age between the two facies. Further support for the procedure of 

grouping all points is derived from the mineral-fraction results 

discussed below*

Duplicate analyses were made on four of the total-rock 

samples and in the least squares analysis of the data the duplicates 

were regarded as separate data-points. From the slope and intercept 

of the regression line obta.ined it is calculated that the age of the 

granite is 553 - 8 m.y., and the primary Sr /Sr ratio (Ri) is 

»710 - .OO3, where the errors quoted are at the 95°/° confidence limit.

Although the Rb/Sr ratios of the three samples of normal 

granite do not differ sufficiently from one another for the age and 

Ri to be determined from these points alone, this information can be 

deduced from the mineral-fraction results if it is assumed that since
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c r y s t a l l i z a t i o n  each m in e ra l has rem ained a c lo se d  system  w ith  r e s p e c t  

to  Rb and S r .  The r e l a t i v e l y  c o a rs e -g ra in e d  m in e ra ls  of th e  norm al 

g r a n i t e  a re  th e  most l i k e l y  to  have f u l f i l l e d  t h i s  c o n d i t io n  and 

m easurem ents were thus made on E - f e ld s p a r  and b i o t i t e  f r a c t io n s  from 

each o f Sam ples 104, 108, and 110, as w e ll  a s  on 104 p i : g i o c l a s e .

These d a ta ,  summarised in  T able 13, a re  a l s o  shown in  F ig .  37.

Taking Ri as .710 , th e  t o t a l - r o c k  v a lu e , th e  a p p a re n t ages 

o f th e  K - fe ld s p a rs  and b i o t i t e s  (ex ce p t 104 A) a re  found n o t to  d i f f e r  

s i g n i f i c a n t l y  from th e  t o t a l - r o c k  ag e . B i o t i t e  104 A, w hich c o n ta in s  

s l i g h t l y  more c h l o r i t e  th a n  Sample B (se e  A ppend ix ), g iv e s  a s i g n i f i ­

c a n t ly  low er age and t h i s  in d ic a te s  t h a t  th e  c h l o r i t i s e d  sample has 

le a k e d  ra d io g e n ic  S r .  F u r th e r  ev idence  o f  S r m ig ra tio n  i s  a ffo rd e d  

>y th e  tre n d  of a l l  o th e r  m in e ra l p o in t s .  A lthough none o f  th e se  

d e v ia te  s i g n i f i c a n t l y  i t  i s  no tew orthy  th a t  th e  ag es  o f  th e  R b -r ic h  

m in e ra ls ,  b i o t i t e  and K - fe ld s p a r ,  a re  low er w hereas th e  s in g le  

p la g io c la s e  MageM (Sam ple 104, F ig . 37) i s  h ig h e r  th a n  th e  t o t a l -  

ro ck  ag e . I t  i s  concluded  th a t  a m ild  m etamorphism has in f lu e n c e d  

th e  m in e ra l ages c a u s in g  th e  a p p a re n t ages o f  th e  K - fe ld s p a rs  and 

b i o t i t e s  to  be somewhat low er th a n  th e  t r u e  a g e s . The o b s e rv a tio n , 

th e r e f o r e ,  th a t  m in e ra ls  from  th e  norm al c o a rse  g r a n i t e  g iv e  ages 

a p p a re n tly  co n co rdan t w ith  th e  t o t a l - r o c k  age s u p p o r ts ,  b u t canno t 

be co n sid e re d  c o n c lu s iv e  ev idence f o r ,  t h a t  a l l  th e  g r a n i t e s ,  b o th  

c o a rse  and f in e -g ra .in e d , a re  o f th e  same ag e .
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K-Ar measurements were ma.de on the two biotit es 104 B and 

108 and the results are shown in Table 14» The results on the two 

samples are in agreement and also agree reasonably with the value 

given by ALDRICH et al. (1958), but are considerably lower than the 

Rb-Sr ages on the identical samples. The fact that the K-Ar ages 

on the two biotites are identical indicates that metamorphism was 

widespread and not confined to proximity with intrusions of aplo- 

granite or pegmatite.

The Pb^^ - P b ^ ^  age of 53^ ~ 40 m.y. for the zircon given 

by Aldrich et al. is consistent with the Rb-Sr total rock age 

reported here, and the discordant pattern of the uranium-lead and 

thorium-lead ages is also consistent with the supposition of a later 

metamorphic event. On the other hand, the value of 600 m.y. given 

by Aldrich et al. for the Rb-Sr age of the biotite disagrees with the 

ages given here, and the reason for this difference is not understood. 

7-5. The Aplogranite. Sea Point.

Another granitic rock of particular interest for geological 

age determination is the aplogranite found near the Sea Point Contact 

(WALKER and MATHIAS, 1946). A^cetch map of the area is shown in 

Fig. 38. Evidence of post-granitic or late-stage granite activity 

is afforded by veins and nests of pegmatite (e.g. Sample 170» Table 17 

et seq., Fig. 34) found in the normal coarsely porphyritic granite, 

and thin veins of aplite are found cutting the granite and Malmesbury 

meta-sediments near the contact. These veins are petrologically very
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s im i la r  to  a  la rg e  c r o s s - c u t t in g  mass o f  a p lo g ra n i te  in tru d e d  in to  

th e  Malmesbury H o rn fe ls , and th i s  mass i s  re p re s e n te d  by Sample 156, 

f o r  w hich f u l l  geochem ical d a ta  i s  a l s o  g iv en  in  T ab les  18 e t  s e q .

T o ta l- ro c k  sample 156 was a ls o  an a ly sed  by th e  Rb-Sr 

Method and m easurem ents were a lso  made on th e  K - fe ld s p a r  and p la g io -  

c la s e  which to g e th e r  w ith  q u artz  v i r t u a l l y  c o n s t i tu te  th e  whole ro c k , 

as shown in  Table 21 . The Rb-Sr d a ta  a re  shown in  T ab le  15 and a l s o  

in  R ig . 57- The to t a l - r o c k  p o in t d i f f e r s  s i g n i f i c a n t l y  from th e  

o th e r  g r a n i te  p o in ts  and th i s  r e s u l t  cou ld  be in t e r p r e te d  in  s e v e r a l  

ways, th e  most p ro b a b ly  beings

( l )  The a p lo g ra n i te  may have been d e r iv e d  from  a  d i f f e r e n t  

so u rce  th an  th e  o th e r  g r a n i t e s ,  in  which case  i t s  Ri r a t i o  may a l s o  

have d i f f e r e d .  I n  p a r t i c u l a r ,  i f  R i = . 7° °  f o r  th e  a p lo g ra n i te  i t s  

age would be 55^ m .y . , th e  same as th a t  o f  th e  main g r a n i t e  body, 

o r  (2) The a p lo g ra n i te  may have been  d e r iv e d  from  th e  same

so u rce  and had th e  same R i r a t i o .  In  t h i s  case  th e  a p lo g ra n i te  i s  

s i g n i f i c a n t l y  younger -  5^° - 1 5  nuy.

The second p o s s i b i l i t y  seems th e  more l i k e l y  i f  th e  a p lo ­

g r a n i t e  mass i s  c o n s id e re d  to  be a  c o u n te rp a r t  o f  th e  th in n e r ,  

p e t r o lo g ic a l ly  v e ry  s im i la r ,  a p l i t e  v e in s  which c u t th e  main g r a n i t e .  

F u rth e rm o re , a  v a lu e  o f  R i as low as . 7 00 has n o t been  re p o r te d  

p re v io u s ly  f o r  a  g r a n i t i c  rock  and f u r th e r  ev idence  i s  a f fo rd e d  by 

th e  a p lo g ra n i te  m in e ra ls .
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These d a ta  p o in ts  to g e th e r  w ith  t h a t  o f  th e  t o t a l - r o c k  l i e  

c lo se  to  an  " iso c h ro n ” p a ss in g  th rough  .7 1 0 , th e  R i r a t i o  o f th e  m ain 

g r a n i t e .  A g a in st t h i s  i t  m ight be argued  th a t  i n  t h i s  f in e - g r a in e d  

ro ck  s u f f i c i e n t  m ig ra tio n  o f  ra d io g e n ic  S r from th e  m ic ro c lin e  to  th e  

p la g io c la s e  could have occu rred  d u rin g  metamorphism to  produce t h i s  

p a t t e r n .  However, assum ing i n t e r p r e t a t i o n  ( l ) ,  and u s in g  th e  fo llo w ­

in g  d a ta :

(a )  th e  K -fe ld s p a r  and p la g io c la s e  each  com prise JOfo o f th e

ro c k ,

(b ) th e  p la g io c la s e  f r a c t io n  an a ly se d  i s  0̂°/o p u re  and th e  K- 

f e ld s p a r  f r a c t io n  i s  100^4 p u re ,

(c )  th e  d e v ia t io n s  o f th e  K -fe ld sp a r  and p la g io c la s e  p o in ts  

from  th e  a p p ro p r ia te  iso c h ro n ,

an o rd e r-o f-m a g n itu d e  c a lc u la t io n  shows th a t  th e  amounts o f  r a d io ­

g en ic  S r a p p a re n tly  ga ined  by th e  p la g io c la s e  exceeds by a  f a c to r  

o f 4 t h a t  a p p a re n tly  l o s t  by the K - fe ld s p a r .  S ince  a p a r t  from th e  

K - fe ld s p a r  th e re  i s  no o th e r  s ig n i f i c a n t  so u rce  o f ra d io g e n ic  Sr 

th e  h y p o th e s is  t h a t  th e  a p lo g ra n ite  has th e  same age as  th e  main 

g r a n i t e s  i s  u n l ik e ly .  The a l t e r n a t iv e  age o f  5^0 -  15 m.y. would 

be c o n s is te n t  w ith  an a s s o c ia t io n  betw een th e  metamorphism o f th e  

o ld e r  g r a n i t e s  and th e  in t r u s io n  o f th e  a p lo g ra n i te .

F u rth erm o re , a lth o u g h  th e  sam ples o f g r a n i t e  and a p lo g ra n i te  

a re  from th e  Cape P e n in su la  P lu to n  o n ly , i t  i s  tem p tin g  to  s p e c u la te  

t h a t  such  a m etam orphic even t about 5^0 m .y. ago was more w id esp read

and p o s s ib ly  marked th e  in t r u s io n  o f "younger" g r a n i t e s  in  th e  s o u th ­

w e s te rn  Cape g e n e ra l ly ,  e .g .  th e  Younger S aldanha  G ra n ite .
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However, a lth o u g h  th e  Sea P o in t A p lo g ra n ite  ap p ea rs  to  be 

r e l a t i v e l y  f r e s h  and u n a l te r e d ,  th e  p o s s i b i l i t y  e x i s t s  th a t  i t s  K- 

f e ld s p a r  has s u f fe re d  some chem ical a l t e r a t i o n ,  p erhaps due to  

w e a th e r in g . S in ce  t h i s  i s  a v i r t u a l l y  b i o t i t e - f r e e  g r a n i t e ,  th e  

K -fe ld sp a r  e s s e n t i a l l y  d e te rm in s  th e  to ta - r o c k  age and concordance 

betw een t o t a l - r o c k  and K -fe ld s p a r  i s  n o t o f  such c r i t i c a l  va lue*

In  th e  absence o f  more th a n  o n ly  one t o t a l - r o c k  sample of a p lo g r a n i te ,  

th e  c o n c lu s io n  reached  h e re  on i t s  age must th e r e f o r e  s t i l l  be r e ­

garded  w ith  some c a u t io n .

7 -  /I. Malme s bury  S ed im ent s *

A g e n e ra lis e d  d e s c r ip t io n  o f th e  M almesbury Sedim ents has 

been  g iven  in  C hap ter 6 -1 . The sed im en ts in  th e  Cape P e n in s u la  and 

su rro u n d in g  a re a s  h e re  c o n s id e re d  in  c o n n ec tio n  w ith  the  age-w ork 

(Fig* J6)  c o n s is t  o f  f in e - g r a in e d  a renaceous s t r a t a  w ith  in te rb e d d e d  

s l a t y  l a y e r s ,  bo th  s t r a t a  b e in g  h o rn fe ls e d  in  th e  v i c i n i t y  o f  th e  

g r a n i t e .

Mr. A .E. E rla n k , D epartm ent o f G eochem istry , U n iv e r s i ty  o f 

Cape Town, has k in d ly  su p p lie d  th e  M almesbury sam ples co n s id e re d  h e re  

to g e th e r  w ith  p e tro g ra p h ic  n o te s  on the  specim ens. His o r ig i n a l  

sam ple numbers a re  r e ta in e d  h e re  s in c e  d e ta i le d  geochem ical d a ta  on 

th e se  and o th e r  sam ples o f  M almesbury w i l l  become a v a i la b le  s h o r t ly

(erlank, 1965) .

The more abundant a ren aceo u s bands o f  th e  fo rm a tio n  ( r e ­

p re se n te d  by sam ples M9-B, M-15 and M -4l) c o n s is t  m ain ly  of f r e s h  

c l a s t i c  g ra in s  o f  q u a r tz ,  s o d ic  p la g io c la s e  and su b o rd in a te  m ic ro c lin e
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in  a groundmass composed m ain ly  o f somewhat c h l o r i t i z e d  b i o t i t e  and 

s e r i c i t e .  G rad a tio n s  a re  common to  th e  in te rb e d d e d  a r g i l la c e o u s  

bands ( re p re s e n te d  by Samples M-14A, and M -40). These a re  to o  f i n e ­

g ra in e d  f o r  d e ta i le d  o p t i c a l  m in e ra l d e te rm in a tio n , b u t show few er 

and much sm a lle r  c l a s t i c  g ra in s  and a lso  c o n ta in  c la y -m in e ra ls  in  th e  

m a tr ix .

R b-Sr m easurem ents were made on th e  f iv e  t o t a l - r o c k  sam ples 

m entioned above. The d a ta  i s  summarised in  Table 16. I t  i s  ap p a re n t 

from th e  iso c h ro n  p r e s e n ta t io n  o f F ig . 39 th a t  th e  d a ta  p o in ts  a re  

c lo s e ly  c o l in e a r .  This i s  a  r a th e r  unexpec ted  and im p o rta n t f in d in g  

f o r  sed im en ts  which in c lu d e  rea so n ab ly  c o a rs e -g ra in e d  e l a s t i c s  in  

view o f p re v io u s  in v e s t ig a t io n s  on sed im en ts  (COMPSTON and PIDGE01T, 

1962; HURLEY e t  a l . ,  1962) .

That th e  ” iso c h ro n s"  p e r ta in in g  to  p a r t i a l l y  c l a s t i c  s e d i ­

ments a re  n o t u s u a l ly  c lo s e ly  c o l in e a r  i s  a t t r i b u t e d  to  th e  in c o rp o ra ­

t i o n  o f  v a ry in g  amounts o f excess ra d io g e n ic  S r c a r r i e d  by d e t r i t a l  

m in e ra ls ,  m ainly m icas . The l i n e a r i t y  o f th e  Malmesbury d a ta  cou ld  

be accounted  fo r  in  th r e e  ways, bu t p re s e n t  ev id en ce  does n o t p e rm it 

a  d e f in i t e  ch o ice  among them:

1. The Rb and S r o f  th e  rocks may be p red o m in an tly  a u th ig e n ic .

This i s  somewhat im probab le  because o f th e  e x is te n c e  o f d e t r i a l
+

m in e ra ls  and because  th e  observed R i r a t i o  o f . 7 12 -  . 003 exceeds 

s ig n i f i c a n t l y  th e  ’’s e a -w a te r” S r /S r  r a t i o  f o r  600 m .y. ago 

o b ta in ed  by m easurem ents made on lim e s to n e s  (HEDGE and WALTHALL,
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1963)* The latter objection would not apply if the Malmesbury Sedi­

ments, at least in the Peninsula Area, were deposited in water 

isolated from the ocean, since in such conditions a higher than 

oceanic Sr' /Sr ratio could occur. This possibility is still to 

be checked at a later time by measurements on limestones or other 

Rb-free rocks. It would also be of great interest to find where the 

bulk of the Rb end Sr in the coarser elastics lies, i.e. whether 

most of it is in the mica-clay fraction.

2. The Sr /Sr ratio throughout the Malmesbury may have been 

homogenized to .711 by a metainorphic event. Homogenization over 

distances of the order of 20,000 feet, an estimated thickness of 
the sediments, would seem somewhat unlikely except perhaps after 

prolonged high-grade metamorphism, whereas there is evidence only 

of low-grade metamorphism. However, it may be possible that during 

processes of diagenesis, accompanying expulsion of connate water 

through compaction, considerable changes take place in the clay- 

mineral structures, thus homogenizing the isotopic composition of 

the Sr in the layer-lattice mineral components. Again it would be 

very interesting to know where the bulk of the Rb and Sr lies. 

Perhaps the homogenization may even have affected the K-feldspar 

and plagioclase, but this would be quite unexpected.

3. Whether by chance or by some mechanism imperfectly understood

the detrital components of the sediment may have been distributed
87 86such that their Rb/Sr ratios were related to their Sr /Sr ratios. 

But, even it it is assumed that all detritus came from a common
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s o u rc e , such  a  r e l a t i o n  i s  co n sidered  u n l ik e ly  s in c e  each ro ck  con­

t a in s  m in e ra l s p e c ie s  w ith  w idely  v a ry in g  R b/Sr r a t i o s .  However, 

i f  p o s s i b i l i t y  5 * i s  t r u e ,  the  iso c h ro n  age o b ta in ed  i s  to o  h ig h  

and sh o u ld  be re d u c e d .

But on th e  e m p ir ic a l approach , a c c e p tin g  th e  prim a f a c i e  

i n t e r p r e t a t i o n  th a t  th e  d a ta -p o in ts  d e f in e  a  r e a l  is o c h ro n , a 

l e a s t  sq u a re s  a n a ly s i s  on a l l  p o in ts  g iv e s  an age o f 595 -  46 m.y. 

and Ri r a t i o  o f  .712 -  .00 3 where th e  e r r o r s  g iv e n  a re  95°!° c o n fid e n ce  

l i m i t s .  The c a lc u la te d  age i s  a c c e p ta b le  on g e o lo g ic a l  grounds and 

a c c o rd s  w ith  th e  view s o f SCHOLTZ (1946) t h a t  th e  Cape G ra n ite  was 

in t ru d e d  on ly  s h o r t l y  a f t e r  the  d e p o s it io n  o f th e  M almesbury.

The l a t e s t  PreCambrian to  e a r ly  Cambrian age o b ta in ed  h e re  

fo r  th e  M almesbury a l s o  throw s l i g h t  on i t s  p o s s ib le  c o r r e l a t i o n  

w ith  th e  p re-C ape and pre-Na.ma rocks in  th e  B i t t e r f o n t  e in  -  Van 

Rhynsdorp A rea . Thus JAHSEN ( 196O) co n s id e re d  th e  p a ra g n e is s  in  

th e  B i t t e r f o n t e i n  A rea to  have formed by g r a n i t i z a t i o n  o f th e  

"M almesbury System" S ed im ents. However, NICOLAYSEH ( 1962) re p o r te d  

age m easurem ents in  Namaqualand and concluded (Rage 594 and 595) 

t h a t  th e  p a ra g n e is s e s  must have formed p r io r  to  1050 m .y. ago. 

T h e re fo re ,  i f  J a n s e n ’ s f i e l d  i n t e r p r e t a t i o n  i s  a c c e p te d , th e se  

pre-Hama Sedim ents in  th e  a re a  must r e p r e s e n t  a  fo rm a tio n  c o n s id e ra b ly  

o ld e r  th a n  th e  M alm esbury. For in s ta n c e ,  BRINK (1950) c o r r e la te d  

th e  pre-Nama p a ra g n e is s e s  about 15 m ile s  n o r th - e a s t  o f B i t t e r f o n t e in  

w ith  th e  K heis System .



The observed ages and S r is o to p e  r a t i o s  a l s o  a llo w  some

s p e c u la t io n  on th e  o r ig in  o f th e  Cape G ra n i te .  I f ,  a p p ro x im a te ly

40 m .y. a f t e r  i t  was d e p o s ite d , a p o r t io n  o f  th e  Malmesbury were

m o b ilized  to  form th e  Cape G ra n ite , th e  ra d io g e n ic  Sr accum ulated

in  th e  Malmesbury d u rin g  th i s  r e l a t i v e l y  s h o r t  space o f tim e would

87 86be s u f f i c i e n t  on ly  to  in c re a s e  th e  p rim ary  S r /S r  r a t i o  o f  th e  

g r a n i t e  by . OO3 , The observed Hi r a t i o  o f . 7 10 -  .OO3 o f  th e  

g r a n i t e  does not d i f f e r  a t  th e  95?° c o n fid e n ce  l i m i t  from  th e  v a lu e  

o f  .714  -  .OO3 o b ta in ed  by adding .OO3 to  th e  Hi r a t i o  o f  th e  

M almesbury. I t  i s  th e re fo re  f e a s ib le  t h a t  t h i s  g r a n i te  p lu to n  was 

formed e n t i r e l y  by m o b i l is a t io n  o f th e  s e d im e n ts . On th e  o th e r  hand 

th e  observed  Ri r a t i o  i s  no t e x c e p tio n a l f o r  a  young g r a n i t e  (HEDGE 

and WALTHALL, 1963) and an a l to g e th e r  d i f f e r e n t  mechanism may w e ll 

have o p e ra ted  in  form ing  th e  g r a n i te .

7 -6 . C o n c lu s io n s .

The p r in c ip a l  co n c lu sio n s reached  in  t h i s  c h a p te r  may be 

summarised as fo llo w s :

( 1) The R b-Sr age o f th e  normal co a rse  Cape P e n in su la  G ra n ite  i s  

553 ~  0 m .y. w ith  a  p rim ary  S r ^ / S r ^ °  r a t i o  (R i) o f  *710 -  . OO3 . 

F o llow ing  SCHOLTZ (1 9 4 6 ), and in  th e  absence  o f  any d a ta  to  th e  

c o n tra ry , t h i s  age may be assumed to  be th e  age of em placem ent o f 

a l l  " o ld e r ” so u th -w e s te rn  Cape G ran ite  P lu to n s .

( 2) No s ig n i f i c a n t  d if f e r e n c e  in  age ap p ea rs  to  e x i s t  betw een th e  

norm al co a rse  Cape P e n in su la  G ran ite  and i t s  f in e r - g r a in e d

d i f f e r e n t i a t e d  b o rd e r  f a c i e s .
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(3) A m ild  met amorph ism causin g  v e ry  s l i g h t  m ig ra tio n  o f  ra d io g e n ic  

s tro n tiu m  from K -fe ld s p a rs  and b i o t i t e s  in to  p la g io c la s e  may have 

a f f e c te d  th e  g r a n i te  a f t e r  i t s  in t r u s io n .

(4) K-Ar ages on two b i o t i t e  sam ples from  th e  norm al c o a rse  g r a n i t e  

su g g e s t t h a t  t h i s  metamorphism was w idesp read  and n o t co n fin e d  to  

lo c a l  in t r u s io n s  o f a p l i t e  o r p e g m a tite .

(5) P re lim in a ry  d a ta  on a  r e l a t i v e l y  la rg e  c r o s s c u t t in g  mass o f 

a p lo g ra n i te  a t  Sea P o in t  su g g es ts  th a t  i t  was d e riv e d  from  th e  same 

so u rce  as th e  g r a n i t e s ,b u t  in tru d e d  500 -  15 m .y. ago . T h is  ev en t 

may be a s s o c ia te d  w ith  th e  metamorphism o f  th e  main g r a n i t e  body.

I t  i s  c o n ce iv ab le  t h a t  t h i s  event was more w idesp read  and th e re fo re  

a ls o  marked th e  in t r u s i o n  of ’'younger '1 g r a n i t e s  in  th e  so u th -w e s te rn  

Cape g e n e ra l ly ,  e .g .  th e  Younger S aldanha G ra n ite .

(6) An a p p a re n t " iso c h ro n "  observed f o r  th e  Malmesbury S ed im en ts , 

which shows an unex p ec ted  and rem arkab ly  s t ro n g  c o l i n e a r i t y ,  

in d ic a te s  an age o f 595 -  46 m.y. w ith  an  Ri r a t i o  o f .712 -  .OO3. 

T his age acco rds  w ith  th e  views of SCHOLTZ ( 194 6 ) th a t  th e  Cape 

G ra n ite  was in tru d e d  o n ly  s h o r t ly  a f t e r  th e  d e p o s i t io n  o f th e  

M almesbury.

(7) On observed  S r is o to p e  d a ta  i t  ap p ea rs  p o s s ib le ,  b u t unproven , 

th a t  th e  g r a n i te s  w ere formed e n t i r e ly  by m o b i l iz a t io n  o f th e  

Malmesbury Sed im en ts.
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CHAPTER 8. PETROLOGICAL AND MINERALOGI CAL DATA.

8-1. Total rock:;.

Sample localities of specimens used for total-rock or 

mineral analyses are shown in Nig. 27 and listed in Table 17» 

Analytical results of 32 major and trace elements are set out in 

Table 18 for 34 total-rock samples of normal coarse, medium and 

fine-grained granite, 6 younger intrusive granites, 1 contaminated 

granite, 2 xenoliths and 2 samples of the gabbro-diorite intrusives 

near Malmesbury.

Elements are listed in order of increasing ionic radius, 

and are expressed as weight per cent for the major elements and as 

parts per million (p.p.nu) for the minor and trace elements. Major 

elements expressed as oxides are given in the same table. Some 

critical element ratios are shown in Table 19« The analytical data 

are discussed in the next chapter.

8-2. Modal and textural variations.

A general petrographic description of the granites is given 

in Chapter 6-2. More detailed descriptions including mineral optical 

data from a number of specific areas are referred to in Chapter 5-2. 

Since the majority of the granites are very coarse-grained and 

contain large K-feldspar phenocrysts, normal thin section analyses, 

even of a number of slides cut from each specimen, gave rather 

variable results besides being excessively time-consuming. Therefore
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the best alternative seemed to be a calculated mode based on the 

chemical analyses of the very large and thus more representative 

samples used. In a number of cases such calculated modal composi­

tions could be checked by the actual yields of minerals obtained 

during mineral separation. In addition, upper limits on the biotite 

content could be computed from the %  concentration in total rocks 

and their analysed biotites, since in most granites the bulk of the 

wig is contained in this mineral.

One of the primary purposes of a calculated norm is for the 

chosen standard normative minerals and mineral associations to 

correspond as closely as possible to natural conditions. The usually 

calculated CIBV norm is therefore entirely unsuitable for granitic 

rocks since the ferro-magnesian elements are calculated as normative 

hypersthene instead of biotite, muscovite or hornblende which are 

actually present. Furthermore, normative Or, which should represent 

K-feldspar in the rock, will be overestimated, because no K is 

allotted to hypersthene. For instance, in a normal granite (K±5.5tfo) 

containing 1C$ mica (K+7^) > the normative Or will be overestimated 

by 25$. The fact that Or in many published granite norms corresponds 

rather closely to MK-feldspar" determined by thin section analysis is 

quite coincidental. The K-feldspar of most granitic rocks is 

perthitic or microperthitic containing on an average about 15-257° 

plagioclase, so that these two opposite effects will often cancel

each other.
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The "best way of dealing with granitic rocks containing 

micas and hornblende, minerals of the mesozone, is the mesonorm 

devised originally for metamorphic rocks (BARTH, 1959)* The cal­

culation adopted here is basically the reverse process of the 

estimation of chemical composition from the mineralogical mode 

described by HEIER (1961). The major element oxide chemical com­

position of the granites (Table 18) is used to calculate cation 

percentages on a water-free basis (BARTH, 1955)* This data is shown 

in Table 20. Barth’s method for rocks with excess silica is then 

followed with three modifications:

1. Ti, present in only small amounts, is not formed into ilmenite, 

FeO.TiO^, but goes into biotite (and hornblende, where present).

This can be justified by inspection of the Ti concentrations of the 

total rocks (Table 18) and analysed biotites (Table 24)*

2. Since analyses of the K-feldspars are available (Tsble 22), 

the calculated pure K-feldspar component is increased in each case 

by the requisite amount of plagioclase to show the actual modal 

perthite content of the rock; the calculated plagioclase content 

is decreased accordingly to show actual modal plagioclase.

3. In the mesonorm excess A1 is stated as corundum. But this is 

not actually present as mineral in the rocks. Thus HEIER (i960) 

calculated it, together with the corresponding amount of Or, as 

muscovite according to the scheme:

A1205 + KAlSi^Og + (HgO) = KAl5Si5010(0H)2

2 C + 5 Or 7 Mu
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However, on ly  p a r t  o f th i s  "ex cess"  A1 w i l l  ap p ea r as  a c tu a l  musco' 

v i t e  in  th e  ro ck  s in c e  some w i l l  e n te r  in to  b o th  b i o t i t e  and 

ho rnb lende  l a t t i c e s .  F u rth erm o re , c o r d i e r i t e  i s  p re s e n t  as m inor 

c o n s t i tu e n t  in  some o f th e  Gape G ra n ite s .  S in ce  t h i s  i s  no t 

s e p a r a te ly  c a lc u la te d  in  th e  mesonorm, Mg’ a p p e a r in g  as b i o t i t e ,  

to o  l i t t l e  A1 i s  u se d , as  can be seen  from t h e i r  r e s p e c t iv e  

n o rm alised  fo rm u lae :

C o rd ie r i te (M g,Fe)2A l4S i50 18 Al/M g,Fe = 2

B io t i t e K(M g,Fe)3A lS i30 10(0H)2 Al/M g,Fe = 1/3

Sm all amounts o f  to u rm a lin e  (Al/M g,Fe = 2) w i l l  have th e  same e f f e c t .  

L a s t ly ,  th e  chem ical d e te rm in a tio n  o f A1^0^ in  ro ck s  i s  p ro b a b ly  th e  

l e a s t  s a t i s f a c t o r y  o f a l l  m ajor elem ents and sm a ll amounts o f 

a p p a re n tly  ex cess  Al^O^. may sim ply  be due to  th e  u s u a l sm all o v e r­

e s t im a tio n  o f t h i s  o x id e , as shown f o r  in s ta n c e  f o r  G-1 (STEVENS 

e t  a l . ,  I9 6 0 ). For th e s e  re a so n s , where ex ce ss  A1 ap p ea rs  in  th e  

mesonorms o f th e  g r a n i t e s ,  which a c tu a l ly  do c o n ta in  sm all amounts 

o f m uscov ite , h a l f  o f  th e  excess  Al i s  used to  make m uscovite  

a c c o rd in g  to  th e  fo rm u la  g iv e n , and th e  rem a in in g  h a l f  s ta t e d  as 

corundum. A lthough t h i s  may app ea r to  be a  somewhat a r b i t r a r y  

assum ption , th e  amounts invo lved  a re  r e l a t i v e l y  sm a ll and th e  th u s  

c a lc u la te d  co m p o sitio n  i s  found to  be v e ry  c lo s e  to  th e  observed  

mode in  term s o f m uscov ite  and K -fe ld s p a r .

The "modes" th u s  c a lc u la te d  a re  shown in  T able 21. Com­

p o s i t io n  o f p e r t h i t e s  r e f e r s  to  t h e i r  a c tu a l  a n a ly se s  (T able 22 ) ,  

b u t com position  o f p la g io c la s e s  i s  c a lc u la te d  from  th e  mesonorm*
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"C a lc u la te d  maximum" b i o t i t e  i s  c a lc u la te d  d i r e c t l y  as a  com parison  

in  a l l  c a se s  where b o th  ana ly sed  to t a l - r o c k  and b i o t i t e  was a v a i l ­

a b le  assum ing th a t  a l l  Mg in  th e  ro ck  formed b i o t i t e .  As e x p e c te d , 

t h i s  f ig u re  i s  in  a l l  cases  s l i g h t l y  h ig h e r  th a n  modal b i o t i t e  

s in c e  some Mg a c t u a l l y  forms sm all amounts o f c o r d i e r i t e ,  to u rm a lin e , 

ho rnb lende  and o re .  A f u r th e r  check on th e  c a lc u la te d  modal b i o t i t e  

i s  g iv en  by th e  average  t o t a l  fe rro -m a g n e sia n  m in e ra l c o n te n t o f 

13. 1$  w/w determ ined  by w eighing d u rin g  m in e ra l s e p a ra t io n  f o r  th e  

norm al c o a rs e ly  p o r p h y r i t ic  g r a n i t e s .  T h is i s  in  good agreem ent 

w ith  an average  o f nee .rly  13$ shown in  Table 21 as  mean f o r  th e s e  

g r a n i t e s .  L a s t ly ,  th e  o p t i c a l  d e te rm in a tio n  o f one sample o f norm al 

Cape P e n in su la  G ra n ite  c i te d  by WALKER and MATHIAS ( 1946, T ab le i )  

may be compared w ith  th e  average of 8 Cape P e n in su la  G ra n ite  

c a lc u la te d  modes g iv e n  in  Table 21 (Samples 101-106, 117-118):

Q uartz

O p tic a l d a ta

31-4$

28.4

C alc , mode

28.4$
K -fe ld sp a r 28.1

B io t i t e

P la g io c la s e 26.3 (Ab75) 

9-4

2 8 .0  (At 6 )

9-7

M uscovite o r  s e r i c i t e 2.5 4.1

C o rd ie r i te v a r ia b le ,  about 2

Ore 6

The c a lc u la te d  modes shown a re  thus acc ep ted  w ith  c o n fid e n ce

e s p e c ia l ly  in  f u l f i l l i n g  t h e i r  p rim ary  purpose  o f  in d ic a t in g

sy s te m a tic  modal v a r i a t io n s  among the  d i f f e r e n t  ty p e s  o f g r a n i t e .
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Although considerable distances separate some of the exposed 

granite plutons preliminary results confirmed SCHOLTZ's (1946) view 

that no strong systematic chemical or mineralogical differences 

exist between their normal granites. But, as outlined in Chapter 6-2, 

individual plutons show varying proportions of different textural 

facies (Tables 10 and 11), distinguished also by different modal 

compositions. This probably has genetic implications and all data 

were therefore grouped on this basis rather than on the geographical

distribution of samples --- a procedure also followed by Scholtz.

Although some gradations occur normal granite samples in 

all tables have thus been subdivided into:

(1) Coarsely porohvritlr. .granites. These include the greatest 

number of samples as they form the bulk of the exposed granite 

plutons, generally their core. They are predominantly textural 

type C-2, occasionally grading into C-1 or G-2.

The finer-grained granites generally form the exposed hood 

or border-facies of the plutons.

(2) Medium-grained Granites are mainly porphyritic granites (G-2), 

often grading into M-2 and occasionally into G-3*

(3) Fine-Drained granites are generally microgranites (M-j) or 

granite porphyries (G-3).

The differences in modal composition of these three main 

textural types as listed in Table 21 are illustrated in Pig. 4-0.

The fine-grained varieties always contain a considerably smaller

proportion of femic minerals (mainly biotite). The other major



113 *

m in e ra ls  show l e s s  sy s te m a tic  v a r i a t i o n ,  h u t on an average  th e  f i n e r -  

g ra in e d  g r a n i t e s  a l s o  have somewhat l e s s  p la g io c la s e  ( c o n ta in in g  l e s s  

A n), h u t r e l a t i v e l y  more q u a r ts  and K - fe ld s p a r .  The modal v a r i a t i o n  

i s  r e f l e c te d  s t r o n g ly  in  th e  m ajor and t r a c e  e lem en t ch em is try  o f  th e  

d i f f e r e n t  g r a n i t e s  and t h e i r  m in e ra ls  in d ic a t in g  p ro g re s s iv e  d i f f e r ­

e n t i a t i o n ;  t h i s  f u r th e r  j u s t i f i e s  th e  g ro u p in g  ad o p ted . The rem ain ­

in g  sam ples r e p r e s e n t  r e l a t i v e l y  l e s s  im p o rta n t g r a n i t e  m o d if ic a t io n s :

(4) Younger i n t r u s iv e  g r a n i t e s . Samples 155 and 156 from  Sea P o in t 

(F ig . 38) r e p r e s e n t  f in e -g ra in e d  (M-3 ) in t r u s iv e  g r a n i t e s  showing 

h ig h  modal q u a rtz  and v e ry  l i t t l e  h i o t i t e .  A p lo g ra n ite  156 was shown 

in  C hapter 7-3  to  tie p robab ly  s i g n i f i c a n t l y  younger th a n  th e  Cape 

G ra n ite .

The l a r g e r  mass o f Younger S aldanha G ra n ite  i s  r e p re s e n te d  

by sam ples from th e  H oed jies  Bay C on tact (F ig . 27 )« There th e  

g r a n i t e s  grade from  c h i l le d  q u a rtz  p o rp h y r ie s  (G-4) w ith  p a r t i a l l y  

d e v i t r i f i e d  groundm ass near the  c o n ta c t to  c o a r s e r  g r a n i t e  p o rp h y r ie s  

(G -3 ) f u r th e r  away. T h e ir modes show h ig h  q u a r tz  and K -fe ld s p a r  b u t 

low p la g io c la s e  and b i o t i t e .  T h e ir  m ajor and t r a c e  elem ent compo­

s i t i o n ,  how ever, d is t in g u is h e s  them from  th e  norm al h ig h ly  

d i f f e r e n t i a t e d  f in e -g ra in e d  g r a n i t e s .  Dyke ro ck  168 w ith  h ig h  q u a r tz  

and p la g io c la s e  c u ts  th e  O lder S aldanha G ra n ite  a t  th e  c o n ta c t .

( 5 ) Pegmati t e s .  T ab le  17 l i s t s  fo u r  sam ples o f  c o a rse  p e g m a ti t ic  

g r a n i t e s  fo r  w hich no modes could be c a lc u la te d  s in c e  t o t a l - r o c k  

a n a ly se s  were c o n s id e re d  u n r e a l i s t i c .  But K - fe ld s p a r  and m ica 

a n a ly se s  a re  shown i n  T ables 22 and 24»
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(6 ) Contam inated g r a n i t e . Sample 174, i s  d is t in g u is h e d  by e x c e p tio n ­

a l l y  h ig h  modal m ica.

(? ) X en o lith s  175 and 176 from  th e  Cape P e n in su la  G ra n ite  show even 

h ig h e r  modal mica c o n te n t a t  th e  expense o f q u a r tz  and f e ld s p a r s .

The d io r i te - r a b b r o  in t r u s io n s  n e a r  Malmesbury (VAN ZIJL , 1950) a re  

re p re s e n te d  by Samples 177 and 178. They a re  composed m ain ly  o f 

h o rn b len d e , p la g io c la s e  and b i o t i t e  w ith  very  l i t t l e  q u a rtz  and 

a lm o st no K -fe ld s p a r .

8 -5 . M in e ra ls .

(a )  A nalyses o f  70 K -fe ld s p a rs  s e p a ra te d  from  th e  g r a n i t i c

ro ck s  a re  g iven  in  T ab le 22. A ll sam ples a re  a rran g ed  in  th e  same

c a te g o r ie s  as th e  t o t a l  ro c k s . B esides some c a lc u la te d  c r i t i c a l

elem ent r a t i o s  t h i s  ta b le  a l s o  shows th e  K -fe ld s p a r  d a ta  r e c a lc u la te d

as id e a l  f e ld s p a r  fo rm ulae  in  term s o f Or, Ab, An, SrA l^Si^O g,

BaAlo3 i o0_ and R b A lS i,0 o . The c a lc u la te d  summations a re  c o n s id e re d  
2 o 5  0

s a t i s f a c t o r y  s in c e  75°/° o f th e  sam ples show summations f a l l i n g  w ith in  

-  1/0 o f 100$, 1 3$  f a l l  w ith in  -  2$, and th e  rem ain in g  12$ range  

betw een t o t a l s  o f 96$  to  98$> p ro b a b ly  in d ic a t in g  s l i g h t  q u a r tz  

c o n tam in a tio n .

For com p le ten ess, th e  Rb and S r is o to p e  d i l u t i o n  d a ta  from th e  

is o to p ic  age work on a few a d d i t io n a l  f e ld s p a r  and b i o t i t e  sam ples 

a re  in c lu d ed  in  th e  r e s p e c t iv e  m in e r a l - t a b le s .

(b ) Table 23 shows th e  a n a ly se s  o f c o e x is t in g  p la g io c la s e s  

from two ty p ic a l  g r a n i t e  sam ples and two p la g io c la s e s  from th e

d io r i te -g a b b ro  in t r u s i o n .  B ecause o f o v e rla p p in g  d e n s i t i e s  th e
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g r a n i t e - p la g io c la s e s  could  n o t be e f f e c t iv e l y  se p a ra te d  from  q u a r tz .  

The a n a ly se s  were th e r e f o r e  done on th e  p u r i f i e d  p la g io c la s e /q u a r tz  

m ix tu re  and th e  t h e o r e t i c a l  p la g io c la s e  com p o sitio n  was c a lc u la te d  

assum ing th e  q u a r tz  to  be p u re  S i0 o .

(c ) A nalyses o f  23 c o e x is t in g  b i o t i t e s  from th e  v a r io u s  ro ck  

ty p e s  a re  shown in  T able 24« A lso  in c lu d ed  a re  fo u r  s e le c te d  sam ples 

o f m uscovite  and a  specim en (Sample 106) o f  c h l o r i t e  d e r iv e d  by 

a l t e r a t i o n  from b i o t i t e  106.

8 -1 . F e ld sp a r  v a r i a t io n s .

(a )  M ajor e le m e n ts : The m ajo r f e ld s p a r  components Or, Ab and An

(w t*°/o) a re  p lo t te d  in  F ig . 41 on th e  p r o je c t io n  o f th e  q u a te rn a ry  

system  0r-Ab-An-Ho0 a t  5^00 b a rs  H^O p re s s u re  (YODER e t  a l . ,  1957)» 

The c o t e c t i c  curve s e p a r a t in g  th e  f i e l d s  from  which O rA b-rich  

f e ld s p a r s  and A bA n-rich f e ld s p a r s  c r y s t a l l i z e  i s  in d ic a te d .

The b u lk  o f th e  m ic ro c lin e s  can be seen  to  o o n ta in  betw een 

10tfo and J)0/o p la g io c la s e ,  a l l  showing l e s s  th an  jfo  An. A lthough  th e  

average  co m p o sitio n  o f c o e x is t in g  p la g io c la s e s  changes from Ab^, 

f o r  th e  c o a rse  g r a n i t e s  to  abou t Ab^Q f o r  th e  f in e - g r a in e d ,  most 

d i f f e r e n t i a t e d  v a r i e t i e s  (T ab les  21, 25; F ig . 4 0 ), no c l e a r  tre n d  

emerges f o r  th e  e q u iv a le n t m ic ro c lin e  com po sitio n s  from th e  m ajor 

g r a n i te  ty p e s .

However, as a  g roup , th e  K -fe ld s p a rs  from th e  Younger 

Saldanha G ra n ite  c o n ta in  s l i g h t l y  more p la g io c la s e .  The r e l a t i v e l y  

h ig h  Ab b u t v e ry  low An c o n te n t o f a l k a l i  f e ld s p a r  151 from th e

D a rlin g  m ic ro g ra n ite  r e f l e c t s  th e  h ig h  Na c o n c e n tra t io n  (3*19^) bu t
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ex trem ely  low Ca ( .0 5 $ )  o f th e  h ig h ly  d i f f e r e n t i a t e d  h o s t  ro c k .

A lk a l i  f e ld s p a r s  from  p eg m a tite s  show th e  g r e a t e s t  v a r i a t i o n  in  

p la g io c la s e  c o n te n t ,  ra n g in g  from 8 .5 $  to  46$. A number of t r a c e  

e lem en ts , d is c u sse d  in  th e  fo llo w in g  c h a p te r ,  a ls o  r e f l e c t  th e se  

d i f f e r e n c e s ;  e .g .  th e  K/Rb r a t i o s  o f th e se  sm all p e g m a tite s  show 

a  co n c o m itta n t in c re a s e  from 196 to  317 r e s p e c t iv e ly .

A lso  p lo t te d  in  F ig . 41, p la g io c la s e s  177 and 178 from 

th e  d io r i te - g a b b r o  in t r u s io n  a re  r e a d i ly  d is t in g u is h e d  by t h e i r  much 

h ig h e r  An c o n te n t from  th e  g r a n i t e - p la g io c la s e s  106 and 137*

BARTH (1956) used th e  d i s t r i b u t i o n  c o e f f i c i e n t :

mol f r a c t i o n  o f a l b i t e  in  a l k a l i  f e ld s p a r
k ~

mol f r a c t io n  o f a l b i t e  in  p la g io c la s e  

as a  tw o -fe ld s p a r  geotherm om eter f o r  g r a n i t e s  and g n e is s e s .  The 

e s ta b l i s h e d  curve r e l a t i n g  K to  te m p era tu re  was reg a rd ed  by B arth  

as an "average"  s in c e  k does not depend e n t i r e l y  on te m p e ra tu re , 

b u t to  some e x te n t on p r e s s u re ,  b u lk  co m p o sitio n  o f th e  ro ck s  and 

p o s s ib ly  o th e r  f a c to r s  as w ell (BARTH, 1961; WINKLER, 1961;

DIETRICH, 1961).

The c a lc u la te d  te m p e ra tu re s  o f  fo rm a tio n  o f th e  Cape G ra n ite  

f e ld s p a r s ,  based on B a r th ’ s "1956 v a lu e s  f o r  th e  f e ld s p a r  c r y s t a l l i z a ­

t io n  te m p e ra tu re s"  a re  l i s t e d  in  Table 25» The K -fe ld s p a r  d e te rm in a ­

t io n s  a re  a l l  chem ical (T ab le  2 2 ); th e  p la g io c la s e  co m p o sitio n s  

shown a re  from o p t i c a l  ( u n iv e r s a l  s t a g e ) ,  chem ical (T able 24) and

modal (T ab le  21) d a ta .
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I t  i s  ap p a re n t t h a t  th e  te m p e ra tu re s  o b ta in ed  a re  r a t h e r  

v a r ia b le  and low er th a n  would be expected  fo r  "magmatic” g r a n i t e s .

A number o f  f a c to r s  may be p e r t i n e n t :

1. I f  th e  K -fe ld sp a r  p h e n o c ry s ts  a re  o f l a t e  o r ig in ,  as su g g es ted  

by WALKER and MATHIAS (1946) f o r  th e  Cape P e n in su la  G ra n ite , th e  

c a lc u la te d  d i s t r i b u t i o n  r a t i o s  would o b v io u s ly  be q u i te  m e a n in g le ss . 

However, t h i s  s u g g e s tio n  was c r i t i c i s e d  by a  number o f w orkers  and 

th e  t r a c e  elem ent d a ta  d is c u s se d  below a ls o  in d ic a te s  th a t  th e  K- 

f e ld s p a r s  were a t  l e a s t  in  approx im ate  chem ical e q u ilib r iu m  w ith  

o th e r  p h a se s . T his makes t h e i r  l a t e  o r ig in  u n l ik e ly .  The an a ly se d  

p e r t h i t i c  m ic ro c lin e s  a re  c o n s id e re d  to  have formed by e x s o lu t io n  

from o r ig i n a l l y  homogeneous a l k a l i  f e ld s p a r s ,  b u t i t  i s  q u i t e  f e a s ib l e  

th a t  h y d ro th erm al a c t i v i t y  a t  th e  c lo se  o f  th e  "m agm atic” s ta g e  

caaised v a ry in g  d eg rees  o f  e lem en t m ig ra tio n  and re a rra n g e m e n t, 

e s p e c ia l ly  o f th e  a l k a l i s .

2 . A part from  th e  d i f f i c u l t i e s  o f  a c c u ra te ly  e s t im a tin g  t h e i r  com­

p o s i t io n ,  th e  u s u a l ly  s l i g h t l y  zo n a l n a tu re  o f th e  p la g io c la s e s  

a ls o  a t t e s t s  to  g ra d u a l ly  chang ing  chem ical e q u i l i b r i a  w ith  tim e ;

and i t  i s  n o t known a t  what p r e c i s e  s ta g e  th e  K -fe ld sp a rs  c r y s t a l l i z e d .

3. As m entioned in  th e  d e s c r ip t io n  o f sam ple p r e p a ra t io n  (A ppend ix ), 

i t  i s  p o s s ib le  t h a t  d u rin g  s e p a r a t io n  of some K -fe ld s p a r  p e r t h i t e s  

s l i g h t  f r a c t i o n a t io n  may have occu rred  w ith  consequen t u n d e re s tim a ­

t io n  o f t h e i r  Ab c o n te n ts .  T h is  would r e s u l t  in  anom alously  low

c a lc u la te d  te m p e ra tu re s .
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4. As stressed by DIETRICH (1961) the temperature recorded only 
reflects the most recent lowest temperature at which equilibrium 

existed between the feldspar phases. The observed deformation of 

some of the granites as well as the isotopic age data presented 

suggest post-granite metamorphic activity. This could well have 

caused further departure from an original equilibrium, especially 

in the areas most strongly affected. It is probably significant 

that the lowest temperatures obtained are for the obviously most 

strongly deformed granites. Thus Sample 123 (570°) represents a 
highly sheared Darling Granite in which K-feldspars probably re­

crystallized. Sample 132 (49°°) is from a "gneissic” part of the 
Saldanha Pluton, and all three calculated temperatures from the 

overall strongly deformed George Granite are also apparently 

anomalously low, i.e. Samples 135 (450°), 142 (400°), 143 (49° )• 

The observed obliquities of the K-feldspa.rs, discussed in th^next 

section, also show a concomit/ant sudden increase for these 

deformed samples.

Keeping the stated uncertainties in mind, the average 

calculated temperatures of 580° for all normal coarse Cape Granites 

(excluding the five samples mentioned) and the somewhat lower 520 
for the fine-grained facies may be compared with 550° obtained by 
BARTH (1956) for the diapire granites of the Southern Norwegian 
Precambrian and 65O and 580 used by him for the coarse and fine 

granites of the S. California Bathylith. It may be noted that the
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average  o f  th e  fo u r  sam ples o f f in e r - g r a in e d  " c h i l l e d ” Younger S aldanha 

G ra n ite s  (158 , 159? 163 and 166) i s  r a th e r  h ig h e r  a t  abou t 660°, v e ry  

c lo se  to  a  l i k e l y  magmatic te m p e ra tu re . I n  t h i s  co n n ec tio n  DIETRICH 

( 1961, p . 16) s t a t e d ,  th a t  " . . . . p r o b a b l y  th e  therm om eter i s  b e s t  f o r  

ro ck s  formed as th e  r e s u l t  o f r e l a t i v e l y  r a p id  co o lin g  o f a magma — ~ 

th e  te m p era tu re  reco rd ed  would be e s s e n t i a l l y  th a t  o f  c o n s o l id a t io n " .  

The a p p a re n tly  a ls o  low te m p e ra tu re  o f 49^° f o r  th e  con tam ina ted  

D a r lin g  G ra n ite  (Sample 174) and 540° f o r  th e  C li f to n  X e n o lith  

(Samiple 175) may be a f f e c te d  a t  l e a s t  p a r t l y  by th e  s t r o n g ly  d i f f e r ­

ing  b u lk  com position  o f th e s e  ro c k s . But th e  p e g m a tit ic  s e g re g a t io n  

in  th e  norm al co a rse  g r a n i t e  (Sample 171> 5^0°) and e s p e c i a l l y  th e  

p e g m a tit ic  v e in  (Sample 169? 390°) p ro b a b ly  r e f l e c t  l a t e - s t a g e  

hyd ro th erm al a c t i v i t y .

I t  i s  concluded  th a t  th e  reco rd ed  te m p era tu re  o b ta in e d  fo r  

th e  more q u ic k ly  coo led  Younger Saldanha. G ra n ite s  may approx im ate  

t h e i r  a c tu a l  te m p e ra tu re  o f c r y s t a l l i z a t i o n .  But th e  low er and 

v a r ia b le  te m p era tu re s  shown by most o f th e  norm al Cape G ra n ite s  

p ro b ab ly  in d ic a te  v a ry in g  d eg rees  o f l a t e - s t a g e  h y d ro th erm al 

a c t i v i t y  a n d /o r  p o s t - g r a n i t i c  metamorphism , even i f  th e se  g r a n i t e s  

were no t r e a l l y  co m p le te ly  "magmatic" b u t p a r t l y  d i a p i r i c  in  th e  

sen se  used by B a rth .

(b) K -fe ld so a r  o b l i c u i t v :  The s t r u c t u r a l  s t a t e  o f K - fe ld s p a rs

may a ls o  throw  l i g h t  on th e  p e tro g e n e s is  o f t h e i r  c o n ta in in g  ro c k s . 

R ecent work has shown th a t  m on o c lin ic  s a n id in e ,  formed a t  h ig h
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temperature, has Si and A1 atoms completely randomly distributed 

over their lattice positions, while the low temperature, triclinic 

microcline structure exhibits the highest degree of Al/Si order. 

"Orthoclase" shows intermediate degrees of Al/Si order forming a 

continuous sequence of intermediate states (GOLDSMITH and LAVES,

1954b; LAVES and GOLDSMITH, 1961). Rather than truly monoclinic 

it is only "pseudomonoclinic" also because of the smaller size of 

its crystal domains, which themselves vary in size and triclinicity 

(order) even within a "single” crystal. As these units become very 

small, even although each may be highly ordered, the triclinicity 

is affected by their mutual stress-strain relations; so that such 

material may be monoclinic optically, and even appear monoclinic on 

X-ray patterns.
Microcline has been transformed into sanidine by dry-heat 

treatment slightly above 1000°C, and by hydrothermal treatment as 

low as 525° (GOLDSMITH and LAVES, 1954a). The reverse process has 

not been achieved in the laboratory, but HEIER (1957) concluded 

that the "orthoclase"- microcline transition takes place in nature 

at about 500°, very close to the conventional granulite-amphibolite 
facies transition.

GOLDSMITH and LAVES (1954a) used the difference in spacing 

of the (131) and (151) lines as a measure of triclinicity (obliquity) 
according to the equation

Obliquity, A  = 12-5 (d(1^ )  ” d(l3l)^
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The o b l i q u i t i e s  o f a  number o f  K - fe ld s p a r s ,  determ ined  as  d e s c r ib e d  

in  th e  A ppendix, a re  l i s t e d  in  T able 25 and p lo t te d  a g a in s t  t h e i r  

" te m p e ra tu re  o f fo rm atio n "  in  F ig . 42. The m a jo r i ty  o f K -fe ld s p a rs  

in v e s t ig a te d  show low to  in te rm e d ia te  A -v a lu e s  ( . 2  -  . 55)> b u t a 

few approach  th e  h ig h ly  o rd ered  t r i c l i n i c  s t a t e .  In  s p i t e  o f f a i r  

s c a t t e r  th e  l a t t e r  a l s o  show th e  lo w es t te m p e ra tu re s  and an in v e rs e  

r e l a t i o n  i s  a p p a re n t betw een A and te m p e ra tu re .

S ince  th e  m ic ro c lin e s  show " g r id "  tw in n in g  they  may be 

assumed to  have c r y s t a l l i z e d  o r i g i n a l l y  in  th e  m o n o c lin ic  form  

(LAVES, 1950). However, as f o r  th e  te m p era tu re  o f fo rm a tio n , th e  

observed  A - v a lu e s  w i l l  n o t n e c e s s a r i ly  r e f l e c t  th e  c o n d itio n s  u n d er 

w hich th e  g r a n i t e s  form ed, i f  a l t e r e d  by l a t e r  p ro c e s s e s .  Thus 

HEIER (1957) e x p la in e d  th e  v a ry in g  in c re a s in g  t r i c l i n i c i t i e s  o f 

o r ig i n a l l y  m ono c lin ic  f e ld s p a r s  from  p o s to ro g e n ic  g r a n i t e s  and
aJ

p e g m a tite s  on Langy, Norway, by th e  a c t io n  o f post-m agm atic  

h yd ro therm al s o lu t io n s .  And DIETRICH ( 1962) b e l ie v e d  th a t  th e  

observed  in c re a s e  in  K -fe ld sp a ,r A -v a lu e s  ( .05  to  . 50 ) w ith  in c r e a s ­

ing  d i f f e r e n t i a t i o n  o f th e  B oulder B a th y l i th  G ra n ite s  i s  due n o t 

o n ly  to  low ering  o f  te m p e ra tu re  o f  c o n s o l id a t io n  b u t p o s s ib ly  a ls o  

to  in c re a s e  o f v o l a t i l e  c o n te n t .

I t  i s  n o tew o rth y  t h a t ,  w ith  th e  e x c e p tio n  o f th e  p e g m a tite  

v e in  (Sample 169» p resum ably  c r y s t a l l i z e d  a t  low er te m p e ra tu re  and 

w ith  h igh  v o l a t i l e  p r e s s u r e ) ,  a l l  o th e r  observed  h ig h  A - v a lu e s  

(Sam ples 125, 1q2, 134 and 135) a re  from  K -fe ld sp a rs  o f  v i s i b l y  

deform ed g r a n i t e s ,  w hich a ls o  in d ic a te d  abnorm ally  low te m p e ra tu re s .
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The trialinicity under equilibrium conditions is not only 

influenced by the degree of Al/Si disorder as a function of tempera­

ture, but also by the Na content in solid solution. GOLDSMITH and 

LAVES (1961) observed that highly triclinic microclines have exsolved 

virtually all their Ab and retain 5ai° or less Ab in solid solution. 
Although the amount of Ab in actual solid solution is not known for 

the microcline perthites here studied, Fig. /f3 demonstrates the 

inverse relation between A  and total Ab of the feldspars. The high-A, 

low temperature feldspars contain distinctly less Ab.

It therefore seems likely that postmagmatic hydrothermal 

solutions and/or deformation during a later metamorphic event 

caused some Na redistribution between the K-feldspar and plagioclase 

of the granites from some areas (e.g. George) resulting both in 

anomalously low 11 temperatures of formation" and in high obliquity 

values of their K-feldspars. Whether small amounts of Na were lost 

completely from these rocks cannot be decided, but their total Na 

content, compared with the other granites, is not significantly 

lower. The bulk of the south-western Cape Granites probably were 

affected much less. The general low-intermediate obliquities of 

their K-feldspars fall rather neatly into the intermediate A  -value 

"gap" (.3 to .65) discussed by DIETRICH (1961, 1962). A rather mild 

metamorphism was also indicated for the Peninsula Granite by the

Rb-Sr and K-Ar data.
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III. GEOCHEMISTRY ÜF THE ELEMENTS.

CHAPTER 9.

This chapter deals with the observed geochemical behaviour 

of the individual elements in both the Snowy Mountains granites and 

Cape Granites, as well as the analysed minerals from the latter. 

Elements are discussed in the general order of decreasing ionic radii, 

except that the major elements in each size range are treated first, 

followed by the trace elements which substitute for them.

9-1. Potassium.

Among major elements, K, together with Si and perhaps Mg, 

is a most useful guide in a comparison of granite types, and in 

special cases may even suggest modes of origin. Thus, the relatively 

high K concentration of the Snowy gneisses (3*5$) coupled with 

unusually low Na (K/Na = 3.0) and high ferro-magnesian concentration 

is indicative of a direct origin from a shale-rich sediment 

(Chapter 4-1)•

Plots of K^O versus SiO^ are shown in Fig. 17* The Snowy 

granodiorites, which form the bulk of the Snowy Mountains granites, 

are rather variable but average only 2.6jfo K. They are regarded as 

representing a variable but essentially undifferentiated mixture of 

typical geosynclinal sediments and thus contrast strongly with the 

differentiated Snowy leucogranites (K = 3*9ft) and the "high-level"

Cape Granite (K = 4*2$). Among the latter a clear trend of increasing
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differentiation with decreasing grain-size is noted for some other

major and trace elements; but K shows no clear systematic increase.

No marked increase in K, however, would be expected for granites

which already approach the ternary minimum in the system

S i() -NaAlS iO .-K?1S iO ..2 4 4
The Younger Saldanha Granites (Samples 16J, 166, 167,

Table 18) show the highest K concentration of about 4«5$* Xenoliths 

175 and 176 with very high modal mica and low quartz have 6$ and 4«9$ K 
respectively, but the biotite-rich "contaminated” Darling Granite 

(Sample 174) has only 2.8$ since K-feldspar is very low. This 

illustrates the difficulty of relating small inclusions of diverse 

sedimentary origin, undoubtedly substantially altered by hydro- 

thermal diffusion especially of the alkalis, to any sedimentary 

source rock which may have contaminated portions of the granite magma 

to varying degrees.

The K content of granites is of special interest for the 

establishment of a crustal average in connection with heat flow 

calculations. TAYLOR (1964) used VINOGRADOV’s (1962) average of 

3.34$ to calculate a crustal average of 2.09$ K (granitesbasalt,

1s1)• But this figure may be somewhat high if the bulk of the 

granitic rocks of the crust are "granodiorites" rather than "true 

granites". TUREKIAN and WEDEPOHL’s (1961) estimate of 2.52$ K 

for high-Ca granitic rocks (granodiorites) and 4*2$ for low-Ca 

granites is almost identical with the average Snowy granodiorite

and Cape Granite respectively. Undoubtedly the less abundant but
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p e t r o lo g ic a l ly  ’’more i n t e r e s t in g "  low-Ca g r a n i t e s  have been c o n s i s t e n t ly  

oversam pled .

4 -2 . Rubidium .

1 +Rb forms th e  now w e ll known c lo se  geochem ical a s s o c ia t io n  

w ith  K due to  c lo s e ly  s im i la r  chem ica l c h a r a c te r .  (T able 26 l i s t s  

io n ic  r a d i i ,  io n iz a t io n  p o te n t i a l s  and e l e c t r o n e g a t i v i t i e s ) .  The 

tendency  f o r  Rb to  become e n ric h e d  r e l a t i v e  to  K u nder p ro c e s se s  o f 

extrem e d i f f e r e n t i a t i o n  i s  u s u a l ly  a s c r ib e d  to  th e  10 / l a r g e r  io n ic  

r a d iu s .  The K/Rb r a t i o  i s  th e r e f o r e  a  good in d i c a to r  of such  d i f f e r ­

e n t i a t i o n  p ro c e s se s  and has been  used as such in  a number o f p re v io u s  

s tu d ie s .  (F or th e  l a t e s t  re v ie w s , see  AHRENS, 19655 HEIER and ADAMS, 

1965; TAYLOR, 1965).

A p lo t  o f  K v e rsu s  Rb f o r  th e  Snowy ^ o ck s, shown in  F ig . 15» 

has been d isc u sse d  in  C hapter 4* The c o n c lu s io n  was reached  t h a t  th e  

com position  of th e  b u lk  o f th e  g r a n i t i c  ro c k s , g r a n o d io r i te s  

(K/Rb av . 217) and g n e is s e s  (K/Rb av . 205) r e f l e c t s  th a t  o f t h e i r  

sed im en ta ry  so u rce  ro c k s ; w h ile  th e  le u c o g ra n i te s  showing K/Rb r a t i o s  

v a ry in g  from 55 to  150 , av . 100, had formed from  a  magma th a t  had 

undergone v a ry in g  s tro n g  d eg ree s  o f d i f f e r e n t i a t i o n .

A number o f p o in ts  emerge from a s im i la r  K/Rb p lo t  f o r  th e  

Cape G ra n ite s ,  shown in  F ig , 44» (T able 19 l i s t s  c a lc u la te d  e lem en t 

r a t i o s  from t o t a l  ro ck  d a ta  o f Table 18).

( 1) The bu lk  o f th e  Cape G ra n i te s ,  formed by th e  c o a rs e ly  p o r p h y r i t i c  

co re s  of th e  p lu to n s ,  show a s l i g h t  bu t d e f i n i t e  en richm en t o f  Rb

r e l a t i v e  to  K, w ith  an av erag e  K/Rb r a t i o  o f 160; t h i s  su g g e s ts  t h a t
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th e  Cape G ra n ite  P lu to n s  formed a f t e r  some d i s t i n c t  p ro c e ss  o f  

d i f f  e r e n t i a t i o n .

( 2 ) The g r a d a t io n a l  m edium -grained g r a n i te s  o f th e  hood f a c ie s  

show r a th e r  v a r ia b le  K/Rb r a t i o s  a v e ra g in g  163, b u t th e  f i n e s t -  

g ra in e d  b o rd e r  f a c ie s  g r a n i t e s  have a low er K/Rb r a t i o  (av . 137) 

and a re  reg a rd ed  as even more s tro n g ly  f r a c t io n a t e d .  The lo w es t 

K/Rb r a t i o  o b ta in e d  was from  th e  D arlin g  M ic ro g ra n ite  (Sample 151» 

K/Rb = 9 8 ) .

( 3) Too few sam ples a re  a v a i la b le  to  f irm ly  d e l in e a te  d eg rees  of 

d i f f e r e n t i a t i o n  betw een th e  d i f f e r e n t  p lu to n s ,  b u t th e  George G ra n ite  

in 't ie  e a s t  (Sam ples 135» 142, IA3) shows s l i g h t l y  h ig h e r  K/Rb r a t i o s  

av e ra g in g  190.

( 4 ) The younger in t r u s i v e  g r a n i t e s  (Sam ples 163, 166, 167) from  th e  

H oed jies  Bay C o n ta c t, S a ld a n h a , in  s p i t e  o f ex tre m ely  h igh  K and S i ,  

a ls o  show u n e x p e c te d ly  "norm al" K/Rb r a t i o s  of about 200.

( 5 ) The "co n tam in a ted "  D a r lin g  G ra n ite  (Sample 174) shows a  s l i g h t l y  

h ig h e r  K/Rb r a t i o  o f  196, in  s p i t e  o f  the  f a c t  t h a t  i t  c o n ta in s  over 

20c!o modal m ica (T ab le  21 ) .  This i s  c o n s is te n t  w ith  an o r ig in  by 

co n tam in a tio n  o f norm al Cape G ra n ite  magma w ith  in tru d e d  M almesbury 

sed im e n ts . A lthough no d a ta  on th e  sed im en ts  in  t h a t  a re a  a re  as 

y e t  a v a i la b le ,  p re l im in a ry  r e s u l t s  by ERLANK ( 1965) on th e  M almesbury 

in  th e  Cape P e n in s u la  r e g io n  in d ic a te  a  "norm al" K/Rb r a t i o  o f abou t 

210 (T able 7» no. 5)»

(6) The b i o t i t e - r i c h  x e n o l i th s  175 and 176 from th e  P e n in su la

G ra n ite , on th e  o th e r  hand , a lth o u g h  presum ably  a ls o  of sed im en ta ry
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o r ig in ,  a re  s l i g h t l y  e n ric h e d  in  a l k a l i s  w ith  K/Rb r a t i o s  o f 137 

and 117 r e s p e c t iv e ly .  This i s  in t e r p r e te d  as due to  some d i f f u s io n  

o f  Rb in to  th e se  r e l a t i v e l y  sm all b o d ie s . A s im i la r  b u t even more 

marked en richm ent o f t r a c e  a l k a l i  m e ta ls  was noted by BOWLER (1959) 

f o r  th e  c o n ta c t  a u re o le s  and e s p e c ia l ly  th e  sm all x e n o l i th s  in  

g r a n i t e s  from  s o u th -w e s te rn  E ngland .

S im ila r  K/Rb r a t i o s  fo r  K -fe ld s p a rs  s e p a ra te d  from  th e  

d i f f e r e n t  g r a n i te s  a re  shown in  F ig . 45 > w hile  th e  fo llo w in g  two 

f ig u r e s  show p lo t s  o f a l l  c o e x is t in g  m in e ra ls  a n a ly se d . In  th e  

norm al, c o a r s e ly  p o r p h y r i t i c  g r a n i te  th e  K/Rb r a t i o  can be seen  

to  in c re a s e  in  th e  o rd e r :  b i o t i t e  < c h l o r i t e  < t o t a l  ro ck <  m uscovite

( s e r i c i t e ) <  K -fe ld s p a r  -  p la g io c la s e .  Rb o b v io u sly  e n te r s  th e  

l a r g e r ,  12 c o o rd in a te d  K s i t e  o f  th e  m ica s t r u c tu r e  in  p re fe re n c e  

to  th e  8-10  c o o rd in a te d  K s i t e  o f f e ld s p a r s .

F ig . 45 shows th a t  th e  th re e  main g r a n i te  ty p e s  a re  more 

r e a d i ly  d is t in g u is h e d  by th e  K/Rb r a t i o s  o f t h e i r  K - fe ld s p a rs  than  

by s im i la r  t o t a l  ro ck  d a ta .  Thus, th e  av erag e  K/Rb r a t i o  o f th e  

K -fe ld s p a rs  d e c re a se s  from  abou t 265 f o r  th e  c o a rse  g r a n i t e s  to  

214 f o r  th e  m edium -grained to  172 f o r  th e  f in e - g r a in e d ,  most 

d i f f e r e n t i a t e d  g r a n i t e s .  But i t  i s  shown below th a t  t h i s  d e c re a se  

i s  due no t on ly  to  th e  r e a l  d e c re a se  in  th e  K/Rb r a t i o  o f th e  more 

d i f f e r e n t i a t e d  magma, b u t a l s o  to  th e  ap p ro x im a te ly  6 - fo ld  d e c re a se

in  m ica c o n te n t.
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A d i f f e r e n t  s i t u a t i o n  i s  shown, how ever, by th e  sm all 

K -fe ld s p a r  p h e n o c ry s ts  from th e  Younger S aldanha G ra n ite s  n e a re s t  

th e  H o ed jies  Bay C o n tac t (F ig . 48, Samples 165» 164, 165, 166).

These c h i l l e d  g r a n i t e s  c o n ta in  v e ry  l i t t l e  b i o t i t e  b u t have a  

c r y p to c r y s ta l l in e  o r  g la s s y  m a tr ix . The average K/Rb r a t i o  o f 

th e se  fo u r  K -fe ld sp a rs  i s  as h ig h  as 560 compared w ith  about 200 

fo r  t h e i r  t o t a l  ro c k s .  This may be due to  th e  p r e f e r e n t i a l  e x c lu s io n  

o f Rb from th e  r e l a t i v e l y  few and sm a ll, e a r ly  formed K - fe ld s p a r s ;  

subsequen t ra p id  c h i l l i n g  a t  th e  c o n ta c t p re v e n te d  a tta in m e n t o f 

e q u ilib r iu m  and Rb was p r e f e r e n t i a l l y  c o n c e n tra te d  in  th e  g la s s y  

m a tr ix . On th e  o th e r  hand, th e  la rg e  K - fe ld s p a r  p h en o cry s t 175 

from  the  m ig m atite  zone , Sea P o in t ( e .g .  F ig . 55) ,  and e s p e c ia l ly  

K -fe ld sp a r  174 from  th e  con tam ina ted  D a rlin g  G ra n ite  show h ig h  K/Rb 

r a t i o s  due m ain ly  to  th e  la rg e  amount o f c o e x is t in g  b i o t i t e ,  which 

in c o rp o ra te s  Rb p r e f e r e n t i a l l y .  The K -fe ld s p a rs  from th e  r e l a t i v e l y  

sm all p e g m a tit ic  b o d ie s  in  th e  P e n in su la  G ra n ite  (Samples 169, 17^, 

171) show K/Rb r a t i o s  s im i la r  to  th e  f e ld s p a r s  from the  f in e r - g r a in e d  

g r a n i t e ;  t h i s  in d ic a te s  th a t  th e y  were n o t formed from a l a t e r ,  

even more h ig h ly  f r a c t io n a te d  r e s t - l i q u i d .

W ith in  th e  l i m i t s  of a n a l y t i c a l  u n c e r ta in ty  th e  K/Rb r a t i o s  

o f g r a n i te  p la g io c la s e s  106 and 157 (Fig* 46) a re  th e  same as t h e i r  

c o e x is t in g  K - fe ld s p a r s .

A nalysed b i o t i t e s  from  the  norm al c o a rse  g r a n i te s  show an 

average  o f abou t 1000 p .p .m . Rb and a  K/Rb r a t i o  o f  abou t 'JO
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(F ig . 4 6 ). A s l i g h t  d e c re a se  in  K/Rb r a t i o  i s  a g a in  in d ic a te d  fo r  

b i o t i t e s  from th e  more d i f f e r e n t i a t e d  f in e r - g r a in e d  g r a n i t e s .  Thus, 

b i o t i t e  149 shoy/s a K/Rb r a t i o  o f on ly  52. But th e  b i o t i t e s  from 

th e  "con tam in a ted "  g r a n i t e s  173 snd 174 and th e  C l i f to n  X e n o lith  

175 c o n ta in  le s s  th a n  norm al Rb and h ig h e r  K/Rb r a t i o s  o f  abou t 100; 

no doubt due to  th e  u n u s u a lly  h ig h  b i o t i t e  c o n te n t o f th e se  ro c k s . 

B io t i t e s  from  th e  C l i f to n  X e n o lith  (F ig . 33) a re  a ls o  in  o th e r  

r e s p e c ts  d i s s im i la r  enough from th e  b i o t i t e s  o f th e  e n c lo s in g  norm al 

P e n in s u la  G ra n ite  ( e .g .  Samples 117 and 118) to  r u le  ou t an o r ig in  

o f t h i s  body from sim p le  accu m u la tio n  o f g r a n i te  b i o t i t e s .

B io t i t e s  from  th e  d io r i te -g a b b ro s  c o n ta in  l e s s  Rb (520 p .p .m .)  

and h ig h e r  K/Rb r a t i o s  th a n  any g r a n i t e  b i o t i t e s  exam ined. A lthough 

th e  tre„ce a l k a l i s  a re  p ro b ab ly  l e s s  r e l i a b l e  as in d ic a to r s  o f  o r ig in  

th a n  some o th e r  t r a c e  e le m e n ts , due to  t h e i r  h ig h  m o b i l i ty ,  such 

s tro n g ly  v a ry in g  le v e l s  o f t r a c e  e lem en ts  can be o f  u se  in  d e c id in g  

on th e  o r ig in  o f c l a s t i c  micas d e r iv e d  from such d i f f e r e n t  ro ck  ty p e s .

The b i o t i t e s  used in  t h i s  s tu d y  were c lean ed  where n e c e s sa ry  

from  any tr a c e s  o f c h l o r i t i c  a l t e r a t i o n  p ro d u c t. A c h l o r i t e  concen­

t r a t e  from  one no rm al, c o a rse  g r a n i te  (Sample 106, F ig . 47) was 

an a ly sed  as w e ll .  I t  was e s tim a ted  s t i l l  to  c o n ta in  15- 20 &̂ brown 

" b i o t i t e "  as com posite f la k e s .  The K c o n c e n tra t io n  o f 1 .48$  shows 

th a t  th e  m a te r ia l  has  l o s t  most o f  t h i s  e lem en t, b u t a  h ig h e r  K/Rb 

r a t i o  o f 118 compared w ith  77 of th e  c o e x is t in g  b i o t i t e  shows c l e a r l y  

th a t  Rb was l o s t  p r e f e r e n t i a l l y  d u rin g  th e  a l t e r a t i o n  p ro c e s s .
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Fig. 47 also shows the relatively high K/Rb ratio of 200 

for the muscovite (sericite) in the normal coarse granite. This 

supports the idea that these small flakes are not of primary origin 

but are replacement products mainly of the feldspars. In the fine­

grained granite, however, (Sample 147) which contains only traces 

of biotite, the muscovite contains 1̂ -00 p.p.m. Rb with a K/Rb ratio 

of 61, and is considered mainly primary. But in the small pegmatite, 

Sample 171, Rb entered the biotite (970 p.p.m., K/Rb=69) slightly 

more readily than the coexisting primary muscovite (9OO p.p.m., 

K/Rb=96).

The Rb data for K-feldspars and micas suggested a mutual 

dependence on the modal composition of the granites. Therefore, 

in Fig. 49 the K/Rb ratios of K-feldspars from all normal granites, 

for which modal data was available, were plotted as a function of 

the biotite content of the rocks. Clearly, the K/Rb ratios of 

K-feldspars decreases significantly with decreasing biotite content 

of their host rocks. That only part of this decrease in K/Rb ratio 

is due to a concomittant decrease in the original magma from which 

the feldspars crystallised is shown by the smaller slope of AB, 

the average differentiation curve of the total rocks, plotted on 

the same scale. Neglecting the relatively much less important 

modal variations of other minerals and of K-feldsps.r itself, the 

difference in slope of the two trendlines in Fig. 49 therefore is 

a measure of the changing K/Rb ratio of the K-feldspars due to

varying biotite content alone. This effect can only be explained



if Rb distributed itself between the two phases, K-feldspar and 

biotite, at least approximately according to the distribution law.

This is further suggested by the fact that the ratio

varies about an average of about 3*8 for all 

rocks, for which the appropriate data were available.

A few points arise:

(1) The relative constancy of the Rb distribution between K-feldspar 

and biotite may indicate insensitivity of the equilibrium to changes 

in temperature and pressure. On the other hand, the granites studied 

probably crystallized under rather similar physical conditions.

BARTH (1961a) found that the ratio of the distribution of Rb (as 

also Li, Cu and Pb) between K-feldspar and plagioclase was not 

related to temperature. But plagioclase in granitic rocks contains 

only a very small proportion of the Rb present and K-feldspar and 

mica, although structurally different, have more comparable Rb 

levels and may be a more suitable pair for future investigation.

(2) It is obvious that quite generally trace element studies on 

only one mineral species in a rock mass must be interpreted with 

great caution since the distribution may be strongly affected by 

systematic modal variations.

(3) WALKER and MATHIAS (1946) suggested that the K-feldspars of the 

migmatite zone, Sea Point, in xenoliths, and in the Peninsula Granite 

itself were formed by a general late-stage potash enrichment.

However, this cannot be true unless this event resulted in conditions

K/Rb in K-feldspar 
K/Rb in biotite
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e n a b lin g  Hb to  come to  approx im ate  chem ical e q u ilib r iu m  betw een 

K -fe ld s p a r s  and b i o t i t e s .  N e ith e r  m in e ra l could  have been sim ply  

added su b se q u en t to  c r y s t a l l i z a t i o n  o f th e  g r a n i t e .

A s m a l l - s c a le  example i s  dem onstra ted  in  P ig . 50 which 

shows p lo t s  o f th e  K/Rb r a t i o s  o f two sam ples (117 and 118) o f 

norm al P e n in s u la  G ra n ite ,  c o e x is t in g  b i o t i t e s  and K -fe ld s p a rs  a t  

in d ic a te d  d is ta n c e s  from  Sample 175 o f th e  d a rk , b i o t i t e - r i c h  band 

o f th e  C l i f to n  X e n o lith  (F ig . 33)* These sam ples c o n ta in  9*3$»

12. 8$  and 37*1$  b i o t i t e  r e s p e c t iv e ly ,  and th e  sy m p ath e tic  in c re a s e  

o f th e  K/Rb r a t i o s  o f  K -fe ld s p a rs  and b i o t i t e s  in d ic a te s  approxim a­

t io n  to  chem ica l e q u i l ib r iu m .

A s im i la r  p a t t e r n  i s  shown a t  th e  Sea P o in t C on tac t 

(F ig s .  28 and 38)« Both th e  m ic ro c lin e  p o rp h y ro b la s t , Sample 173» 

in  th e  b i o t i t e - r i c h  m ig m atite  zone ( e .g .  F ig . 35) and th e  su rro u n d in g  

b i o t i t e  f l a k e s  have d i s t i n c t l y  h ig h e r  K/Rb r a t i o s  th a n  observed  fo r  

th e se  m in e ra ls  i n  th e  o th e r  g r a n i te  sam ples c o n ta in in g  much le s s  

b i o t i t e .  I t  a g a in  ap p ea rs  th a t  t h i s  la rg e  K -fe ld s p a r  d id  n o t form  

by a  l a t e r ,  s im p ly  m echan ica l a d d i t io n  o f  a l k a l i s ,  b u t c r y s t a l l i z e d  

in  ap p ro x im ate  chem ical e q u ilib r iu m  w ith  th e  b i o t i t e ,  p resum ably  

as p a r t  o f  th e  main g r a n i t e  in t r u s io n ,  w hich r e s u l t e d  in  f r e e  

io n ic  m o b i l i ty  betw een th e  f e ld s p a r  and th e  r e c r y s t a l l i z i n g  b i o t i t e  

d e r iv e d  from  th e  m e ta -se d im e n ts .

The dependence o f th e  K/Rb r a t i o  o f K -fe ld sp a rs  on th e  

b i o t i t e  c o n te n t i s  a l s o  w e ll i l l u s t r a t e d  by th e  S aldanha G ra n ite
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total rock analyses from the Slippers Bay Contact (McIVER, 1957) 

which show only small variations in K/Rb ratio. Towards the con­

tact, the K/Rb ratio of the K-feldspars shoves a sharp decrease in 

close sympathy with the sharply decreasing biotite content of the 

granites.

9-3. Cesium.
1 +Cs has an even lower ionization potential and electro­

negativity than Rb (Table 26), but the more ionic character of the 

Cs-0 bond is overshadowed by the much larger ionic radius of 1.67 A. 

It is accordingly excluded from early formed K-minerals and is even 

more strongly concentrated than Rb at later stages of fractionation.

The most recent estimate by HEIER and ADAMS (1965) gives 

an average Cs content of 3 p.p.m. (K/Cs = 7500) for granodiorites 

and about 7 p.p.m. for granites (K/Cs = 5000). The Cs concentration 

of the granitic rocks here investigated ranges from 2.6 p.p.m. to 

27 p.p.m.

A plot of the Rb-Cs relationship for the Snowy granites 

is shown in Fig. 51« The granodiorites and gneisses average 4*8 

p.p.m. Cs (k/Cs=5500) and show a fairly constant Rb/Cs ratio of 

about 28. This is consistent with their proposed origin from 

essentially undifferentiated sedimentary material. By contrast, 

the strongly differentiated leucogranites (Cs averages 12 p.p.m., and 

K/Cs=3200) show a higher but far more variable Cs concentration, 

and the steeper line of Fig. 51 indicates a range of Rb/Cs ratios
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from  about 70 to  25» This cou ld  be in te r p r e te d  as s o le ly  due to  

s tro n g  magmatic c r y s t a l  f r a c t i o n a t io n ,  bu t th e  s u r p r i s in g ly  low 

Cs c o n c e n tra tio n  r e l a t i v e  to  Rb o f some le u c o g ra n i te s  i s  a s c r ib e d  

to  v a r ia b le  lo s s  o f  t h i s  h ig h ly  m obile a l k a l i  e lem en t.

A somewhat s im i la r  p a t t e r n  emerges from  th e  Rb-Cs p lo t  

f o r  th e  Cape G ra n ite s  (R ig . 5 2 ) . The h ig h  Cs av erag e  o f 12 p .p .m . 

(k/C s =3300) fo r  th e  norm al, c o a rse  g r a n i te s  su g g e s ts  th a t  th e  Cape 

G ra n ite s  g e n e ra l ly  formed as a  r e s u l t  o f a f r a c t i o n a t io n  p ro c e s s .  

P re lim in a ry  r e s u l t s  by ERLAHK (19^5) in d ic a te  an av erag e  o f  abou t 

3 .8  p .p .m . Cs f o r  th e  Malmesbury Sedim ents in  th e  Cape P e n in su la  

A rea (T able 7 , no. 5)» The g e n e ra l Cs av erag e  r e p o r te d  h e re  fo r  

th e  Cape G ra n ite  i s  c lo s e ly  com parable to  th e  K/Cs r a t i o  o f 3^00 

found by EDGE and AHRENS ( 1963) f o r  one sam ple o f P e n in su la  G ra n ite  

(T ab le  9) .  As in  th e  case  o f  th e  Snowy g r a n i t e s ,  how ever, th e  

most s t ro n g ly  d i f f e r e n t i a t e d  f in e r - g r a in e d  Cape G ra n ite s ,  a lth o u g h  

showing d e c re a s in g  K/Rb r a t i o s ,  seem to  have l o s t  v a r ia b le  amounts 

o f Cs causing  a  s h i f t  in  t h e i r  Rb-Cs p lo t  shown in  F ig . 52. They 

th e re fo re  on ly  av e ra g e  10 p .p .m . Cs w ith  a  h ig h e r  K/Cs r a t i o  o f 

about 4300, b u t v a ry in g  from 2OO0to 14 ,000 . Q u ite  g e n e ra l ly ,  

th e r e f o r e ,  w h ile  v e ry  h ig h  Cs c o n c e n tra t io n s  in  g r a n i t e s  may be used  

as ev idence f o r  an o r ig in  by d i f f e r e n t i a t i o n ,  a low Cs c o n te n t does 

n o t by i t s e l f  in d i c a te  a  co m p le te ly  d i f f e r e n t  h i s t o r y .  This 

u n c e r ta in ty  u n f o r tu n a te ly  s t r o n g ly  l im i t s  th e  p o t e n t i a l  use  o f  Cs 

as p e t ro g e n e tic  in d i c a to r .  The George and Younger S aldanha G ra n ite s  

from the  H o ed jies  Bay C on tact a l s o  show low Cs c o n c e n tra t io n s .
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The Cs d i s t r i b u t i o n  in  g r a n i t e s  has o f te n  been found to  be 

r a th e r  e r r a t i c  ( e .g .  DELEON and AHRENS, 1957» BOWLER, 1959; BUTLER 

and THOMPSON, 1963) and HEIER (1962) su g g es ted  th a t  Cs i s  e a s i l y  

le ach ed  ou t o f th e  f e ld s p a r  s t r u c tu r e  b u t s t r o n g ly  adso rbed  on 

m in e ra l ( e s p e c i a l l y  m ica) s u r fa c e s  in  ro ck s a f f e c te d  by l a t e  s ta g e  

h y d ro th e rm a l s o lu t io n s .  The h ig h  m o b i l i ty  o f Cs was d em o n stra ted  by 

EUGSTER ( 1955) who showed th a t  a t  800°C Cs was n e a r ly  e q u a l ly  

p a r t i t i o n e d  betw een s a n id in e  and w a te r .

The Cs c o n c e n tra t io n  o f th e  Cape G ra n ite  p la g io c la s e s  was 

found to  be a t  th e  s e n s i t i v i t y  l i m i t  o f abou t 1 p .p .m . , b u t Rb-Cs 

p lo t s  o f  th e  K -fe ld s p a rs  and m icas a re  shown in  F ig s .  53 anti 54*

Cs in  th e  K - fe ld s p a rs  ra n g e s  from  5 to  56 p .p .m . The av erag e  

K -fe ld s p a r  from  th e  c o a r s e ly  p o r p h y r i t ic  g r a n i t e  has 12 p .p .m . , 

a lm ost i d e n t i c a l  to  th e  Cs c o n c e n tra t io n  o f th e  t o t a l  ro c k s , b u t 

th e  K - fe ld s p a rs  from  th e  medium- and f in e - g r a in e d  g r a n i t e s  av e ra g e  

18 p .p .m . and 31 p»p*m. r e s p e c t iv e ly  w h ile  th e  av e ra g e  Cs c o n te n t 

o f t h e i r  t o t a l  ro ck s a c t u a l l y  f a l l s  s l i g h t l y .  T his in c re a s e  in  th e  

Cs c o n te n t o f th e  K - fe ld s p a rs  i s  th e r e f o r e  f a r  s t r o n g e r  th a n  in  the 

case  o f  Rb and a g a in  m ust be m ain ly  a s c r ib e d  to  th e  v e ry  low m ica 

c o n te n t o f  th e  f in e - g r a in e d ,  most s t r o n g ly  f r a c t io n a te d  g r a n i t e s .

For com parison , F ig . 53 a ls o  sho?/s th e  av erag e  t r e n d - l i n e  shown by 

TAYLCR and HEIER ( i 960 ) f o r  a l k a l i  f e ld s p a r s  from  S o u th e rn  Norway. 

T h e ir  l i n e  would be ro u g h ly  p a r a l l e l  to  a  mean l i n e  f o r  a l l  Cape 

G ra n ite  K - fe ld s p a r s ,  a lth o u g h  s t i l l  d is p la c e d .  T his d i f f e r e n c e  

may be due to  a n a l y t i c a l  e r r o r  to  some e x te n t ,  b u t th e  Cape G ra n ite s
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are obviously enriched in Cs. It may be noted, that again the 

K-feldspars from the George Granite (Samples 134, 135» 142 and 143) 

and from the Younger Saldanha Granite nearest the contact have 

relatively low Cs concentrations.

Fig. 54 shows a similar Rb-Cs plot for the granite biotites, 

with Cs ranging from 28 to 260 p.p.m. As expected, biotites 177 and 

178 from the more basic intrusives are much lower at 23 and 13 p.p.m. 
respectively.

Because of the larger size, Cs is expected to be more 

strongly concentrated than Rb in the larger 12 coordinated K

positions of micas. This is confirmed by Fig. 55 'which shows an
„ , . „ .. .. K/Cs in K-feldsuar ,average of about 10 for the ratio .+ > while the

ratio bio ti + c^ose 4« The relatively constant

Cs distribution between K-feldspars and biotites also suggests

that Cs is at least in approximate equilibrium between these two

phases for the different granites. Therefore, marked Cs loss is

unlikely to have occurred as a result of secondary processes* It

seems more likely, that most of any Cs loss, especially from some

of the most strongly differentiated border facies granites, occurred

at the last stages of crystallization owing to high volatile pressure.

However, the K-Cs plot of the minerals from the coarse Peninsula

Granite 106 (Fig. 56) shows that within the limits of analytical
precision the chlorite has the same K/Cs ratio of about 900 as the

biotite from which it was derived by alteration. By contrast,

Fig. 47 showed the same chlorite to have lost Rb preferentially
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to K. Cs may be adsorbed on the chlorite surface to some extent as 

also on that of the secondary muscovite (sericite). 

d-d» Thallium.

SHAW (1957)) in a review of the geochemistry of Tl, gave 

it’s crustal abundance as 1.3 p.p.m., but a more recent estimate by 

TAYLOR (1964) shows a lower average of 0.45 p.p.m. BROOKS and AHRENS 

(1961a) give a granite average of only O.75 p.p.m. with a Rb/Tl ratio 
of about 200.

The method of analysis used in this study for the volatile 

elements Pb, Tl, Ga, Cu and Sn is a modified spectrochemical tech­

nique described in detail by KOLBE (1965)* By arcing large amounts 

of sample in a constant stream of oxygen delivered through a Stall- 

wood jet the sensitivity limit achieved for Tl is about »5 p.p»m. 

with a detection limit of .2 p.p.m.

Tl^ + (I.47A) substitutes for K^ + (1 • 33 A) in K silicates, 

but it’s more covalent bond with oxygen also allows it to enter 

sulphides to some extent. Because of equality of charge and radii 

Rb and Tl should form a close association, but since the Rb-0 bond 

is more ionic than the Tl-0 bond, a general decrease of the Rb/Tl 

ratio is noted in the sequence from basic (Rb/Tl> 3OO) to acid rocks 

(Rb/Tl~ 200) to pegmatites (< 150) (TAYLOR, 1965)»

The Rb-Tl relationships of the Snowy granites are shown 

in Fig. 57* The granodiorites average 1.1 p.p.m. Tl, ranging from 

0.6 to 1.6 p.p.m. The differentiated leucogranites are distinctly

higher with an average of 2.1 p.p.m. (range, 1.5 to 3*2 p.p.m.).
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The high-level Cape Granites, similarly plotted in Fig. 58, show 

an average of 1.8 p.p.m. (range, 1.1 to 3*0 * This level may be 

compared with BROOKS and AHRENS' (1961b) result of 1 .3 p.p.m. for 

Cape Peninsula Granite listed in Table 9 *

Among the Cape Granites, showing a mean Rb/Tl ratio of 

about 150, the most differentiated finer-grained varieties cannot 

be readily distinguished on the basis of T1 concentrations because 

of the appreciable spread shown in Fig. 58. The Rb/Tl ratio of the 

Snowy granites actually increases from an average of about 110 for 

the granodiorites to 185 for 'the late-stage leucogranites (Fig. 57) 

in spite of the demonstrated concomittant decrease in the average 

K/Rb ratio from 220 to 100.

Tl ?„nd the Rb/Tl ratio are therefore not very reliable 

indicators of fractionation. Similarly, BUTLER (1962) found a 

fairly regular Tl increase with Rb for some high-level calc-alkali 

granites from Malaya and Cornwall, England but noted that in alkali 

granites from Northern Nigeria, Tl increases with Rb when Rb is 

below about 3^0 p.p.m., but fails to increase much for higher con­

centrations of Rb.

K0GARK0 (1959) and VOSKRESENSKAYA (1959) demonstrated the 

greater mobility of Tl relative to Rb during metasomatism. The data 

presented here suggests that, as for Cs, some of the most differen­

tiated members of the Snowy and Cape Granites have lost variable 

amounts of Tl during the last stages of their crystallization.
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ZLOBIN ( 1958) su g g es ted  t h a t  T1 i s  c o n c e n tra te d  in  h a lo g e n - r ic h  

magmas by form ing  T1C1. T his d is s o c ia te s  on c r y s t a l l i z a t i o n  T1 

e n te r in g  th e  K -p o s i t io n s .  Some T l in  t h i s  form could  p resum ably  

be e a s i l y  l o s t  due to  th e  movement o f v o l a t i l e s  in to  th e  in tru d e d  

c o u n try  ro c k . The p ro b ab ly  h ig h e r  v o l a t i l e  c o n c e n tra t io n  m ight 

acco u n t f o r  th e  ap p a re n t Tl (and Cs) lo s s  m ain ly  from th e  most 

d i f f e r e n t i a t e d  g r a n i t e s .  These a ls o  e i t h e r  form r e l a t i v e l y  s m a lle r  

in t r u s i v e  b o d ie s  o r th e  b o rd e r  f a c ie s  in  th e  case  o f the  Cape G ra n ite  

P lu to n s . In  th e  case  o f T l an a d d i t io n a l  f a c t o r  may be th e  e a r l i e r  

rem oval o f  even v e ry  sm all amounts o f a su lp h id e  p h ase .

Rb-Tl p lo t s  fo r  a l l  Cape G ra n ite  K - fe ld s p a rs  a re  shovel in  

P ig . 59* One o f  th e  two dashed l i n e s  shown re p re s e n ts  th e  r e l a t i o n ­

s h ip  f o r  p e g m a tite  m in e ra ls  found by AHRENS (194Ö) ;  th e  o th e r ,  due 

to  TAYLOR and HEIER ( i9 6 0 ) ,  i s  a l s o  based m ain ly  on K -fe ld s p a rs  from  

la rg e  p e g m a ti te s .  As f o r  Cs, th e  observed in c re a s e  in  th e  av e rag e  

Tl c o n te n t o f th e  K - fe ld s p a rs  ( 1.7 p .p .m . f o r  K -fe ld s p a rs  from  

c o a rse  g r a n i t e s  to  3 .6  p .p .m . f o r  th o se  of th e  f in e -g ra in e d  g r a n i t e s )  

and d e c re a se  in  th e  R b/T l r a t i o  (240 to  180) w ith  in c re a s in g  

f r a c t i o n a t io n  o f th e  Cape G rs j i i te s  must a g a in  be a t t r ib u t e d  to  th e  

s tro n g  d e c re a se  in  modal b i o t i t e  w ith  f r a c t i o n a t io n .

B ecause o f  i t ’s s i z e ,  Tl e n te r s  b i o t i t e  more r e a d i ly  th a n  

K - fe ld s p a r s .  The d i s t r i b u t i o n  f a c t o r  r e l a t i v e  to  th e  m ajor e lem en t

K, v iz .  i: ^ i  Yn " b io t i t e P"a£ * a v e ra ges a^ ° u t  10» a lm ost i d e n t i c a l  

w ith  th a t  o f Cs, b u t more th a n  tw ice  as h ig h  as f o r  Rb ( ~ 4 ) .
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T1 ra n g e s  f ro n  5 to  16 p .p .m . in  th e  Cape G ra n ite  b i o t i t e s  -with an 

av e ra g e  R b/T l r a t i o  o f  ab o u t 100. Compared w ith  th e  b i o t i t e s  th e  

p rim a ry  m usco v ites  (Sam ples 147» 171 and 172) have d i s t i n c t l y  low er 

T1 c o n c e n tra t io n s  (R b/T l about J>60) . This i s  in  marked c o n t r a s t  to  

t h e i r  a p p a re n t ly  com parable Rb/Cs r a t i o s .  T his may be due to  an 

in h e re n t  g r e a t e r  d i f f i c u l t y  o f T1 e n t ry  in to  th e  m uscov ite  l a t t i c e ,  

a l th o u g h  p o s s ib ly  some T1 may be p re s e n t  in  th e  b i o t i t e s  as s u lp h id e s ,  

b u t n o t in  m u sco v ite s .

9 -5 . Barium.

Among th e  d iv a le n t  t r a c e  e lem en ts  on ly  Ba^ r (1 .3 4  A) i s  

o f  ab o u t th e  same s i z e  as K ( 1.33 A) and i s  c a p tu re d  in  e a r ly  

formed K -m in era ls  ( e .g .  HEIER, 1962) d e s p i te  th e  s l i g h t l y  more 

c o v a le n t c h a ra c te r  o f  th e  Ba-0 bond.

However, a l s o  p o r t ly  due to  th e  r e l a t i v e l y  l a t e  c r y s t a l l i ­

z a t io n  o f th e  main K -m in e ra ls , NOCKOLDS and ALLEN (1953) found 

g ra d u a l ly  in c re a s in g  Ba c o n c e n tra t io n s  and r e l a t i v e l y  c o n s ta n t K/Ba 

r a t i o s  in  th e  c a l c - a l k a l i  igneous ro c k  s e r i e s  exam ined. A sudden 

sh a rp  d e c l in e  in  Ba was observed  on ly  in  th e  v e ry  l a t e s t  d i f f e r e n t i a ­

t i o n  s ta g e s  o f th e  E. S ie r r a  Nevada and S c o t t i s h  C a led o n ian  S e r i e s .

The sudden d e p le t io n  o f Ba on ly  in  th e  m ost f r a c t io n a t e d  

SnoY/y le u c o g ra n i te s  i s  i l l u s t r a t e d  in  th e  B a-Sr p lo t  o f F ig . 12.

The Snowy g r a n o d io r i te s  and g n e is s e s  shov; r e l a t i v e l y  l i t t l e  v a r i a t i o n  

ab o u t an a r i th m e t ic  mean o f about 59^ p»p*m. (K/Ba = 45 f o r  th e  

g r a n o d i o r i t e s ) , b u t Ba v a r ie s  s t r o n g ly  in  th e  le u c o g r a n i te s  a v e ra g ­

in g  27O p .p .m . K/Ba v a r ie s  from 49 to  1750 (T ab le  5)* The th r e e
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l e a s t  d i f f e r e n t i a t e d  le u c o g ra n i te s  (Sam ples 6 , 11 and 12) a re  a p p a re n tly  

n o t d e p le te d  in  Ba. They a ls o  have r e l a t i v e l y  h ig h  Sr and low Rb 

and Cs.

The h ig h - le v e l ,  co a rse  Cape G ra n ite s  (Fig* 60) average 65O 

p .p .m . Ba w ith  a  K/Ba r a t i o  o f 64, b u t th e  tre n d  of t h e i r  f u r th e r  

s tro n g  d i f f e r e n t i a t i o n  w ith  d e c re a s in g  g r a in - s iz e  i s  in d ic a te d  by 

th e  much low er Ba (and S r) l e v e l  o f  th e  f in e -g ra in e d  f a c ie s  v a ry in g  

from  27O to  3° p .p .m .

The r a th e r  e r r a t i c  sh a rp  d e c l in e  o f Ba on ly  a t  th e  end o f  

s tro n g  d i f f e r e n t i a t i o n  makes e s t im a t io n  o f th e  average  Ba c o n te n t 

o f " g r a n i te s "  e s p e c ia l ly  d i f f i c u l t .  On th e  b a s is  of two g r a n i t i c  

com nosites an a ly sed  by GAST ( i9 6 0 ) ,  TUREKIAR and WEDEPOHL (1961) 

a ss ig n e d  v a lu e s  o f 420 p .p .m . to  h igh -C a g r a n i te s  and 840 p .p .m . to  

low-Ca g r a n i t e s .  T his im p lie s  a  tw o -fo ld  Ba in c re a s e  w ith  d i f f e r ­

e n t i a t i o n ,  which does n o t seem to  a p p ly  g e n e r a l ly ,  e s p e c ia l ly  s in c e  

th e  quoted Sr le v e l  f a l l s  from  440 to  100 p .p .m . Thus, th e  av e rag es  

quoted by T urek ian  and Wedepohl shou ld  be r e v e rs e d .

Of a l l  t r a c e  elem ents so u g h t, Ba d is p la y s  th e  s t r o n g e s t  

v a r i a t io n  in  th e  Cape G ra n ite  m in e ra ls .  F ig . 61 shows th e  g e n e ra l 

in v e rs e  r e l a t i o n  betw een Ba and Cs in  th e  K -fe ld sp a n s , w hich v a ry  

from 4500 p .p .m . Ba (no . 174 from  th e  con tam inated  D a rlin g  G ra n ite )  

to  on ly  45 p .p .m . in  K -fe ld s p a r  150 from  th e  s tro n g ly  d i f f e r e n t i a t e d ,  

f in e -g ra in e d  Malmesbury G ra n ite .  The Ba/Cs r a t i o  s im i la r ly  d e c l in e s  

w ith  p ro g re s s in g  d i f f e r e n t i a t i o n  o f th e  g r a n i t e s  from  9^0 to  2 , a 

drop even more marked th a n  th a t  shown by th e  1 0 0 -fo ld  d e c re a se  in
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th e  Ba/Rb r a t i o  (T ab le 2 2 ). P ig . 61 a ls o  shows t h a t  g r e n i te  p la g io -  

c la s e s  106 and 157 a re  low er in  Ba r e l a t i v e  to  t h e i r  c o e x is t in g  

K -fe ld s p a rs  by a f a c to r  o f about 5, a lth o u g h  t h e i r  K/Ba r a t i o s  a re  

com parable (T ab les  22 and 25)•

P ig . 62 shows the  w e ll developed in v e rs e  Ba-Cs r e l a t i o n  o f 

th e  Cape G ra n ite  b i o t i t e s ,  which v ary  in  Ba c o n te n t from  1900 to  

110 p .p .m . C o e x is tin g  p rim ary  m uscovites ( e .g .  Sample 171) a re  

somewhat lo w er. D ata from N0CK0LDS and MITCHELL (1 948) show Ba to  

be c o n c e n tra te d  in  K -fe ld sp a rs  r e l a t i v e  to  b i o t i t e s  by a  f a c t o r  o f 

abou t 2. TAYLOR (1965) a sc r ib e d  th i s  to  th e  g r e a t e r  d i f f i c u l t y  o f 

charge b a lan ce  in  th e  K+ p o s i t io n s  o f th e  m ica s t r u c t u r e .  The Ba 

d i s t r i b u t i o n  r a t i o  bet?;een K -fe ld sp a rs  and b i o t i t e s  av e rag es  abou t 5, 

bu t v a r ie s  r a th e r  more th a n , f o r  in s ta n c e ,  th e  Rb d i s t r i b u t i o n  r a t i o .  

T his i s  m ain ly  due to  th e  r e l a t i v e l y  h ig h e r  Ba le v e l s  o f b i o t i t e s  

150, 151 and 141 from  th e  Saldanha G ra n ite , S l ip p e r s  Bay C o n ta c t, 

and b i o t i t e  122 from  Malmesbury G ra n ite . These fo u r  b i o t i t e s  a re  

a ls o  d is t in g u is h e d  by r e l a t i v e l y  h ig h e r  le v e ls  o f Ca, Pb and Z r, 

h ig h e r  Pe/Mg r a t i o s  and low Cr, Ni and t r a c e  a l k a l i s ,  e s p e c ia l ly  Cs.

I n  th e  d io r i te -g a b b ro s  (Samples 177 and 178) ,  w hich c o n ta in  

l i t t l e  o r no K - fe ld s p a r ,  Ba is  more s tro n g ly  c o n c e n tra te d  in  th e  

b i o t i t e s  (F ig . 62) r e l a t i v e  to  t h e i r  c o e x is t in g  p la g io c la s e s

(F ig .  61).

9 -6 . Sodium and Calcium .

The Na^O -  SiO^ v a r i a t io n  diagram  shown in  F ig . 17 in d ic a te s  

a s l i g h t  in c re a s e  in  Na tow ards th e  most ac id  members o f b o th  Cape
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and Snowy G ra n ite s .  The r e l a t i v e l y  low Na c o n te n t o f th e  Snowy g ra n o -  

d i o r i t e s  p ro b ab ly  r e f l e c t s  the  s tro n g  c o n t r ib u t io n  o f s h a le - r i c h  

p a r e n t  m a te r ia l ;  t h i s  a p p l ie s  e s p e c ia l ly  to  th e  Snowy g n e is s e s  w hich 

c o n ta in  only  1 .16$  Na w ith  th e  u n u su a lly  h ig h  K/Na r a t i o  o f

The observed  Na and Ca c o n c e n tra tio n s  i n  Cape G ra n ite  

f e ld s p a r s  have been  d isc u sse d  in  C hapter 8 -4 . A p p a re n tly  no s im p le  

r e l a t i o n  e x i s t s  betw een th e i r  Na co n te n t and th a t  o f c o e x is t in g  

b i o t i t e s  which av erag e  only  about 1400 p .p .m . (T ab le  2 4 ); b u t b o th  

s e r i c i t e  and th e  p rim ary  M uscovites an a ly sed  show h ig h e r  Na a t  ab o u t 

5500 p .p .m .

The n o rm ally  expected d ec re a se  in  Ca w ith  d i f f e r e n t i a t i o n  

o f g r a n i t e s  i s  a l s o  i l l u s t r a t e d  in  F ig . 17* The r a th e r  v a r ia b le  Ca 

c o n c e n tra t io n  of th e  Cape G ran ite  b i o t i t e s  (T ab le  24) must be l a r g e ly  

due to  sm all in c lu s io n s  of a p a t i t e ;  p rim ary  M uscovites a re  u n ifo rm ly  

low er w ith  on ly  ab o u t 500 p .p .m . Ca.

9 -7 . S tro n tiu m .

Ca$ S r n.D.m. C a/Sr

A verage B a s a l t 7.6 465 163
-fc.

A verage H igh-Ca G ra n ite 2 .53 440 58

Average Low-Ca G ra n ite •51 100 51

Snowy M ts. g n e is s e s • 68 113 60

g r a n o d io r i te s 2.07 190 109

le u c o g r  u n i t e s •51 42 121

Cape c o a r s e ly  p o r p h y r i t ic  G ran ite s 1.17 110 106

m edium -grained G ra n ite s .89 77 116

f in e -g ra in e d  G ra n ite s .42 20 210

* (TUREKXAN and KULP, 1956) .
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The average Sr levels of the corresponding main granite types 

from both areas are lower by a factor of about two, compared with the 

averages of TUR3KIAK and KULP (1956) • The 3r results shown here are 

well controlled by the primary standards listed in Table 29 and some 

additional isotope dilution values (Table 18). The low Ca and Sr con­

centrations of the Snowy gneisses reflect their origin from a shale- 

rich sediment.
Sr^ (1.12 A) is intermediate in ionic radius between K 

(1.33 A) and Ca (»99 A) and occurs principally in the Ca positions 

of plagioclase and the K positions of K-feldspar, but only to a very 

small extent in the Ca-bearing ferromagnesian minerals. During 

fractionation of basic magma the Ca/Sr ratio decreases towards a 
minimum at the granodiorite stage to increase again in highly differen­

tiated granites because of the additional removal of much Sr by 

capture in the earlier K-feldspars.
The strong decrease of Sr (and Ba) in the K-feldspars with 

increasing fractionation of the Cape Granites is shown in Pig. 63.

The observed simultaneous decrease in the Ba/Sr ratio from about 10 
to nearly 1 is comparable to the range found by HEIER and TAYLOR 

(1959b) in alkali feldspars from large pegmatites. The preferential 

entry of Ba, despite it's larger radius, is ascribed to the more 

ionic character of the Ba-0 bond. Pig. 63 also demonstrates the 

very similar Sr levels of granite plagioclases 106 and 137 relative 

to their coexisting K-feldspars. A rather uniform Sr distribution

ratio close to unity was also noted by HEIER (1962).
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Compared with the strongly decreasing Ba/Sr ratios of the 

K-feldspars the total rock Ba-Sr plots of the Snowy granites (Fig. 12) 

and of the Cape Granites (Fig. 60) show much less change of the Ba/Sr 

ratio and only a slight decrease in the most differentiated granites. 

This relatively more constant rate of decrease of Ba and Sr is due to 

the strongly varying Ba/Sr ratios of the ma.jor minerals crystallizing: 

plagioclase removes Sr at a much faster rate than Ba, K-feldspar 

preferentially incorporates Ba, and the quantitatively less important 

mica contains virtually only Ba.

As can be seen from Table 24 the Sr level of the biotites 

averages only about 6 p.p.m., of which about 2.3 p.p.m. is radiogenic 

as indicated by Samples 104, 108 and 110. Apart from the valency 

difficulty TAYLOR (1965) ascribed the very low level of Sr in micas 
to the difficulty for the usually 8 or 10-coordinated Sr to occupy 

the larger 12-coordinated K positions of the micas.

Biotites 177 and 178 from the diorite-gabbro intrusions 

stand out with 11 and 20 p.p.m. Sr respectively. Their higher Sr 

levels relative to the granite biotites is expected from the greater 

Sr contents of their total rocks and plagioclases (Fig. 63). Primary 

muscovites have Sr levels comparable to the biotites, but the higher 

Sr content of 16 p.p.m. shovm by muscovite 172 from the George Granite 

pegmatitic vein is also matched, by similarly higher Sr of the coexist­

ing K-feldspar. This vein, intruded into bordering schists, is clearly 

not a late-stage granite differentiation product and is strongly dis-



146.

s im i la r  to  th e  o th e r  sm a ll p eg m a tite s  whose m in e ra ls  in  most r e s p e c ts  

re sem b le  th o s e  of th e  more d i f f e r e n t i a t e d ,  f in e r - g r a in e d  Cape G ran ite  

f a c i e s .

9 -8 . L ead .

D e sp ite  th e  observed  v a r i a t i o n  o f Pb from 14 to  69 p .p .m .,  

th e  a v e ra g e s  o f a l l  main g r a n i te  ty p e s ,  b o th  from  th e  Snowy M ts.

(T ab le  4) and o f  th e  Cape G ra n ite s  (T ab le  18) a re  c lo se  to  about 

30 p .p .m . .  The low Pb c o n te n t o f th e  Snowy A m phibolite  (no . 36 ,

8 .6  p .p .m .)  i s  c o n s is te n t  w ith  an o r ig in  from  b a s ic  ro c k  and th e  Cape 

d io r i te - g a b b r o  in t r u s io n s  a re  a ls o  r e l a t i v e l y  low er w ith  16-18 p .p .m . 

Pb. The g r a n i t e  d a ta  does n o t show th e  expec ted  in c re a s e  o f Pb in  

th e  m ost d i f f e r e n t i a t e d  g r a n i t e s ,  a lth o u g h  th e  Pb d i s t r i b u t i o n ,  

e s p e c i a l l y  in  th e  most f r a c t io n a te d  g r a n i t e s ,  i s  too  e r r a t i c  f o r  any 

f irm  c o n c lu s io n s . The Snowy le u c o g ra n i te s  a c tu a l ly  have a low er mean 

o f 23 p .p .m . , compared w ith  th e  g r a n o d io r i te s .  Among th e  Cape G ra n ite  

th e  th r e e  sam ples o f  P a a r l  G ra n ite  (120 , 139 and 140) s ta n d  ou t by 

s i g n i f i c a n t l y  h ig h e r  th a n  average Pb v a lu e s  of 54, 54 and 53 P*P*nu 

r e s p e c t iv e l y .  (P a a r l  G ra n ite  a ls o  shows th e  h ig h e s t  TJ and Th concen­

t r a t i o n s  e n c o u n te re d ) .

WEDEPOHL ( 1956) r e p o r te d  th e  average  Pb c o n te n ts  o f b a s ic ,  

g r a n o d io r i t i c  and g r a n i t i c  rocks as 6 , 15 und 20 p .p .m . r e s p e c t iv e ly .  

He u sed  a  s p e c tro g ra p h ic  te ch n iq u e  em ploying PbO s ta n d a rd s  d i lu te d  

w ith  q u a r tz ,  .and h is  r e p o r te d  a n a ly se s  o f G-1 and W-1 were 26 and 6 

p .p .m . r e s p e c t iv e ly .  The more r e c e n t  r e s u l t s  r e p o r te d  in  STEVENS
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et al. (i960) and "by FLEISCHER and STEVENS (1962), however, indicate 

49 and 8 p.p.m. respectively. These values were used as primary 

standard points in the present study. Therefore, unless the earlier 

reported lower results are due to suggested inhomogenous distribution 

of Pb in different samples of G-1, older spectrographic Pb results 

based on the lower G-1 value will be systematically too low.

"WEDHPOHL’s (1956) average for granitic rocks multiplied by a factor

of 49/26 would be close to the overall average of about J>0 p.p.m.
«

obtained here for the Snowy and Cape Granites.

Divalent Pb‘~+ (1.20 A) is very close in size to Sr"" (1 * 12 A) 

and therefore also intermediate between Ca^+ (.99 A) and K^+ (1.33 A)« 

According to the classical Goldschmidt Rules it should therefore also 

be captured in early K positions. The much higher electronegativity 

and ionization potential (Table 26), however, indicate the strongly 

covalent character of the Pb-0 bond. In spite of smaller radius and 

double charge, Pb is thus not expected to be concentrated in early 

k/ + positions, while both size and bond-effect would tend to exclude 

it from early Ca^f positions (TAYLOR, 1965)«

Although GOLDSCHMIDT (1954, p.399) maintained that Pb was 

concentrated in early K minerals, data presented by WEDEPOEL (1956) 

and by HEIER and TAYLOR (1959a) show Pb enrichment in the most 

fractionated pegmatite K-feldspars. It is therefore of interest to 

note that Pb in the Cape Granite K-feldspars (Table 22), although 

not very uniform in it's distribution, shows a slight but definite

decrease with increasing differentiation of the granites:
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K - f e ld s r a r s  from R ange. p .p .m . A verage .

C o a rse ly  p o r p h y r i t ic  Cape G ra n ite 23 - 60 41

M edium -grained Cape G ra n ite 16 - 58 54

F in e -g ra in e d  Cape G ra n ite <6 - 43 28

Sm all g r a n i te  p e g m a tite s 19 - 26 22

F u rth e rm o re , th e  h ig h e s t  Pb v a lu e s  reco rd ed  were in * K -fe ld sp a r  174 

(67 p .p .m .)  from th e  con tam inated  D a r lin g  G ra n ite  and in  K - fe ld s p a r  

172 (64 p .p .m .)  from  th e  George G ra n ite  p eg m a tite  v e in ; b o th  f e ld s p a r s  

a re  a l s o  l e a s t  d i f f e r e n t i a t e d  w ith  r e s p e c t  to  o th e r  t r a c e  e le m e n ts , 

e .g .  th e y  c o n ta in  h ig h  Ba and S r ,  b u t low t r a c e  a l k a l i s .

A v a ila b le  d a ta  on th e  d i s t r i b u t i o n  o f Pb betw een K -fe ld s p a rs  

and c o e x is t in g  p la g io c la s e s  p re se n te d  by HEIER ( 1962) i s  a l s o  n o t 

v e ry  c o n c lu s iv e , b u t on an av erag e  th e  d i s t r i b u t i o n  r a t i o  i s  c lo s e  

to  u n i ty .  In  g e n e ra l  th e  c o n c e n tra t io n  o f Pb i s  h e re  found to  

d e c re a se  in  th e  o rd e r ,  K -fe ld sp a r  > t o t a l  rock>  p la g io c ls .se >  b i o t i t e >  

p rim ary  m uscovite  > s e r i c i t e .  In  g r a n i t e s  106 and 137 "the r a t i o  Pb 

in  K -fe ld sp a r /P b  in  p la g io c la s e  i s  abou t 1 .8 .

The Pb c o n c e n tra t io n  o f th e  b i o t i t es av e rag es  abou t 15 

p .p .m . ,  h a l f  th e  le v e l  o f K - f e ld s p a r s ,  b u t in  th e  th r e e  sam ples o f  

S a ldhana  G ra n ite  from  th e  S l ip p e r s  Bay C on tact (n o s . 13^> 131 anc^

141) th e  b i o t i t e s  a re  s t ro n g ly  e n ric h e d  in  Pb, w ith  up to  95 p.p»m . 

in  b i o t i t e  141« T h e ir  K -fe ld sp a rs  ap p ea r norm al and, as a  r e s u l t  o f 

th e  h ig h  Pb c o n c e n tra t io n  o f th e  m icas , th e se  th r e e  t o t a l  ro ck s  

c o n ta in  h ig h e r  Pb th an  the  K - f e ld s p a r s .  The h ig h e r  Ca le v e l  o f th e s e
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th r e e  b i o t i t e s  su g g e s ts  th e  p re se n c e  o f a p a t i t e  in c lu s io n s  (T ab le 24) ;  

th e s e  may be p a r t i c u l a r l y  e n r ic h e d  in  Pb, h e re  s u b s t i t u t i n g  f o r  Ca in  

9 - f o ld  c o o rd in a tio n  w ith  oxygen. However, th e  h ig h e s t  Pb v a lu e  o f 

130 p .p .m . o b ta in e d  from p e g m a tit ic  b i o t i t e  171 i s  n o t accom panied by 

s im i l a r l y  h ig h  Ca. K - fe ld s p a r  171 shows a norm al and much low er Pb 

c o n c e n tra t io n  o f 26 p .p .m .

TAUSON and KRAVCHENKO (1956) found th a t  about 10- 20$  o f  th e  

t o t a l  Pb in  K - fe ld s p a rs  and 30- 50$  o f th e  t o t a l  Pb in  g r a n i te s  was 

e x t r a c ta b le  w ith  HC1 . As su g g es ted  by TAYLOR (1965) th e  observed  

somewhat e r r a t i c  d i s t r i b u t i o n  o f Pb may be due to  th e  p re sen ce  o f 

some Pb in  th e  su lp h id e  phase  as g a le n a . Thus e a r l i e r  formed m in e ra ls  

cou ld  be expected  to  c o n ta in  more su lp h id e  in c lu s io n s ,  w hile  th e  

e r r a t i c a l l y  h ig h  Pb c o n c e n tra t io n  o f  on ly  a  few la t e - s t a g e  b i o t i t e s  

may be m e tasom atic . W ith some in c re a s e  in  s e n s i t i v i t y  and p r e c i s io n  

a  number o f such  problem s o f  t r a c e  elem ent d i s t r i b u t i o n  in  m in e ra ls  

sho u ld  be a ttem p ted  by th e  u se  o f  an e le c t r o n  m icrop robe .

Q-9 . Y ttr iu m .

Average v a lu e s  and ra n g e s  observed ( in  b ra c k e ts )  o f Y and 

th e  r a r e  e a r th s ,  La and Nd, in  th e  main g r a n i te  ty p e s  a re  summarised 

below from T ab les 4 and 18:

Snowy M ts. Y D.-p.m. La n .n .m . Nd o.D.m .

G ra n o d io r ite 37 (17 -56 ) 41 (<  15-65) -

G neiss 33 (2 5 -4 1 ) 38 (3 4 -4 1 ) -

L eu c o g ran ite 26 (19 -36 ) -  30 (< 1 5 -5 4 ) -

Cane G ra n ite

C o arse ly  p o r p h y r i t ic 26 ( 21- 42) 40 (24-65) 33 (<  15-54)

lied ium -grained 24 (16 -36 ) 34 ( < 15- 60) 28 (<  20-50)

F in e -g ra in e d 26 (8 -3 9 ) ~ 15 (<  10-26) <20 ( < 1 5 -3 5 )



Y f ig u r e s  g iv en  by EDGE and AHRENS ( 1963) f o r  a sam ple o f Cape P e n in ­

s u la  G ra n ite  (22 p .p .m .)  and f o r  q u a rtz  po rphy ry  (30 p .p .m .) from  

H o ed jie s  Bay, a re  c lo s e ly  s im i la r  to  th e  v a lu e s  found h e re .  The most 

r e c e n t  g e n e ra l d a ta  su rv ey  by FLEISCHER (19^5) showed av e rag es  o f  

34 p .p .m . fo r  g r a n o d io r i te s  and 52 p .p .m . f o r  g r a n i t e s  and q u a r tz  

p o rp h y r ie s .

W hile th e  average  Snowy g r a n o d io r i te  i s  v ery  c lo se  to  th e  

av e rag e  g r a n o d io r i te  quo ted , th e  s t r o n g ly  d i f f e r e n t i a t e d  Snowy 

le u c o g r a n i te s  a c t u a l l y  c o n ta in  l e s s  Y, as  do th e  h ig h - le v e l  Cape 

G ra n i te s .  A verage La and Nd c o n c e n tra t io n s  a l s o  a p p a re n tly  d e c re a se  

in  th e  most s t r o n g ly  d i f f e r e n t i a t e d  g r a n i t e s  o f b o th  a re a s .

NOCKOLDS and ALLEN (1953) s im i la r l y  no ted  a  d e c re a se  in  Y a t  th e  

ex trem e a c id  end o f  th e  E. Centred. S ie r r a  Nevada S e r ie s .  The 

g e n e ra l ly  r a th e r  un ifo rm  Y c o n c e n tra t io n s  from  b a s ic  to  a c id  ig n eo u s  

ro c k s  noted  by FLEISCHER ( 1965) 4s a ls o  shown h e re  by th e  a n a ly se s  

o f th e  Snowy A m phibolite  (Sample 36 , 42 p .p .m .)  and th e  Cape d i o r i t e -  

gabbros (Sam ples 177» 178» 54 and 27 p .p .m .) .

The d a ta  on th e  Cape G ra n ite  m in e ra ls ,  g iv e n  in  T ab les 22, 

23 and 24, in d ic a te  a  d e c re a se  o f  Y in  th e  o rd e r :  b i o t i t e >  ( t o t a l

r o c k ) > p la g io c la s e > K - fe ld s p a r , m u sco v ite , s e r i c i t e ,  c h l o r i t e .

B io t i t e

P la g io c la s e

K -fe ld s p a r ,  c o a rse  g r a n i te

m edium -grained g r a n i t e  

f in e -g ra in e d  g r a n i t e  

sm all p e g m a tite s  

M u scov ite , s e r i c i t e , c h l o r i t e

48 ( 32- 90)

11, 30

< 5 
/ /̂ ^

9 .2  (5 .4  -  20)

< 5

< 8
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However, summation o f th e  Y c o n te n ts  o f  th e  m ajor m in e ra ls  in d ic a te s  

t h a t  more th an  h a l f  o f  th e  t o t a l  Y in  th e  g r a n i te s  is  no t accounted  

f o r  and th e re f o r e  must he c o n c e n tra te d  in  a c c e sso ry  m in e ra ls  no t 

a n a ly s e d .

I n  s p i t e  o f s m a lle r  r a d iu s  and h ig h e r  charge Y^+ ( . 92  A ), 

i s  p r e f e r e n t i a l l y  excluded  from  e a r ly  Ca (»99A) p o s i t i o n s ,  presum ­

ab ly  due to  th e  more c o v a le n t c h a ra c te r  o f th e  Y-0 bond r e l a t i v e  to  

th e  Ca-0 bond. In  g r a n i t e s  Y i s  known to  be c o n c e n tra te d  s t r o n g ly  

in  a p a t i t e ,  and a ls o  in  o th e r  a c c e s so ry  m in e ra ls  such  as sphene, 

z i rc o n ,  m on az ite , a l l a n i t e  and th e  y t t r iu m  m in era l x eno tim e, YPO^.

A ll th e s e - m in e ra ls  have been observed  in  th e  Cape G ra n ite .  S ince  th e  

Ca c o n c e n tra t io n  of g r a n i t e s  i s  d e term ined  la r g e ly  by th e  p la g io c la s e ,

no sim ple Ca-Y r e l a t i o n s h ip  can be exp ec ted  -----  nor was i t  observed

in  th e  g r a n i t e s  h e re  in v e s t ig a te d .

The h ig h  Y c o n c e n tra t io n  o f  th e  b i o t i t e s  m ust, to  a  con­

s id e r a b le  e x te n t ,  be due to  th e  u b iq u i to u s  in c lu s io n s  o f  a c c e s so ry  

m in e ra ls . I t  i s  d i f f i c u l t  to  d ec id e  w hether Y i s  p re s e n t  in  f e ld s p a r  

l a t t i c e  s i t e s .  The h ig h e r  le v e l  o f Y in  p la g io c la s e  r e l a t i v e  to  

K -fe ld s p a r  cou ld  be e x p la in e d  by th e  l a r g e r  number o f Ca s i t e s  

a v a i la b le  in  p la g io c ls .s e .  But su b m ic ro sco p ic  m in e ra l in c lu s io n s  

could w e ll occur in  g r a n i t e  f e ld s p a r s .  T his m ight a l s o  e x p la in  th e  

observed Y in c re a s e  in  th e  K -fe ld sp a rs  from  th e  f in e - g r a in e d ,  more 

r a p id ly  coo led  g r a n i t e s .  An ap p a re n t Zr-Y r e l a t i o n  a l s o  e x i s t s  

f o r  K - fe ld s p a rs  and b i o t i t e s  f o r  a l l  c a se s  where th e se  two e lem en ts

were p r e s e n t  above t h e i r  d e te c t io n  l i m i t s .
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I t  i s  no tew o rth y  th a t  in  marked c o n t r a s t  to  th e  b i o t i t e s  

from  th e  g r a n i t e ,  b i o t i t e  sam ples 177 and 178 from  th e  d io r i te - g a b b r o  

in t r u s io n s  have no d e te c ta b le  Y (<  5 p .p .m .) ,  much le s s  th a n  t h e i r  

p la g io c la s e s  w ith  11.2 and 17*5 p.p.m* r e s p e c t iv e ly .  In  th e se  ro ck s  

much o f th e  Y may be c o n ta in e d  in  th e  r e l a t i v e l y  abundant e u h e d ra l 

a p a t i t e  c r y s ta l s  s c a t t e r e d  th ro u g h o u t th e  ro c k .

9 -1 0 . Lanthanum and Neodymium.

The observed  c o n c e n tra t io n  o f th e s e  two r a r e  e a r th s  in  th e  

main g r a n i t e  ty p e s  i s  g iv e n  in  th e  p re v io u s  s e c t io n .  Nd e s p e c i a l l y  

was n ev er f a r  above th e  s p e c tro g ra p h ic  s e n s i t i v i t y  l i m i t ;  i t  was 

n o t determ ined  in  th e  Snowy g r a n i t e s  and so u g h t, bu t n o t d e te c te d ,  

in  th e  Cape G ran ite  m in e ra ls .

The La and Nd f ig u r e s  o b ta in ed  by EDGE and AHRENS ( 1963) 

f o r  two sam ples o f Cape G ra n ite  (T ab le 9 ) a re  r a th e r  h ig h e r  th a n  th e  

le v e ls  quoted h e re ,  b u t a re  more n e a r ly  com parable when th e  low er 

v a lu es  f o r  s ta n d a rd s  G-1 and W-1 used h e re  a re  c o n s id e re d  (T ab le  29 ) .

Both elem ents show s tro n g  v a r i a t io n s  in  d i f f e r e n t  g r a n i t e  

sam ples, b u t av e rag es  a g a in  ap p ea r low er in  th e  most d i f f e r e n t i a t e d  

g r a n i t e s  o f  bo th  a r e a s .  T here i s  a  g e n e ra l coherence o f Zr and La 

f o r  a l l  g r a n i t e s  in d ic a t in g  th a t  Zr s im i la r l y  d e c re a se s  (as  Y to  a  

l e s s e r  e x te n t)  in  th e  f i n a l  d i f f e r e n t i a t e s .  Thus e i t h e r  a g r e a t e r  

p a r t  o f th e  a c c e sso ry  m in e ra ls ,  such  as z i r c o n ,  was removed by 

s l i g h t l y  e a r l i e r  c r y s t a l l i s a t i o n ,  o r a c o n s id e ra b le  p ro p o r t io n  o f  

th e  r a r e r  e lem en ts  was l o s t ,  p o s s ib ly  as  com plexes, d u rin g  th e  f i n a l
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s ta g e s  o f d i f f e r e n t i a t i o n .  Fig .  64 shows a La-Nd p lo t  o f a l l  Cape

G ra n ite s  in  which th e s e  two e lem en ts  w ere above t h e i r  d e te c t io n  l i m i t s .

The av erag e  La/Nd r a t i o  i s  abo u t 1 .1 . Sample 175 > th e  d a rk  band o f

th e  C l i f to n  X e n o li th , shows by f a r  th e  h ig h e s t  c o n c e n tra t io n :

105 p .p .m . La and 95 p .p .m . Nd.

The io n ic  r a d i i  o f La^+ (1 • 14 A) and Nd';+ ( l . 0 4  A ), members

o f th e  l i g h t e r  and l a r g e r  "ceriu m  e a r th s " ,  a re  s l i g h t l y  b ig g e r  th a n
2 +

th a t  o f Ca^ (*99 A), th e  common c a t io n  c lo s e s t  in  s iz e  w ith  w hich 

th e  r a r e  e a r th s  a re  known to  d is p la y  d iad o ch y . A part from  th e  

a d d i t io n a l  s iz e  e f f e c t  in  th e  case  o f  th e  l a r g e r  R.E. io n s  th e  

g e n e ra l ly  observed  en rich m en t o f  th e  whole R.E. group in  r e s id u a l  

m e lts  i s  a s c r ib e d  to  th e  s l i g h t l y  more c o v a le n t c h a ra c te r  o f th e
t

R.E.-O bond in  com parison w ith  th e  Ca-0 bond (RINGWOGD, 1955&»

TAYLOR, 1965)-  B ut, as f o r  Y, no c l e a r  Ca-La o r Ca-Nd r e l a t i o n s h ip  

was found in  th e  g r a n i t e s .

D ata on g r a n i t e  m in e ra ls  g iv e n  by CHASE e t  a l .  ( 1963) 

in d ic a te  th a t  La i s  c o n c e n tra te d  in  m ica r e l a t i v e  to  th e  t o t a l  ro ck  

w hile  K - fe ld s p a r  c o n ta in s  l e v e l s  com parable to  th a t  o f th e  h o s t 

g r a n i t e .  B u t, a p a r t  from  th e  u n u su a l x e n o l i th i c  b i o t i t e  176 

(78 p .p .m . La) and b i o t i t e  173 from th e  Sea P o in t m igm atite  zone 

(85 p .p .m .) ,  La was n o t d e te c te d  ( < 2 5  p .p .m .)  in  th e  g r a n i t e  m icas 

o r o ccu rred  as t r a c e  in  a few (T able 2 4 ) . The observed  La c o n c e n tra ­

t io n  o f b i o t i t e ,  m u sco v ite , s e r i c i t e  and c h l o r i t e  i s  th u s  g e n e ra l ly  

low er th a n  th a t  o f  th e  t o t a l  ro c k s . S im i la r ly  on ly  a few f e ld s p a r s
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showed a t r a c e  o f  La (<  15 p .p .m .) ;  in  th e  bu lk  o f f e ld s p a r  sam ples 

i t  was n o t d e te c te d  ( < 10 p .p .m .) .

The observed d i s t r i b u t i o n  o f th e  "cerium  e a r th s " ,  La and Nd, 

i s  th u s  in  s tro n g  c o n t r a s t  to  th a t  o f Y which wan found to  be en rich ed  

in  b i o t i t e  to  some e x te n t  (o r  in  a c c e s so ry  m in e ra ls  o c c u rin g  in  th e  

b i o t i t e s ) .  P rev io u s  d a ta  on th e  d i f f e r e n t i a l  en richm en t o f  th e  

"ceriu m  group" and " y t t r iu m  group" in  d i f f e r e n t  a c c e s so ry  m in e ra ls  

i s  d is c u s s e d  by TAYLOR (19^5)*

9 -1 1 . Thorium and U ranium .

The average  Th, U and K (Y -ray) c o n c e n tra t io n s  o b ta in ed  fo r  

th e  p r in c ip a l  g r a n i t e  ty p e s  a re  summarized below from T ab les 4 and 18. 

Mean v a lu e s  o f  c o l le c te d  a n a ly se s  g iv en  by CLARK, PETERMAN and HEIER 

( 1965) f o r  g ra .n o d io r i te s ,  s i l i c i c  igneous ro ck s  and "common" s h a le s  

a re  in c lu d ed  f o r  com parison:

Th (r a n e e ) U (ra n e e ) Th/U (ra n e e ) K$

Snowy M ts. G neiss 19 .9 (1 9 -2 2 ) 4. 0( 3. 4- 4. 4) 5 .0 (4 .5 - 6 .4 ) 5 .26

g ra n o d io r i te 17. 0(8 . 7- 27) 3 * 8 (1 .4 -5 * 1 ) 4. 5(2 . 0- 7 . 9) 2 .6 0

le u c o g ra n i te 1 7 .2 (8 -2 7 ) 8 . 0(2 . 7- 15) 2 .2 ( 0 .7- 6 . 7) 5 .82

Cape G ra n ite , c o a rse 2 1 .6 (1 4 -5 9 ) 6 . 5( 2 . 3- 20) 3*3(1*3-9*9) 5-95

medium & f in e 2 9 .6 (4 .8 -6 2 ) 12 (4 .5 -2 1 ) 2 . 5( 0 . 3- 5 . 4) 4 .28

Av. g r a n o d io r i te 9 0 2 .6 5-6 ( 2 . 55)

Av. s i l i c i c  igneous 20 4 .7 4 .5
Av. "common" s h a le 12 ( 2- 47) 3*7 (1 -13 ) 5.8 ( 1- 12)

F ig . 65 shows a  Th-U p lo t  f o r  a l l  ro ck s  a n a ly se d . The Snowy 

A m phibo lite  (Sample 56) and th e  Cape d io r i te - g a b b r o s  (Samples 177 and



155.

178) plot close to the crustal average Th/U ratio of about 5*5 (ADAMS 

et al., 1959)> but the granitic rocks show a very considerable scatter. 
Th and Ü in the granites show no apparent correlation with any other 

element.

Compared with the average granodiorite given above the 

Snowy granodiorites and gneisses have generally higher Th and U levels. 

In both Snowy and Cape Granites U is distinctly enriched in the most 

fractionated rocks. Rather surprisingly, the Snowy leucogranites are 

not similarly enriched in Th. The strongly differentiated fine­

grained Cape Granites also show only a relatively slight Th increase.

As a result the average Th/U ratio decreases in the most fractionated 

granites of both areas. In view of the spread of results, the number 

of samples may be rather limited for a firm conclusion, especially 

for the Snowy leucogranites. For instance, the average for the 

Snowy leucogranites is strongly affected by the exceptionally low 

Th/U ratios (about 0.7) of the two samples of Eucumbene Granite 
(Fig. 65, nos. 8 and 9)» The lowest Th/U ratio observed is 0.26 for 

the fine-grained Cape Granite 147* Unfortunately this represents 

the only sample from Kloof Quarry analysed radiometrically.

IMMELMAU (1 9 5 4 ) determined the radium content of 14 selected 

samples of Cape Granite by the fusion method. The average, recalcula­

ted from Ra*^ as U ^ 8, is 7*7 p.p.m. U (range 4«7-l0.l), remarkably 

close to the results obtained here, but the values of 7*6 and 4*4 

p.p.m. U for two samples of Yzerfontein Diorite are considerably
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h ig h e r  th a n  th o se  o b ta in ed  h e re  f o r  th e  M almesbury d io r i te -g a b b ro s  

(1 .0  and 2 .1  p .p .m .) .  On th e  b a s is  o f th e  p u b lish e d  Cape G ra n ite  

r e s u l t s  SCHOLTZ ( 1946) sug g ested  th a t  th e  f in e r - g r a in e d ,  more a c id  

v a r i e t i e s  m ight be d is t in g u is h e d  by low er r a d i o a c t i v i t y .  D ata  o f  

t h i s  s tu d y  show th e  re v e rs e  to  be th e  c a se .

One d i s t i n c t i v e  r e g io n a l  f e a tu r e  among th e  Cape G ra n ite s  

i s  the  h ig h  and v e ry  s im i la r  Th (60 p .p .m .)  and U (16—21 p .p .m .)  

c o n c e n tra t io n  o f a l l  th r e e  sam ples o f P a a r l  G ra n ite  (n o s . 120, 139 

and 140). These g r a n i te s  a re  a ls o  d is t in g u is h e d  by h ig h  Pb and s l i g h t l y  

h ig h e r  th a n  average  Be.

S tu d ie s  by WHITFIELD e t  a l .  ( 1959), ROGERS and RAGLAND (1961) 

and o th e rs  in d ic a te  a g e n e ra l in c re a s e  in  b o th  Th and U w ith  d i f f e r e n ­

t i a t i o n  o f g r a n i t i c  ro c k s . The more e r r a t i c  Ü d i s t r i b u t i o n  and a

s l i g h t  in c re a s e  in  th e  Th/U r a t i o  o f l a t e r - s t a g e  g r a n i t e s  i s  u s u a l ly
2+

ex p la in ed  as due to  s e le c t iv e  rem oval o f  s o lu b le  (UO ) formed u n d e r 

o x id is in g  c o n d i t io n s .  LAUSEN and GOTTFRIED ( i 960) found no in c re a s e d  

lo s s  o f U r e l a t i v e  to  Th d u r in g  l a t e r  s ta g e s  o f c r y s t a l l i s a t i o n .

On th e  b a s is  o f  m e ltin g  p o in t  d a ta  th e  Th ,+-0  bond i s  

s tro n g e r  th a n  th e  U":+-0  bond and th e  Th/U r a t i o  shou ld  d e c re a se  d u rin g  

f r a c t io n a t io n  (TAYLOR, 1965)« But th e  l a r g e ,  q u a d r iv a le n t  Th 

(1 .0 2  A) and (.97 A) io n s  do no t e n te r  l a t t i c e  s i t e s  o f  th e  

common rock fo rm ing  m in e ra ls .  D ata  p re se n te d  by ADAMS e t  a l .  (1 959) 

show th a t  a c c e s so ry  m onazite  and a l l a n i t e  c o n c e n tra te  Th, w h ile  

z irc o n , a p a t i t e ,  sphene and xenotim e c o n ta in  r e l a t i v e l y  more U.
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Acid le a c h in g  s tu d ie s  by PLILER and ADAMS ( 1962) in d ic a te  t h a t  most 

o f th e  Th and U o f g r a n o d io r i te  i s  s i tu a te d  in  a c id  s o lu b le  m in e ra ls  

o r in  i n t e r s t i t i a l  m a te r ia l s ,  e . g . ,  a lo n g  g ra in  b o u n d a rie s  o r 

f r a c t u r e s .

A ll a c c e s so ry  m in e ra ls  m entioned above have been observed  

in  th e  Cape G ra n ite , b u t no q u a n t i t a t iv e  d a ta  a re  a v a i la b le .  The 

most f e a s ib l e  e x p la n a tio n  o f th e  d e c re a s in g  Th/U r a t i o  in  th e  most 

d i f f e r e n t i a t e d ,  f in e - g r a in e d  Cape G ra n ite s  o f  th e  b o rd e r  f a c ie s  may 

l i e  in  th e  outward m ig ra tio n  o f l a t e - s t a g e  h y d ro th erm al f l u i d s .

Being more s o lu b le ,  U would be p r e f e r e n t i a l l y  moved to  th e  p e r ip h e ry  

o f th e  g r a n i t e  p lu to n s .

° -1 2 . Z ircon ium .

P ub lished  Zr av e rag es  o f th e  m ajor igneous ro ck s

(DEGENHARD!, 1957; CHAO and FLEISCHER, I 96O; TAYLOR, 1965) show 

r e l a t i v e l y  sm all v a r i a t i o n s :  u l t r a b a s i c  5° p .p .m . , b a s a l t  150»

g r a n o d io r i te  140, and g r a n i te  180 p .p .m . The av e rag es  o f  th e  m ajor

g r a n i t e  ty p e s  h e re  in v e s t ig a te d  a r e :

Snowy M ts. g n e iss

g ra n o d io r i te

le u c o g ra n ite

Cape, c o a rse  g r a n i te  

m edium -grained g r a n i t e  

f in e -g ra in e d  g r a n i te

221 (ra n g e : 200-245)

195 (97-350)
88 (52- 158)

216 (115-33°)
170 (115-300)

107 (28-255)

In  s p i t e  o f some e r r a t i c  f lu c tu a t io n s  Zr o b v io u s ly  d e c re a se s  in  th e

most d i f f e r e n t i a t e d  ro ck s  o f b o th  a re a s  by a  f a c to r  of abou t 2 .
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T his d e c re a se  is  s im i la r  to  th a t  observed  f o r  La and Nd and le a d s  

to  a  d i r e c t  Zr-La r e l a t i o n s h ip  f o r  th e  g r a n i t e s .  The g r a n i t e s  a l s o  

show a g e n e ra l in v e rs e  Zr-Cs r e l a t i o n s h ip ;  b u t t h i s  i s  most d e f i n i t e  

in  th e  case  o f th e  Snowy le u c o g r a n i t e s , p lo t te d  in  F ig . 66.

NOCKOLDS and ALLEN (1953) a ls o  found th e  Zr c o n te n t in  

g e n e ra l to  r i s e  g r a d u a l ly  from  th e  low b a s ic  end of each o f th e  ro ck  

s e r i e s  examined by them , th e n  s ta y  more o r l e s s  c o n s ta n t ,  and f a l l  

a g a in  a t  th e  extrem e a c id  end. A ccord ing  to  CHAO and FLEISCHER ( i 960) 

re g io n a l  v a r ia t io n s  o f th e  Zr d i s t r i b u t i o n  in d ic a te  p o s s ib le  inhomo­

g e n e i ty  in  th e  m a n tle . But r e g io n a l  v a r i a t io n s  o f e s s e n t i a l l y  

u n d i f f e r e n t ia t e d  g n e is s e s  and g r a n o d io r i te s  p ro b ab ly  r a th e r  r e f l e c t  

th e  e r r a t i c  Zr d i s t r i b u t i o n  o f  o r ig in a l  sed im en ta ry  so u rce  m a te r ia l s .  

Due to  th e  marked r e s i s t a n c e  o f z i rc o n  to  w ea th e r in g , s tro n g  lo c a l  

accu m u la tio n s  could  be ex pec ted  in  some r e s i s t a t e  se d im e n ts . However, 

th e  s t ro n g  v a r i a t io n s  observed  in  h ig h ly  d i f f e r e n t i a t e d  g r a n i te s  m ust 

be due to  magmatic p ro c e s s e s .

As a  f r e e  io n  Z r r ‘ (»79 A) may s u b s t i t u t e  f o r  F e ' + ( .6 4  A) 

to  some e x te n t  fo llo w in g  Ti"^+ ( .6 8  A ); i t  i s  known to  e n te r  py roxenes 

and a l s o  a p a t i t e  (TAYLOR, 1965)» RINGWOOD (l95 5 k ) co n s id e re d  t h a t ,

due to  th e  h igh  io n ic  p o t e n t i a l ,  Zr shou ld  occu r m ain ly  as ZrO„ -4

-4com plexes in  magma. B ecause o f  t h e i r  l a r g e r  s iz e  r e l a t i v e  to  SiO^ 

th e se  shou ld  become c o n c e n tra te d  in  r e s id u a l  m e lts .  The g r a n i te  d a ta  

from b o th  a re a s  h e re  c o n s id e re d  in d ic a te s  t h a t ,  u n le s s  a s u b s t a n t i a l  

p a r t  o f  th e  Zr i s  l o s t  c o m p le te ly  from  th e  most h ig h ly  f r a c t io n a te d



granites, any 2r complexes do not accumulate to the very last stages 

of differentiation hut probably break down to form zircon, ZrSiCh, 

throughout crystallization of the granites.

The granite biotites and chlorite (Table 24) average about 

150 p.p.m. Zr, with a range from 85 to 275 p.p.m., but only a trace 

(here <15 p.p.m.) was found in muscovites or sericite. Probably most 

of the Zr found in the biotites is due to the small, microscopically 

observed zircon inclusions; no Ti-Zr coherence can be seen.

Most K-feldspar analyses (Table 22) from the normal Cape 

Granite also show traces of Zr (4-6 p.p.m.) with somewhat higher 

levels averaging 12 and 9 p.p.m. for the K-feldspars from the fine­

grained facies and the Younger Saldanha Granite respectively. The 

recalculated granite plagioclases, (Table 23» 106 and 137) show the 

surprisingly high Zr level of 100 p.p.m.. But plagioclases 177 and 

178 from the diorite-gabbro intrusion are even higher with 470 and 

330 p.p.m. respectively. (Their biotites have only 70 and 5° p.p.m., 

considerably lower than the granite biotites). N0CK0LDS and MITCHELL 

(1948) similarly found high Zr in some plagioclases, but not in K- 

feldspars. This must be due mainly to very small mineral inclusions. 

9-1i. Tin.

Due to an ionic potential slightly higher than that of 

Zr T, Sn^+ will also tend to form complexes (SnO^ ) in silicate 

melts (RliTGWOOD, 1955b). Because of size difficulties these again 

will not readily be accepted in silicate lattices and should there­

159*

fore accumulate in residual melts. Apart from occurring as



cassiterite, however, tin as the free ion Sn^+ (.71 A) may also dis­
play some diadochy with Fe''1" (.64 A), Ti^+ (.68 A) or Z r ^ + (.79 A) 
and is further known to occur in sulphides (TAYLOR, 1965). Data by 
ONI8HI and SAEDELL (1957), BARSUKOV (1957), and HAMAGUCHI et al.
(1964) indicate averages of about 1 p.p.m. Sn for basic rocks,
3.5 p.p.m. for granites, but up to 30 p.p.m. for tin-bearing granites.

The Sn results discussed here were obtained by the modified 

spectrochemical technique described in KOLBE (1965)» The detection 

limit achieved, 1 p.p.m., is probably just adequate for a study of Sn 
in granitic rocks.

The concentration range of 2.0 to 4*2 p.p.m. observed for 
all granite samples is remarkably small, and no relationship was 

observed between Sn and other elements, such as Ti. In marked con­

trast to the behaviour of Zr, Sn in the granites of both areas 
increases slightly with increasing fractionation. The Snowy grano- 

diorites average p.p.m., increasing to 3*5 p.p.m. in the Snowy 

leucogranites (Table 4). The coarsely porphyritic granites forming 

the bulk of the Cape Plutons also average J.O p.p.m., while the 

marginal, more leucocratic, fine-grained facies show a mean of 

3.4 p.p.m. (Table 18). Three previously published Sn figures on 

samples of Cape Granite, due to Ahrens and coworkers, are listed in 

Table 9»
The Younger Saldanha Granite at Hoedjies Bay (Samples 163» 

166 and 167) may generally be slightly higher in Sn (average obtained: 

4.1 p.p.m.), but apparently normal levels were recorded from three
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sam ples o f  th e  K u ils  H iver G ra n ite  (n o s . 119, 137 and 149) w hich is  

cu t by th e  NW tre n d in g , c a s s i t e r i t e - b e a r i n g  zone o f m in e r a l iz a t io n  

(se e  C hap ter 6 -2 ) .

However, th e  Sn c o n c e n tra t io n  o f  th e  K - fe ld s p a rs  from th e  

th re e  l a t t e r  sam ples (4*0, 4*0 and 5*3 p .p .m .)  i s  r a th e r  h ig h e r  th a n  

th e  observed  mean fo r  th e  K -fe ld sp a rs  g e n e r a l ly :  2 .7  p .p .m . fo r

th o se  from  th e  norm al c o a rse  g r a n i te s  and 3*7 p .p .m . f o r  th e  K- 

f e ld s p a r s  from  th e  f in e -g ra in e d  le u c o c r a t i c  v a r i e t i e s  (T ab le 2 2 ).

No s i g n i f i c a n t l y  d i f f e r e n t  Sn c o n c e n tra t io n  was found in  th e  K - fe ld s p a rs  

from th e  sm all p e g m a tite s , con tam ina ted  g r a n i t e  o r x e n o l i th ,  b u t 

K -fe ld sp a rs  110 and 145 from th e  P e n in s u la  G ra n ite  have a p p a re n tly  

anom alously  h ig h  Sn v a lu e s  o f  11 and 10 p .p .m . r e s p e c t iv e ly ,  a lth o u g h  

no t s i g n i f i c a n t l y  d i f f e r e n t  in  o th e r  r e s p e c t s .  I t  th u s  seems most 

l i k e ly  t h a t  Sn in  th e se  f e ld s p a r s  o ccu rs  as  v e ry  sm a ll in c lu s io n s  o f 

c a s s i t e r i t e .  T his may a ls o  account f o r  th e  Sn v a lu e s  o b ta in ed  f o r  

th e  p la g io c la s e s  (T able 23)»

In  a  s tu d y  on m icas, m ainly  from  p e g m a tite s , AHRENS and 

LIEBENBERG (1950) found SnO^ c o n c e n tra t io n s  v a ry in g  from < .0 0 0 5 c/o 

to  n e a r ly  . 5 Two o f  t h e i r  m u sco v ites  (T ab le  1, n o s . 29 and J>0) 

from George and Sea P o in t ,  Cape P ro v in ce  a re  l i s t e d  as c o n ta in in g  

.011 and . 09$  SnO^ r e s p e c t iv e ly .  U n fo r tu n a te ly  no f u r th e r  l o c a l i t y  

d a ta  a re  g iv e n  f o r  th e se  two sam ples. The Sn c o n c e n tra t io n  o f th e  

Cape G ra n ite  b i o t i t e s  found h e re  (T ab le  24) i s  on ly  s l i g h t l y  h ig h e r  

than  th a t  o f th e  K -fe ld sp a rs  and t o t a l  ro c k s . They av erag e  abou t 

4*5 p .p .m . (ran g e : 3*2-6*5 p .p .m .) ,  and th e  few specim ens o f
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m u sco v ite , s e r i c i t e  and c h l o r i t e  examined a ls o  shov? no more th a n  

7*3 p .p .m . No c o r r e l a t i o n  i s  e v id e n t in  th e  m icas betw een Sn and o th e r  

e le m e n ts , e .g .  T i . I t  i s  th u s  a g a in  d i f f i c u l t  to  d e c id e  w hether Sn 

a c t u a l l y  occu p ies  l a t t i c e  s i t e s  in  th e  m ica s t r u c t u r e ,  a lth o u g h  t h i s  

seems more l i k e l y  th a n  in  th e  case  o f th e  f e ld s p a r  l a t t i c e .  AHRENS 

and LIEBENBERG (1950) concluded th a t  in  th e  m icas c o n ta in in g  lov/er 

c o n c e n tra t io n s  o f Sn, i t  i s  a l l  h e ld  o c ta h e d ra l ly  in  th e  mica 

s t r u c t u r e ,  b u t in  th o se  w ith  h ig h  Sn c o n c e n tra t io n s  c a s s i t e r i t e  i s  

p r e s e n t  as w e ll .

9 -14 . I ro n  and Magnesium.

The s tro n g  d e c re a se  o f b o th  th e se  m ajor e lem en ts  w ith  p ro ­

g re s s iv e  d i f f e r e n t i a t i o n  o f th e  g r a n i t i c  rocks i s  i l l u s t r a t e d  in  th e  

FeO and MgO s i l i c a  v a r i a t i o n  d iagram s shown in  F ig .  16. A com parison  

o f th e  FeO-MgO p lo t  f o r  the  Snowy g r a n i t e s  (F ig . 7 ) and an Fe-Mg 

p lo t  f o r  th e  Cape G ra n ite s  (F ig . 67) w ith  s im i la r  p lo t s  of th e  

p re v io u s ly  p u b lish e d  (ch em ica l)  g r a n i t e  a n a ly se s  ( e .g .  F ig .  8) 

d em o n stra te s  th e  much sm a lle r  sp read  o f th e  s p e c tro g ra p h ic  r e s u l t s  

o f t h i s  s tu d y , e s p e c i a l l y  a t  low er c o n c e n tra t io n  l e v e l s .

F ig s . 7 and 67 a ls o  i l l u s t r a t e  th e  in c re a s in g  Fe/Mg r a t i o  

w ith  d i f f e r e n t i a t i o n :  from  an av e rag e  o f 2 .8  f o r  th e  Snowy g ra n o -

d i o r i t e s  to  8 f o r  th e  Snowy le u c o g r a n i t e s ; and from  4 .6  f o r  th e  

average  c o a rse  Cape G ra n ite  to  17 fo r  th e  most f r a c t io n a te d  f i n e -  

r a in e d  v a r i e t i e s .  T his i s  m ain ly  due to  th e  w e ll known in c re a s e  

o f th e  Fe/Mg r a t i o  o f b i o t i t e s  w ith  d i f f e r e n t i a t i o n  -----  i l l u s t r a t e d
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i n  F ig .  68 fo r  th e  Cape G ra n ite  b i o t i t e s  by u se  o f th e  p e rc e n ta g e  Mg 

o f  th e  t o t a l  rock  a s  a  s e n s i t i v e  m easure of f r a c t i o n a t io n .  A part 

from  r e l a t i v e l y  u n im p o rtan t c o n t r ib u t io n s  from o c c a s io n a l a c c e s so ry  

h o rn b le n d e , c o r d i e r i t e  o r to u rm a lin e , th e  Mg c o n c e n tra t io n  of th e  

g r a n i t e s  i s  c o n t ro l le d  by t h e i r  b i o t i t e s .  A p lo t  o f th e  Fe/Mg r a t i o s  

o f th e  b i o t i t e s  r e l a t i v e  to  t h e i r  t o t a l  rocks (F ig . 69) shows th a t  th e

r a t i o  " o io t i t e ° Ĉ  £r e a ^e r  ^ an  o n e> about 1*5* T his i s  a

m easure o f iro n  o re  p re s e n t  i n  th e  g r a n i t e s .

HFIER (1962) d isc u sse d  th e  ev idence  f o r  some s u b s t i t u t i o n  o f

3+ . 4+S i and A1 in  th e  t e t r a h e d r a l  p o s i t io n s  of f e ld s p a r s  by F e-' , T i ' e t c . .  

He su g g e s te d  th a t  h e m a tite  f l a k e s ,  o f te n  p re s e n t  in  c e r t a in  f e ld s p a r s ,  

may be e x s o lu t io n  p ro d u c ts  of a  f e r r i c  compound c o rre sp o n d in g  to  

K - fe ld s p a r  formed in  th e  te rn a r y  system  K ^-F e^O ^-S iO ^. The Cape 

G ra n ite  K -fe ld s p a rs  (T able 22) have an average  Fe ( t o t a l  Fe) c o n te n t  

o f ab o u t 500 p .p .m . ; Mg in  th e  same K -fe ld s p a rs  v a r ie s  from an 

av e ra g e  o f abou t 110 p .p .m . f o r  th e  co a rse  g r a n i t e s  to  55 p .p .m . f o r  

th e  f in e -g ra in e d  g r a n i t e s .  T hat th e  d i s t r i b u t i o n  o f th e se  two 

e lem en ts  in  th e  f e ld s p a r s  i s  n o t random i s  shown by th e  sy m p a th e tic  

v a r i a t i o n  o f th e  Fe/Mg r a t i o  f o r  f e ld s p a r s  and t h e i r  h o s t  ro ck s  

(F ig . 7 0 ) . This i s  b e s t  e x p la in e d  by th e  p re se n c e  in  th e  f e ld s p a r s  

o f v e ry  sm all amounts o f  b i o t i t e  o r s e r i c i t e .  Thus a l l  Mg in  th e  

K - fe ld s p a rs  from th e  norm al c o a rse  g r a n i t e  cou ld  be accoun ted  fo r  

by ab o u t .2 °/o b i o t i t e ,  p o s s ib ly  p r e s e n t  as m inute in c lu s io n s .  But 

th e  h ig h e r  Fe/Mg r a t i o  o f K - fe ld s p a rs  r e l a t i v e  to  t h e i r  b i o t i t e s

( ~ 1 . 5) su g g e s ts  t h a t  a d d i t io n a l  sm all amounts o f Fe a re  p r e s e n t
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in  th e  K - fe ld s p a r s ,  a lth o u g h  i t  i s  n o t c e r t a in  w hether t h i s  i s  p r e s e n t  

in  l a t t i c e  p o s i t io n s  o r n o t .  (M uscov ites and s e r i c i t e  have even low er

Fe/Mg r a t i o s  th a n  b i o t i t e  -----  e .g .  no . 106, T able 2 4 ) . T i and Mn a re

s im i la r ly  c a lc u la te d  to  be in  " e x c e s s ” in  K - fe ld s p a r s .

A lthough th e  K - fe ld s p a rs  in v e s t ig a te d  g e n e ra l ly  app ea r 

l i t t l e  a l t e r e d ,  s e r c i t i s a t i o n  was e s p e c ia l ly  no ted  in  Samples 124,

125, 126 and 127 from  th e  O lder S&ldanha G ra n ite  a t  th e  H o ed jies  Bay 

C o n ta c t. They a re  p ro b a b ly  h y d ro th e rm a lly  a l t e r e d  and a re  consp icuous 

by h ig h  F e , Mg, Pb and e s p e c ia l ly  Cu.

9 -15 . T itan ium .

The h ig h  io n ic  p o t e n t i a l  o f  T i^+ would su g g e s t th a t  i t  

forms complexes in  s i l i c a t e  m e lts  as does Zr (RU'IGWOOD, 1955h), 

b u t th e  w e ll developed  F e -T i and Mg-Ti r e la t io n s h ip s  observed f o r  th e  

Cape G ra n ite s  (F ig . 71) su g g e s t th a t  T i i s  p red o m in an tly  p r e s e n t  in  

s i l i c a t e  s t r u c tu r e s  as a re  Fe and Mg. The r a t e  o f d e c re a se  w ith  

d i f f e r e n t i a t i o n  o f  th e se  th re e  e lem en ts  i s  seen  to  be Mg > T i>  F e .

A s im i la r  tre n d  i s  observed  f o r  th e  Snowy g r a n i t e s ,  f o r  which a  

F e-T i p lo t  i s  shown in  F ig . 10.

The s im i la r  Mg/Ti r a t i o s  o f th e  norm al, c o a rse  Cape G ra n ite s  

and t h e i r  b i o t i t e s  (a v . 2 .4 )  su g g e s t th a t  a lm ost a l l  T i in  th e s e  

ro ck s  i s  p r e s e n t  in  th e  b i o t i t e s .  R u t i l e ,  TiO^, has  on ly  been 

observed  in  th e  C l i f to n  X e n o li th  (Sample 175, T i= 1 .1 $ ) , h u t some 

Ti i s  a l s o  c o n tr ib u te d  by th e  v e ry  sm all amounts o f sphene, CaTiSiO^., 

found in  a few g r a n i t e s  ( e .g .  Sample 122). As expec ted  from th e  h ig h
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T i c o n te n t o f d io r i te -g a b b ro s  177 and 178, t h e i r  b i o t i t e s  a l s o  a re  

h ig h e r  in  T i (5*1$ and 2 .95$) th a n  any o f  th e  g r a n i t e  b i o t i t e s  w hich 

ran g e  from 1 .4 5 -2 .4 6 $  (T able 2 4 ) . I t  i s  no tew o rth y  th a t  T i in  

c h l o r i t e  106 (1•45$) i s  s i g n i f i c a n t l y  low er th a n  in  th e  b i o t i t e  

(1 .9 5 $ ) from w hich i t  form ed, d e s p i te  th e  norm al h ig h e r  Fe and Mg 

c o n c e n tra t io n  o f th e  c h l o r i t e .

T i was found to  be p re s e n t  in  a l l  f e ld s p a r s  an a ly sed  

(T ab les 22 and 25) .  The mean o f  th e  55 K -fe ld s p a rs  from th e  no rm al, 

c o a rse  Cape G ra n ite  i s  65 p .p .m . ; t h i s  d e c re a se s  to  an  av erag e  o f  

on ly  25 p .p .m . f o r  f in e -g ra in e d  g r a n i te s  and p e g m a tite s . K - fe ld s p a rs  

from th e  Younger S aldanha  G ra n ite  (Sam ples 158-166) r a th e r  s u r p r i s in g ly  

average  j u s t  over 100 p .p .m .,  d e s p i te  th e  low T i o f th e  t o t a l  ro ck s  

(F ig . 71 ) .  A lthough a p p a re n tly  "norm al” in  Fe and Mg, th e se  n in e  

f e ld s p a r s  a re  a l s o  h ig h e r  th a n  av erag e  in  Z r . The average  r a t i o  

:%^Ti‘" in  K ^ e l 'd's~ fo r  th e se  two m in e ra ls  i s  n e a r ly  2 .

T h e re fo re , as co n s id e re d  in  th e  ca.se o f  Fe, i f  a l l  Mg o f th e  K- 

f e ld s p a r s  i s  due to  b i o t i t e  c o n ta m in a tio n , about h a l f  o f th e  T i canno t 

be thus accounted  f o r .  Nor can  i t  be due to  c o n tam in a tio n  by e i t h e r  

m uscov ite , s e r i c i t e  o r c h l o r i t e ,  s in c e  th e se  show even h ig h e r  Mg/Ti 

r a t i o s  than  c o e x is t in g  b i o t i t e s .  P o s s ib ly  T i may be p re s e n t  in  th e  

f e ld s p a r s  as t i n y  in c lu s io n s ,  such  as  r u t i l e ,  a lth o u g h  th e se  w ere n o t 

observed . But d e s p i te  th e  r e l a t i v e l y  la rg e  s iz e  o f T i^ + ( .6 8  A) 

some may occupy te t r a h e d r a l  l a t t i c e  s i t e s ,  as su g g es ted  f o r  Fe .

But t h i s  q u e s tio n , as th e  r e l a t e d  problem  o f  th e  d i s t r i b u t i o n  o f



some c h a lc o p h ile  e lem en ts , must aw a it f u r th e r  in v e s t ig a t io n  by m icro ­

p ro b e .

9 -16 . Scandium .

The Sc c o n c e n tra t io n  o f th e  g r a n i te s  in v e s t ig a te d  h e re  i s  

e s s e n t i a l l y  in  agreem ent w ith  th e  f ig u re s  o f  14 p .p .m . f o r  h ig h  Ca 

g r a n i te s  and 7 p .p .m . f o r  low Ca g r a n i t e s  su g g es ted  by TUREKIAN and 

WEDEPOHL (196 1) from  d a ta  by AHRENS (1954) *

Snowy M ts. g n e is s  (ra n g e : 11 . 6- 17)

g r a n o d io r i te  13 (6 .4 -2 1 )

le u c o g ra n i te  5 ( 2 .7 -7 .8 )

Cape G ra n ite ,  c o a rs e ly  p o r p h y r i t ic  6 .6  (5 -1 1)

m edium -grained 4«1 (5*5-6)

f in e -g ra in e d  2 .5  ( < 1 - 4 )

The h ig h e s t  Sc c o n c e n tra t io n  o b serv ed , 46 p .p .m . f o r  Snowy Amphi­

b o l i t e ,  Sample 36 , in d ic a te s  an o r ig in  from  a  b a s ic  ro c k .

The observed  Fe-Sc r e l a t io n s h ip  fo r  th e  g r a n i t i c  ro c k s  i s  

c lo s e r  th a n  f o r  Mg and Sc. T his i s  as expected  s in c e  Sc^+ ( .8 1  A) 

should  be c ap tu red  in  Fe ' («74 A) p o s i t i o n s ,  a ided  by th e  more

io n ic  c h a r a c te r  o f  th e  S c-0  bond; Mg^+ ( .6 6  A) and a ls o  Fe^+ ( .6 4  A) 

a re  c o n s id e ra b ly  sm a lle r  (TAYLOR, 1965)*

Sc was n o t d e te c te d  ( < 1 p .p .m .)  in  any o f th e  Cape G ra n ite  

f e ld s p a r s .  The b i o t i t es show a  r a th e r  c o n s ta n t l e v e l  o f about 5° P*P 

and th e r e f o r e  c o n ta in  v i r t u a l l y  a l l  th e  Sc o f th e  g r a n i t e s .  However, 

b i o t i t e s  177 and 178 (18 and 19 p .p .m .)  a re  c o n s id e ra b ly  low er th a n
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t h e i r  d io r i te - g a b b r o  h o s t  ro ck s (30 and 37 p .p .m .) .  In  th e se  Sc m ust 

be c o n c e n tra te d  m ain ly  in  th e  o th e r  fe rro m a g n esian  m in e ra ls ,  p r i n c i p a l l y  

h o rn b len d e  a.nd some p y ro x en e . S im ila r  p r e f e r e n t i a l  e n try  o f  Sc in to  

th e se  m in e ra ls  and a ls o  sphene and a p a t i t e  has been no ted  by a  number 

o f  p re v io u s  w orkers.

Among th e  g r a n i t e  b i o t i t e s  on ly  th e  o th e rw ise  ch em ic a lly  

s im i la r  b i o t i t e  135 (T ab le  24) has a  d r a s t i c a l l y  low er Sc c o n c e n tra ­

t io n  o f 5 .2  p .p .m .,  a lm o st i d e n t i c a l  to  th e  norm al le v e l  o f th e  t o t a l  

ro ck  ( 5 .O p .p .m .) .  U n fo r tu n a te ly  t h i s  i s  th e  on ly  b i o t i t e  an a ly sed  

from th e  s tro n g ly  deform ed , g n e is s ic  George G ra n ite . I t  i s  p o s s ib le  

th a t  Sc was l o s t  from  th e  b i o t i t e  d u rin g  d e fo rm a tio n  and r e d i s t r i b u t e d .  

On th e jo th e r hand, th e  s im i la r  Sc c o n c e n tra t io n  o f C h lo r i te  106 

(45 p .p .m .)  r e l a t i v e  to  b i o t i t e  106 (48 p .p .m .)  shows th a t  Sc i s  n o t 

n o rm ally  s t r o n g ly  l o s t  from  b i o t i t e  d u rin g  p ro b ab le  l a t e - s t a g e  hy d ro ­

th e rm al a l t e r a t i o n .

As expected  from  t h e i r  low Fe c o n te n t ,  s e r i c i t e  and m u sco v ites  

(T able 24) c o n ta in  much l e s s  Sc th a n  c o e x is t in g  b i o t i t e s .  The h ig h e r  

le v e l  o f 45 p .p .m . o f  p e& m atitic  m uscov ite  172 must be due to  th e  

absence o f b i o t i t e ,  w hich has more fa v o u ra b le  l a t t i c e  s i t e s .

9 -17 . Manga ne s e .

The av e rag es  o f  th e  g r a n i te  ty p e s  in v e s t ig a te d  h e re  a g ree  

g e n e ra l ly  w ith  the  mean v a lu e s  o f 540 p .p .m . fo r  h igh-C a g r a n i t e  and 

39O p .p .m . fo r  low-Ca g r a n i t e  g iv en  by TUREKIA1I and YffiDEPOHL ( 1961) .
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Mn Hanse Fe/Mn
Snowy M ts. g n e is s 570 580-680 72

g r a n o d io r i te 635 445-980 59
le u c o g ra n i te 525 150-510 28

Cape G ra n ite , co a rse 450 290-560 57
medium V_

M G\ O 2OO-59O 40

f in e 175 16-280 42

Manganese i s  p r e s e n t  in  igneous 2 +ro ck s  p red o m in an tly  as Mn (RANKAMA

and BAHAMA, 1950). I t  has a v e ry  s im i la r  e l e c t r o n e g a t iv i ty  to  F e4""**, 

bu t th e  observed  d e c re a se  in  th e  Fe/Mn r a t i o  w ith  f r a c t io n a t io n  may 

be ex p la in ed  by th e  l a r g e r  io n ic  ra d iu s  o f Mn ( .8 0  A) compared w ith
9 - | -  2 + Tpj,

Fe1" (»74 A ). Mg (.66  A) and Fe^ ( .6 4  A) a re  even sm a lle r  th a n  

2+ 2+Fe , and Mg forms more io n ic  M-0  bonds. The observed  r a t e  o f

rem oval from f r a c t io n a t in g  magmas i s  th e re fo re  Mg > Fe > Mn.

The g r a n i t e  d a ta  show a  g e n e ra l d e c re a se  o f th e  Fe/Mn r a t i o

w ith  d i f f e r e n t i a t i o n .  The Mn d i s t r i b u t i o n  i s  seen  to  be e r r a t i c ,

e s p e c ia l ly  a t  th e  low er c o n c e n tra t io n s  o f F e , i . e . ,  in  th e  most

d i f f e r e n t i a t e d  g r a n i t e s .  The v a r i a t i o n  o f th e  Fe^+/F e ^ + r a t i o  m ust

be a  c o n tr ib u to ry  c a u se . Due to  i t ’ s low io n ic  p o t e n t i a l  d iv a le n t  

2+Mn i s  a ls o  more e a s i l y  leach ed  even by v e ry  w eakly ac id  s o lu t io n s  

th a n  o th e r  d iv a le n t  e lem en ts  o f the  i r o n  fam ily  (GOLDSCHMIDT, 1954)*

I t  may th e re f o r e  be more e a s i l y  tr a n s p o r te d  by l a t e - s t a g e  h y d ro th e rm al 

s o lu t io n s  from one p a r t  o f a  ro c k , to  become f ix e d  in  a n o th e r , a f t e r  

o x id a tio n  to  th e  h ig h ly  in s o lu b le  t r iv a le n t jo r  q u a d r iv a le n t  s t a t e .

Such a  p ro c e ss  would be most marked in  th e  l a t e s t - s t a g e  g r a n i t e s .  In  

th e se  some r e d i s t r i b u t i o n  o f  Mn would a l s o  be more ap p a re n t b ecau se

of t h e i r  low er o v e r a l l  Mn l e v e l .
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The b i o t i t e s  from the  co a rse  Ca.pe G ra n ite  average  about .26$  

i.In (T ab le  2 4 ). Mn in  th e  b i o t i t e s  in c re a s e s  w ith  d i f f e r e n t i a t i o n  o f 

th e  g r a n i t e s  as does F e. The h ig h e s t  observed  v a lu e  i s  .4 $  f o r  

b i o t i t e  149* B io t i t e s  177 and 178 (#21$ and .155$  Mn) from th e  

d io r i te - g a b b r o  in t r u s io n s  a re  d i s t i n c t l y  low er th a n  th e  g r a n i t e  

b i o t i t e s  a lth o u g h  t h e i r  t o t a l  rocks ( . 135$  and . 15$ ) have a  3 - fo ld  

h ig h e r  l e v e l  th a n  th e  g r a n i t e s .  Mn in  th e se  more b a s ic  ro ck s  must 

th e re f o r e  be c o n c e n tra te d  p r e f e r e n t i a l l y  in  o th e r  fe rro m ag n esian  

m in e ra ls .  D ata by N0CK0LB3 and MITCHELL (1948) show a  s im i la r  Mn 

enrichm en t in  ho rnb lende  and pyroxenes r e l a t i v e  to  c o e x is t in g  

b i o t i t e s .

M uscovites and s e r i c i t e  from norm al g r a n i t e  a re  low in  Mn 

(abou t 200 p .p .m . ,  Table 2 4 ). K -fe ld sp a rs  (T ab le  22) average  on ly  

abou t 10 p .p .m ..  R e c a lc u la te d  g r a n i te  p la g io c la s e s  106 and 137 have

<40 p .p .m . .

S u b s t i t u t io n  o f  Mh^+ fo r  e i t h e r  Cai‘+ o r Na^+ in  th e  f e ld s p a r  

l a t t i c e  seems u n l ik e ly  in  view o f th e  much g r e a t e r  e l e c t r o n e g a t iv i ty  

o f  Mn. I f  8.11 Mg i n  th e  K -fe ld sp a rs  i s  c o n s id e re d  as due to  th e  

p resen ce  o f su b in ic ro scop ic  mica in c lu s io n s ,  com parison o f th e  Mg/Mn 

r a t i o  o f th e  m icas and f e ld s p a r s  shows th a t  a  v a r ia b le  p ro p o r tio n  

(abou t l /2  on an av erag e) o f th e  Mn observed  in  th e  f e ld s p a r s  cannot 

be accounted  f o r  by such in c lu s io n s .  This i s  e s p e c ia l ly  marked in  

th e  case o f  a  few K -fe ld s p a rs  from th e  f in e r - g r a in e d  g r a n i te s  

( e .g .  Samples 144-147) which h a v e >3® p»p*m. Mn w ith o u t co n c o m itta n t 

in c re a se  o f Mg o r Fe. P robab ly  Mn is  p r e s e n t  as  in s o lu b le  o x id es  o r
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h y d ro x id es  in  m in e ra l f r a c tu r e s  o r c o a tin g  m in e ra l g r a in s .  Some Mn 

in  t h i s  form  may a l s o  occur f in e l y  d is se m in a te d  th ro u g h o u t th e  ro c k . 

Summation o f  th e  Ivin c o n te n ts  of th e  m ajor m in e ra ls  an a ly sed  h e re  

o n ly  acco u n ts  f o r  an  average  o f  abou t 75$  o f th e  t o t a l  Ivin in  th e  

g r a n i t e s .  D. t a  by N0CK0LDS and MITCHELL ( 1948) and RMKM.iA and 

SAHAMA (1950) su g g e s t th a t  i t  i s  u n l ik e ly  th a t  a l l  rem ain ing  Mn i s  

c o n ta in ed  in  th e  r e l a t i v e l y  sm all amount o f a c c e s so ry  sphene, a p a t i t e ,  

to u rm a lin e  and i r o n  o re  p re s e n t  in  th e  Cape G ra n ite s .

9 -1 6 . C onner«

R ecent e s t im a te s  o f th e  average Cu c o n c e n tra t io n  o f b a s a l t s ,  

d i o r i t i c  ro ck s  and g r a n i t i c  rocks a r e :  85-90  p .p .m . ,  25-50  p .p .m .

and 8 p .p .m . r e s p e c t iv e ly  (WEDEPOHL, 1962) .  The s tro n g  d e c re a se  o f 

Cu w ith  in c re a s in g  f r a c t io n a t io n  i s  e s p e c ia l ly  marked f o r  th e  

g r a n i t i c  ro ck s  o f  th e  Snowy M ts .:

Snowy M ts . g n e is s

A verage Cu 

27

Range

15-55
(T ab le  4) g r a n o d io r i te 22 1 .7 -75

le u c o g ra n i te <2 1- 4.6

Cape G ra n ite s , c o a rs e 9*9 2 . 5-16

(T ab le  18) medium - 7 1 .1 -29

f in e - 5 1 . 4-17

The observed  ran g es  a t t e s t  to  th e  ex trem e v a r i a b i l i t y  o f  th e  Cu d i s ­

t r i b u t i o n  in  a l l  g r a n i t e  ty p e s . T his c o n t r a s t s  w ith  th e  b ehav iou r o f 

Mn which shov/s s tro n g  v a r ia t io n s  m ain ly  in  th e  most s t r o n g ly  d i f f e r ­

e n t ia te d  ro c k s .
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The g e n e ra l le v e l  o f m ajor and t r a c e  e lem en ts  o f th e  Snowy 

A m ph ibo lite  (Sample J>6) i s  c o n s is te n t  w ith  an  o r ig in  from b a s ic  ro c k , 

b u t compared w ith  a  b a s a l t  average o f  90 p .p .m . Cu, th e  c o n c e n tra t io n  

o f  on ly  22 p .p .m . i s  d e c id e ly  low. HEIER ( i 960) e x p la in ed  s im i la r  

low Cu le v e ls  o f m e ta b a sa lts  as due to  th e  lo s s  d u rin g  s tro n g  m eta­

morphism o f v o l a t i l e  Cu, e s p e c ia l ly  from s u lp h id e s .  The e r r a t i c  

b eh a v io u r o f  Cu in  g r a n i t i c  rocks may a ls o  be due to  a  la rg e  e x te n t  

to  l a t e - s t a g e  h yd ro therm al r e d i s t r i b u t i o n .

The a r i th m e t ic  mean o f Cu in  a l l  26 sam ples of Cape G ra n ite  

m icas i s  13 p .p .m . (T able 24 ). By com parison w ith  most o th e r  t r a c e  

e lem en ts  th e  observed  range o f  5*6-28 p .p .m . i s  s m a ll ,  s in c e  a n a ly se s  

o f  a l l  b i o t i t e s ,  m usco v ites , s e r i c i t e  and c h l o r i t e  a re  in c lu d ed  from  

so u rc e s  as d iv e rs e  as  th e  d i f f e r e n t  g r a n i te  ty p e s ,  m igm atite  zone, 

p e g m a tite s  and x e n o l i th s .  B io t i te s  177 and 178 from  th e  d i o r i t e -  

gabbros a re  low er w ith  3*8 and 5*4 p .p .m ..

Cu was d e te c te d  in  a l l  K - fe ld s p a rs .  They average  j u s t  over 

2 p .p .m . w ith  a  ran g e  o f <1 ( t r a c e )  to  5 p .p .m . (T ab le  22) .  (Only 

K - fe ld s p a rs  124 to  127 from th e  O lder Saldanha G ra n ite  a t  th e  H o ed jie s  

Bay C on tact a re  co n sp icu o u sly  h ig h e r  w ith  12-20 p .p .m . .  But th e se  

f e ld s p a r s  a re  somewhat s e r i c i t i z e d  and a re  a ls o  d is t in g u is h e d  by 

h ig h e r  F e , Mg and P b ). P la g io c la s e s  from g r a n i t e s  106 and 137 show a 

4 - fo ld  increa .se  in  Cu re le .t iv e  to  t h e i r  c o e x is t in g  K -fe ld sp a rs  

(T ab le  23) .  The Cu c o n te n ts  o f  th e  micas and f e ld s p a r s  a re  n o t 

a p p a re n tly  r e l a t e d  to  th e  c o n c e n tra tio n  o f any o th e r  elem ent p r e s e n t .



172.

The low Cu concentration of the micas rules out the possibility that 

» inclusions of mica are responsible for the observed Cu levels of the 

normal feldspars.

As free ion Cu^+ (.72 A) substitutes for Fe“"* (.74 A) in

ferromagnesian minerals. Purely from size considerations the

Quantitatively less important Cu^1 (.96 A) might be expected to re-
place Ca in apatite and both Ca'“ (»99 A) and Na («97 A) in plagio-
clase. But the Cu-0 bond is far more covalent than either the Fe-O,

Na-0 or Ca-0 bonds (T_iYLOR, 1965)* This results in the strongly

chalcophile character of Cu. The low Cu level of the biotites
2+ 2+reflects the difficulty of any Cu^ -Fe"“ substitution. The similar 

Cu levels of biotites and muscovites actually suggest that Cu is not 

dependent on the Fe concentration in the micas, but may be at least 

partly present as sulphide inclusions. Even assuming that all Cu 

in the granite micas is present in the structure, at most 20̂ 4 of the 

total rocks Cu is accounted for. Data from granites 106 and 157 

indicate that feldspars (and quartz) account for another 30/'0* The 

rest of the total Cu, or more, must be sought in sulphides outside 

the rock-forming minerals. It probably occurs as chalcopyrite, the 

main primary mineral of Cu.

HEIER (i960) tentatively suggested that enrichment of Cu in 
plagioclases relative to K-feldspars might be explained by the sub­

stitution of Cu for Na or Ca. But the plagioclase analyses here 

given in Table 23 show that plagioclases are also enriched relative
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to K-feldspars in other elements such as Mg, Fe, Mn, Ti, Zr and Y.

(See also data by NOCKOLDS and MITCHELL, 1948). It is not likely 

tha.t all these elements occur in lattice positions. The relatively 

higher concentration of some of these elements and Cu in the plagio- 

clases may be due rather to a greater amount of very small mineral 

inclusions. Submicroscopic sulphide inclusions may also account for 

the very low levels of Cu in the K-feldspars.

9-19« Vanadium.

This element occurs principally as V^+ (.74 A) and is cap- 
2+tured in Fe (»74 A) positions, aided by the more ionic character of 

3+the V" - 0 bond. The virtual exclusion of the trivalent cations,
3+ 3+V" and Cr' , from olivines is due to the difficulty of maintaining

electrical neutrality (TAYLOR, 1965). also forms a more ionic
3+bond with oxygen than does Fe'' and should therefore be able to

34-substitute for it to some extent, despite the smaller size of Fe 

(.64 A). Data by NOCKOLDS and MITCHELL (1940), WAGER and MITCHELL 

(1951) and SEN, NOCKOLDS and ALLEN (1959) show that the V concentration 

in minerals generally decreases in the order: magnetite^ .ilmenite>

biotite> hornblende and pyroxenes> olivine.

The Fe-V and Mg-V plots for the Snowy granites (Fig. ^ 

and the Cape Granite (Fig. 72) demonstrate the strong, regular decrease 
of V and the increase of the Fe/V ratio with fractionation. The 

range of V observed (~1->100 p.p.m.) makes it difficult to give 

averages for rock types. On the basis of data by AHRENS (1954),
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TUREKIAN and WEDEPOHL ( 1961) suggested  av e ra g es  o f 88 p .p .m . and 44 

p .p .m . f o r  h igh-C a and low-Ca g r a n i te s  r e s p e c t iv e ly .  The a r i th m e t ic  

mean o f th e  Snowy g ra n o d io r i te s  and g n e is s e s  l i e s  betw een 60 to  65 

p .p .m . ,  somewhat low er than  th a t  su g g ested  f o r  g r a n o d io r i te s  g e n e ra l ly .  

The no rm al, c o a rs e ly  p o rp h y r i t ic  ty p e s ,  w hich form th e  b u lk  of th e  

h ig h le v e l  Cape G ra n ite  P lu to n s  have a  mean o f  40 p .p .m . .  But th e  

most s t r o n g ly  f r a c t io n a te d  g r a n i te s  o f b o th  a re a s  av erag e  on ly  abou t 

5 p .p .m . (T ab les 4 and 18).

The an a ly sed  b i o t i t e s  o f th e  Cape G ra n ite  average  260 p .p .m . 

(T ab le 2 4 ) . B io t i t e s  from th e  con tam inated  g r a n i te s  a re  h ig h e s t  w ith  

43O p .p .m . and th o se  from th e  most h ig h ly  f r a c t io n a te d  g r a n i te s  much 

lo w er; e .g .  b i o t i t e  149 has only  45 p .p .m ..  V i s  th u s  c o n c e n tra te d  

in  th e  e a r l i e r ,  M g-rich  b i o t i t e s .  This r e s u l t s  in  a  g e n e ra l Mg-V 

r e l a t i o n s h ip  f o r  th e  m icas, which a ls o  c o n ta in  th e  b u lk  o f th e  V found 

in  th e  g r a n i t e s .  These f a c t s ,  to g e th e r  w ith  th e  sh arp  d e c re a se  o f 

modal m ica w ith  p ro g re s s iv e  d i f f e r e n t i a t i o n  (T ab le  21, P ig . 40) e x p la in  

th e  a p p a re n tly  v e ry  c lo se  Mg-V r e la t io n s h ip  o f th e  t o t a l  ro ck s  seen  in  

F ig . 72 . (The V le v e l  o f M uscovites, abou t 10 p .p .m . ,  i s  too  low to  

be o f any e f f e c t ) .  I t  i s  d o u b tfu l w hether Y J s u b s t i t u t e s  to  any
2. 2-j-

e x te n t  f o r  Mg ( .6 6  A). A lthough Mg i s  a c tu a l ly  s l i g h t l y  la r g e r

th a n  Fe^+ , th e  much s m a lle r  d if f e re n c e  in  io n iz a t io n  p o te n t i a l s

(T ab le 26) betw een V and Mg may n o t be s u f f i c i e n t  to  o f f s e t  th e  s iz e

3+e f f e c t  due to  th e  12fo l a r g e r  io n ic  ra d iu s  o f . The e l e c t r o -

24 -  34 -n e g a t iv i t y  d a ta  f o r  th e  p a i r  Mg and Y J a c tu a l ly  su g g e s ts  th a t  Mg

forms th e  more io n ic  bond w ith  oxygen.
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V was n o t d e te c te d  in  most o f th e  K -fe ld sp a rs  ( < 1  p .p .m .) .  

The p la g io c la s e - q u a r tz  m ix tu re  of Cape G ra n ite s  106 and 137 showed 

on ly  a  t r a c e ,  bu t p la g io c la s e s  177 and 178 from th e  d io r i te - g a b b r o  

have abou t 5 p .p .m . (T ab le 23}. The c o e x is t in g  b i o t i t e s  from  th e se  

two b a s ic  ro ck s  a re  a l s o  h ig h e r  in  V th a n  g r a n i te  b i o t i t e s .  The h ig h  

V c o n te n t o f 1300 p .p .m . f o r  b i o t i t e  178 shows th a t  in  t h i s  b a s ic  

ro ck  V i s  c o n c e n tra te d  in  b i o t i t e  r e l a t i v e  to  th e  c o e x is t in g  h o rn ­

b le n d e , which c o n s t i t u t e s  about 1/3  o f  th e  t o t a l  ro c k .

The m ica d a ta  show th a t  on an average abou t 80tfo o f  th e  V in  

th e  no rm al, c o a rse  Cape G ra n ite s  i s  c o n ta in e d  in  th e  m ica. This 

p ro p o r tio n  may d e c re a se  somewhat in  th e  more le u c o c r a t i c  ty p e s . The 

rem ain d er o f th e  V m ust be sought in  th e  observed  t r a c e s  o f iro n  o re ,  

e s p e c i a l l y  in  m a g n e ti te ,  Fe0.Fe207 . Too few b i o t i t e  sam ples from th e  

most le u c o c r a t i c  g r a n i t e s  were an a ly sed  to  re a c h  a  f irm  co n c lu s io n  on 

th e  V d i s t r i b u t i o n  in  th e se  ro c k s . The b i o t i t e  and t o t a l  ro ck  d a ta  

rom th e  norm al, c o a rs e  Cape G ran ite  show c le a r ly  t h a t  a  s e p a ra te  

m a g n e tite  phase i n  th e se  g r a n i te s  canno t c o n tr ib u te  most o f th e  V to  

th e  co m p o sitio n  o f th e  whole rock  as im p lied  by th e  d a ta  o f SEN, 

N0CK0LDS and ALLEN (1959) Tor th e  g r a n i t i c  rocks o f  th e  S ou th ern  

C a l i f o r n ia  b a t h o l i t h .

9-20. Chromium.

T r iv a le n t  Cr^+ («63 A) i s  much s m a lle r  th a n  V"'h. I t  

p r e f e r e n t i a l l y  e n te r s  e a r ly  Fe^+ ( .6 4  A) p o s i t io n s  becau se  i t  forms 

a more io n ic  bond w ith  oxygen (TAYLOR, 1965) .
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CARR and TbEAkl-i; (1962) r e p o r te d  a c lo se  r e l a t i o n  betw een 

Cr and Mg in  50 g r a n i t i c  rocks analy sed  f o r  Cr by n e u tro n  a c t iv a t io n .  

They found th a t  Cr d id  noct c o r r e la te  w e ll w ith  e i t h e r  Ca o r  Fe.

T h e ir  Cr average  fo r  h igh-C a and low-Ca g r a n i te s  i s  16-22 p .p .m . 

and 5-4 p .p .m . r e s p e c t iv e ly .  A rith m e tic  means o f th e  g r a n i t e  ty p es  

h e re  in v e s t ig a te d  a r e :

Cr Range
Snowy M ts. g n e is s 55 47-65
(T ab le  4) g r a n o d io r i te 34 5 - 3-84

le u c o g ra n i te 5 .8 2 .8-5 .O

Cape G ra n ite , c o a rse 22 10-34
(T ab le  18) medium 7 .8 5 .O -I4 .5

f in e 5.8 3 .2 -5 .0

A Mg-Cr p lo t f o r  th e  Snowy and Cape G ra n ite s  i s shown i n  F ig . 73

to g e th e r  w ith  th e  s t a t i s t i c a l  l in e  o f b e s t  f i t  c a lc u la te d  by CARR 

and TUREKIA1T (1962) f o r  t h e i r  d a ta .  I t  can be seen  t h a t  r e l a t i v e  

to  Mg th e  Cr c o n c e n tra t io n  o f the  bu lk  o f Snowy and Cape G ra n ite  

sam ples i s  h ig h e r  by a f a c to r  of 2- 5» T his f a c to r  sh o u ld  even be 

h ig h e r  b ecau se  C arr and T urek ian  re p o rte d  30 p .p .m . Cr in  G-1, w h ile  

the  v a lu e  used h e re  f o r  G-1 as prim ary  s ta n d a rd  was on ly  17 p .p .m . 

(Table 2 ? ) .  M oreover, th e re  i s  a d i s t i n c t  d e p a r tu re  from  an 

ap p ro x im a te ly  45° s t r a i g h t  l i n e  r e la t io n s h ip  in  th e  most f r a c t io n a te d  

g r a n i t e s ,  w hich have a  low er Mg/Cr r a t i o .  T his Mto e "  cou ld  p o s s ib ly  

be due to  co n ta m in a tio n  o f a l l  g ra n ite  sam ples by abou t 2-5  p .p .m . Cr. 

But th i s  i s  co n s id e re d  u n l ik e ly .  Some Cape G ra n ite  f e ld s p a r s  showed



177 •

a t r a c e  o f Cr (1-2 p .p .m .) .  This amount can be e x p la in ed  by the  

p re se n c e  o f m inute mica in c lu s io n s .  Sut Cr was n o t d e te c te d  

(<  1 p .p .m .)  in  o th e r  f e ld s p a r s  which had been  t r e a te d  id e n t i c a l l y  

to  a l l  o th e r  f e ld s p a r  and t o t a l  ro ck  sam p les . The u p p er l i m i t  o f 

any g e n e ra l Cr co n tam in a tio n  d u ring  p r e p a ra t io n  i s  th e r e f o r e  below 

1 p .p .m . .  The two sam ples o f CARR and TUREKIM which show the

lo w es t Mg c o n c e n tra t io n  a c tu a l ly  p lo t  d i s t i n c t l y  o f f  t h e i r  c a lc u la te d
%

l i n e  o f b e s t  f i t ,  p o s s ib ly  su g g e s tin g  a tr e n d  s im i la r  to  th e  one

observed  h e re .  RINGWOOD (1955"t>) p o in te d  o u t th a t  io n s  o f i n t e r -

m ed ia te  io n ic  p o t e n t i a l s ,  such as Ni , V" , Sc*" and Cr"  ̂ , could

form MÔ  com plexes in  v o l a t i l e  r i c h  magma and be c o n c e n tra te d  in

th i s  form  in  some r e s id u a l  magmas d u rin g  th e  l a t e s t  s ta g e s  o f

magmatic c r y s t a l l i z a t i o n .  I t  i s  no tew orthy  th a t  o f  th e  fo u r  ions 

3+m entioned on ly  Cr does no t show a r e g u la r  d e c re a se  in  th e  most

3+s tro n g ly  d i f f e r e n t i a t e d  g r a n i te s ;  Cr' a l s o  has th e  h ig h e s t  io n ic  

p o t e n t i a l  (T ab le 26 ) .

The mica a n a ly se s  o f Table 24 show th a t  m u sco v ites  c o n ta in  

v e ry  l i t t l e  Cr (up to  8 p .p .m .) .  Both Cr and V seem to  be l o s t  

e a s i l y  d u r in g  s tro n g  a l t e r a t i o n  of b i o t i t e  to  c h l o r i t e  (s e e  Sample 

106). The observed  Cr v a r ia t io n  of th e  Cape G ra n ite  b i o t i t e s  

( 35O -  11 p .p .g i.)  i s  even s tro n g e r  th a n  th a t  observed  f o r  V. Cr 

i s  a l s o  c o n c e n tra te d  in  th e  e a r l i e r  M g-rich  b i o t i t e s .  E le c t r o ­

n e g a t iv i t y  d a ta  (T able 26 ) su g g est th a t  Mg forms a  much more io n ic  

bond w ith  oxygen th an  does Cr. I t  i s  th e r e f o r e  d o u b tfu l w hether Cr
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substitutes for Mg to any extent. Correlations of Mg in granitic 

rocks with either V or Cr (as well as with Ni and Co) may therefore 

not have any fundamental crystal-chemical significance, but be due 

largely to modal variations. The granite data show a general increase 

of the Fe/Cr ratio during fractionation.

The mica data show that in the normal, coarse Cape Granites 

virtually all Cr is contained in the biotites. But in some of the 

most highly fractionated, leucocratic granites the micas can only 

account for a small part of the total Cr present in the rock (about 

25$ in Samples 141 and 149)- This trend is therefore more pronounced 

than in the case of V. The "toe" observed in the Mg-Cr plot of 

Fig. 73 is a reflection of this trend in the Cr distribution because 
Mg in the granites is virtually all contained in the micas. In the 

more leucocratic Cape Granites traces of accessory magnetite 

probaMy become the most important sites of Cr in the rock. SEN, 

NOCKOLDS and ALLEN (1959) showed that both Cr and V we re concentrated 
largely in the magnetites of the acidic rocks from the S. California 

batholith.

Viewed against the general high Cr level of basic igneous 

rocks the concentration of 97 p-p-m. Cr observed for the Snowy Amphi­

bolite, Sample 3o, confirms its basic rock parentage. But no explana­

tion can be offered for the surprisingly low Cr concentration of only 

5 and 28 p.p.m. in the Malmesbury diorite-gabbros (Samples 177 and 178, 

Table 18). For rocks of their chemistry they also he.ve anomalously 

low Li levels, 3-3 and 9-7 p-p-m. respectively.
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9 -2 1 . C ob a lt and N ic k e l .

E vidence summarized by TAYLOR (19^5) in d ic a te s  th a t  Co and

2+Ni p r e f e r e n t i a l l y  e n te r  e a r ly  Fe p o s i t io n s  r a th e r  th a n  Mg p o s i t i o n s .  

A lthough e le c t r o n e g a t iv i ty  and io n iz a t io n  p o te n t i a l  d a ta  do n o t in  

t h i s  case  g iv e  a v e ry  c le a r  p ic tu r e ,  i t  may be p re d ic te d  from io n ic  

r a d i i  and oxide m e ltin g  p o in t d a ta  t h a t  th e  sequence o f e n try  in to  

c r y s t a l  l a t t i c e s  shou ld  be Mg^+ ( .6 6  A ), N i“+ ( .6 9  A), Co^+ ( .7 2  A), 

Pe2+ ( .7 4  A ).

F ig . 74 shows a ili-C o p lo t  o f  Snowy and Cape G ra n ite s  in  

w hich Co and Hi w ere above t h e i r  s p e c tro g ra p h ic  s e n s i t i v i t y  l i m i t s  

o f 1 and 2 p .p .m . r e s p e c t iv e ly .  B oth e lem en ts  a re  s t r o n g ly  d e p le te d  

d u rin g  g r a n i t e  f r a c t i o n a t io n ,  h i  f a l l s  a t  a  s l i g h t l y  g r e a te r  r a t e  

th a n  Co, so th a t  th e  average Ni/Co r a t i o  d e c re a se s  from  abou t 1 .5  

to  1. The fo llo w in g  two d iag ram s, F ig s .  75 and 7 6 , show p lo t s  o f  

Co and Ni v e rsu s  Fe and Mg f o r  th e  Cape G ra n ite s .  Co shows b e t t e r  

c o r r e l a t i o n  w ith  Mg and Fe than  does N i. From th e  s lo p e s  of th e  

tre n d  l i n e s  shown i t  can be in f e r r e d  th a t  d e p le t io n  o f  th e se  e lem en ts  

d u rin g  g r a n i t e  f r a c t i o n a t io n  fo llo w s th e  p re d ic te d  o rd e r  Mg, N i,

Co, F e .

A verages f o r  th e  g r a n i te  ty p e s  a re  g iv e n  below from th e  

d a ta  p re s e n te d  in  T ab les 4 and 18. For com parison  th e  l a t e s t  

e s tim a te s  tak en  from  TUREKIAN and CARR ( i 960) and CARR and TURSKIAN 

(1961) a re  a ls o  in c lu d e d .
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£0 Hi Ni/Co la lO
'V Fe/'a

Snowy M ts. g n e is s 16 27 1.7 .68 4 .09 1.43
g r a n o d io r i te 15.5 15 1.1 2.07 3-72 1*35
le u c o g ra n i te < 2 <2 - «51 •92 .12

Cape G ra n ite ,  co a rse 6 .6 8 .9 1-3 1.17 2 .58 •56
medium ~  3 ~ 3 -3 1.1 .89 1 .44 •19
f in e < 2 <2 - .42 «74 «043

B a s a lt 48 130 2 .7 - 8 4
S hale 19 71 3 .7 - 3 .9 1 .4
High-Ca g r a n i t e 7 14 2 2 .5 3 2 .96 «94
Low-Ca g r a n i t e 1 «4 <1 «51 1.42 . 16

R e la tiv e  to  th e  m ajor e lem ents Ca, Fe and Mg, th e  Snowy g r a n o d io r i te s  

and g n e is s e s  a re  h ig h  in  Co. • The g n e is s e s  a l s o  a re  r i c h  in  N i. The 

h ig h  le v e l  o f e lem ents such as Co, Ni and Cr in  th e s e  ro ck s  i s  a  

r e f l e c t i o n  o f t h e i r  s h a le - r i c h  sed im en tary  p a re n t  m a te r ia l .  The 

da.shed l i n e  shown in  Fig« 75 re p re s e n ts  th e  Ivlg-Co r e g r e s s io n  l i n e  

c a lc u la te d  f o r  t h e i r  g r a n i te  d a ta  hy CARR and TUREKIAU ( 1961) .  T h e ir  

Co d a ta  was o b ta in ed  from th e  sarnie s u i te  of 32 g r a n i t i c  ro ck s  used 

f o r  th e  Cr d e te rm in a tio n s  (see  F ig . 75)* R e la t iv e  to  Mg th e  Cape 

G ra n ite s  a re  a ls o  h ig h e r  in  Co by an av erag e  f a c t o r  of abou t 2 . I t  

i s  n o t th o u g h t l i k e l y  th a t  t h i s  d if f e r e n c e  can be a s c r ib e d  to  

a n a ly t i c a l  e r r o r  o f th e  Co d e te rm in a tio n s .  Normal background 

d o r re c t io n s  were a p p lie d  to  th e  Co l in e  read  (see  A ppendix). The 

Co v a lu e s  used  h e re  fo r  th e  prim ary  s ta n d a rd s  G-1 and W-1 , 2 .4  and 

50 p .p .m . r e s p e c t iv e ly ,  co rrespond  to  CARR and TUREKIAN’s ( 1961)
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f ig u r e s  o f 2 .4  and 52 p .p .m ..  Nor i s  i t  l i k e l y  th a t  sam ples have 

been g e n e r a l ly  con tam inated  to  th e  d eg ree  n e c e s s a ry . N e ith e r  Co 

no r Ni w ere d e te c te d  in  id e n t i c a l l y  p re p a re d  sam ples o f th e  most 

f r a c t io n a te d  g r a n i te s  or in  any of th e  g r a n i t e  f e ld s p a r s  exam ined. 

(The d e te c t io n  l im i t  h e re  was e s tim a te d  as ^ 1 p .p .m .) .

I t  would be an i n t e r e s t i n g  f a c t  i f  b o th  th e  Snowy and th e  

ty p i c a l  h ig h - le v e l  Cape G ra n ite s  proved to  be s i g n i f i c a n t l y  h ig h e r  

in  Cr and Co (and Ni to  some e x te n t)  th a n  average  g r a n i t i c  ro ck s  o f  

com parable m ajor elem ent com p o sitio n . However, th e  Cr and Co 

av e rag es  g iv e n  by C arr and T urekian  may no t be r e p r e s e n ta t iv e  o f  

g r a n i t i c  ro ck s  in  g e n e ra l .  For exam ple, t h e i r  sam ple YCR 5 , a 

com posite o f  w es te rn  N. American G ra n ite s  w ith  . 67i* Mg, 21 p .p .m .

Cr and 7*8 p .p .m . Co, p lo t s  very  c lo se  to  th e  Mg-Cr l i n e  o f th e  

Snowy and Cape G ra n ite s  (F ig . 75) and f a l l s  v i r t u a l l y  on th e  Mg-Co 

l i n e  f o r  th e  Cape G ra n ite s  (F ig . 75)» E a r l i e r  g r a n i t e  d a ta  a ls o  

su p p o rt somewhat h ig h e r  Cr and Co f ig u r e s  ( e .g .  SANDELL and GOLDICH, 

1945 and AHRENS, 1954).

Co and Ni in  th e  Cape G ra n ite  m uscovite  m icas was le s s  

th an  5 p»p»m. in  a l l  sam ples (Table 2 4 ) . In  th e  b i o t i t e s  examined 

Co av e ra g es  41 p .p .m . (ran g e  14-57 p .p .m .) .  As expected  from  th e  

t o t a l  ro ck  d a ta  Ni in  th e  b i o t i t e s  shows a  g r e a te r  sp read  o f v a lu e s  

th a n  Co, ra n g in g  from 6-IO 5 p .p .m . w ith  an average  o f  62 p .p .m ..

As in  th e  case  o f V and Cr th e  lo w est Co and Ni r e s u l t s  a re  found 

in  b i o t i t e s  from th e  most s t ro n g ly  f r a c t io n a te d  g r a n i t e s .  The
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N i/Co r a t i o s  o f in d iv id u a l  b i o t i t e s  g e n e r a l ly  a g ree  w e ll w ith  th e  

H i/Co r a t i o  o f t h e i r  h o s t rock  (T ab les  19 and 2 4 ) . The Co and h i  

l e v e l s  of b i o t i t e s  from th e  norm al, c o a rse  Cape G ra n ite  show th a t  

th e s e  two e lem en ts  a re  v i r t u a l l y  co n fin e d  to  th e  b i o t i t e s  of th e se  

ro c k s . CARR and TUREKIi^, ( 1961) ha.ve shown th a t  in  g r a n i t e s  con­

ta in in g  <1 p .p .m . Co th e  c o n t r ib u t io n  o f Co d is se m in a te d  th rough  

th e  n o n -fe rro m ag n e sian  m in e ra ls  may become s i g n i f i c a n t .  The d a ta  

p re s e n te d  f o r  V and Cr show th a t  in  th e  most le u c o c r a t i c  Cape 

G ra n ite s  modal m ica canno t, in  f a c t ,  acco u n t f o r  a  m ajor p o r t io n  o f 

th e  r o c k ’s V and Cr as i t  does in  th e  ca se  o f  th e  norm al g r a n i t e s .  

U n fo r tu n a te ly  t h i s  cannot be a ls o  shown f o r  Co and Ni s in c e  th e y  

proved to o  low f o r  d e te rm in a tio n  in  th e  most s t r o n g ly  f r a c t io n a t e d ,  

le u c o c r a t i c  g r a n i t e s  ( < 2  p .p .m .) .

° -2 2 . L ith iu m .

In  t h e i r  su rv ey  o f th e  g eo ch em is try  o f th e  a l k a l i  m e ta ls  

HEIER and ADAMS ( 1963) gave g e n e ra l a v e ra g e s  o f 20 and J O  p .p .m . L i 

f o r  g r a n o d io r i te s  and g r a n i te s  r e s p e c t iv e ly .  The snowy g rano - 

d i o r i t e s  and g n e is s e s  average J O  p .p .m . (ran g e  17-36 p .p .m .) ,  b u t 

th e  e r r a t i c  v a r i a t i o n  ( 6-65 p .p .m .)  found f o r  th e  d i f f e r e n t i a t e d  

Snowy le u c o g ra n i te s  makes t h e i r  s im i la r  mean o f 29 p .p .m . v e ry  

u n c e r ta in  (T able 4 ) . A p a r a l l e l  p o s i t i o n  e x i s t s  f o r  th e  Cape 

G ra n ite s .  The norm al, co arse  g r a n i te s  a re  somewhat h ig h e r  th a n  th e  

Snowy g r a n i te s  a v e ra g in g  42 p .p .m . (ran g e  27-52 p .p .m .) ,  b u t th e  

f in e - g r a in e d ,  most le u c o c ra t ic  and d i f f e r e n t i a t e d  Cape G ra n ite s

a g a in  show a  s tro n g e r  v a r ia t io n  (14-64  p .p .m .)  and average  on ly  abou t 

28 p .p .m . L i (T ab le  18).
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1 "f*Because i t  i s  much sm a lle r  in  s i z e ,  L i (.68  A) i s  u n ab le  

to  occupy th e  l a t t i c e  p o s i t io n s  o f o th e r  a l k a l i s .  In s te a d  th i s  

u n iv a le n t  io n  i s  ad m itted  in to  6 fo ld  c o o rd in a tio n  p o s i t i o n s ,  (w ith  

oxygen) s u b s t i t u t i n g  fo r  d iv a le n t  Mg " (.6 6  A) and p o s s ib ly  Fe '

( .7 4  A) e s p e c ia l ly  in  l a t e  s ta g e  fe rro m a g n esian  m in e ra ls  (HORSTMAN, 

1957; HEIER and ADAMS, 1963; TAYLOR, 1965) .

The now w ell-docum ented s tro n g  d e c re a se  in  th e  Mg/Li r a t i o  

w ith  d i f f e r e n t ie . t i o n  was noted  by STROCK ( 1936) .  F ig .  77 shows th e  

Mg/Li ra .t io s  o f a l l  rocks h e re  ana ly sed  p lo t te d  a g a in s t  t h e i r  1% 

c o n c e n tra t io n  as in d ex  of g r a n i te  d i f f e r e n t i a t i o n .  The Mg/Li r a t i o  

o f th e  g r a n i t i c  ro ck s p lo t te d  d e c re a se s  from  1500 to  3*

L i in  th e  Cape G ran ite  b i o t i t e s  v a r ie s  from 35-480 p .p .m . 

(T ab le 2 4 ) . As in  th e  case  o f Cs, bu t to  a  l e s s  marked e x te n t  f o r  

Rb, th e  h ig h e s t  c o n c e n tra tio n s  of L i a re  found in  th e  b i o t i t e s  from 

th e  le u c o c r a t i c ,  most s t ro n g ly  d i f f e r e n t i a t e d  g r a n i t e s .  M u sco v ite s , 

s e r i c i t e  and c h l o r i t e  have c o n s id e ra b ly  low er L i c o n te n ts  th a n  

c o e x is t in g  b i o t i t e s  and range  betv;een 50 and 70 p .p .m ..  The observed  

Li v a r i a t i o n  of th e  K -fe ld sp a rs  i s  from 2 .1 -1 4  p .p .m .,  b u t most L i 

a n a ly se s  f a l l  c lo se  to  th e  average of abou t 5 p .p .m . . The two 

p la g io c la s e - q u a r tz  m ix tu res  (T able 23, Samples 106 and 137) w ith  

14 s,nd 10 p .p .m . L i a re  h ig h e r  th an  t h e i r  r e s p e c t iv e  c o e x is t in g  

K - f e ld s p a r s .

The Mg/Li r a t i o  o f th e  f e ld s p a r s  i s  f a r  low er th a n  t h a t  

o f c o e x is t in g  m icas. T h e re fo re , co n ta m in a tio n  o r  in c lu s io n s  o f m ica
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in the feldspars cannot account for most of their Li. HEIER (i960)

questioned LUNDEGARDH’ s (194-7) suggestion that Li^+ replaces Al^+

in the plagioclase structure and thought it more likely that limited
1+ 1 +substitution of Li takes place for Na in the feldspar lattice.

The variation of Li and Na in the granite feldspars is too small to 

demonstrate any clear relationship between them, but the K-feldspars 

from the most strongly fractionated, leucocratic Cape Granites, as 

also those from the Younger Saldanha Granites are higher than average 

in both Li and Na. These rocks are also particularly low in modal 

mica (Table 21) and Li here appears to be forced to a greater degree 

to take up the structurally much less favourable feldspar sites.

The Li data on all C pe Granites and their major minerals suggest 

that even in the normal granites a significant proportion of the 

total Li is contained in the feldspars.

The erratic distribution of Li in the latest stage Snowy 

and Cr.pe Granites strongly resembles the behaviour of Cs. There is 

a suggestion of a relation between Cs and Li in these highly 

differentiated granites in that some samples showing abnormally 

low Cs are also low in Li. It is argued that both these volatile 

elements were strongly lost from some of the rest magmas during the 

last stages of crystallization. The possibility of strong selective 

loss of some mobile trace elements such as Li, Cs, Rb, Pb, T1 and 

also Nb and Be is neatly demonstrated by DIETRICH and HEIER (1965) 

for a miarolitic sample of alkali granite (ekerite) from the Oslo
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S e r i e s .  The g r e a te r  sp read  o f Mg/Li r a t i o s  and a  p o s s ib le  s te e p e n in g  

o f th e  curve a t  the low Mg p o r t io n  o f  F ig . 77 i s  p ro b a b ly  a ls o  

l a r g e ly  due to  v a ry in g  lo s s  o f L i. As f o r  Cs, e x tre m e ly  h ig h  le v e l s  

o f L i , o f th e  o rd e r  of a few hundred p .p .m . , as found f o r  in s ta n c e  

by BOWLER (1959) Lor some h ig h - le v e l  g r a n i t e s  o f  Devon and C orn w all, 

a re  in d i c a t iv e  o f extrem e f r a c t io n a t io n .  But th e  v e ry  low c o n c e n tra ­

t i o n  o f  such h ig h ly  m obile t r a c e  lem en ts  in  o th e r  g r a n i t e s  o b v io u s ly  

i s  n o t in  i t s e l f  ev idence  a g a in s t  a  s im i la r  o r ig in .  W hether some 

m obile  t r a c e  e lem en ts  a re  l o s t  from l a t e  s ta g e  g r a n i t e  magma, o r  n o t 

m ust depend s t r o n g ly ,  among o th e r  f a c t o r s ,  on v o l a t i l e  p re s s u re  and 

th e  p a r t i c u l a r  g e o lo g ic a l  env ironm ent, w hich d e te rm in e s  to  what 

e x te n t  th e  system  i s  an open one.

9 -2 5 . S i l i c o n  and Aluminium.

The in c re a s e  in  average s i l i c a  c o n c e n tra t io n  o f th e  d i f f e r ­

e n t g r a n i t i c  ro ck  ty p e s ,  from g r a p o d io r i te s  to  most s t r o n g ly  

f r a c t io n a te d  le u c o g ra n i te s ,  i s  shown in  T ab les  4 and 18. F ig .  16 

d em o n stra te s  th e  g e n e ra l in v e rse  v a r i a t i o n  o f Al^O^ ( 16 . 3- 12. 056) 

w ith  SiOo ( 63- 7856) f o r  a l l  g r a n i t i c  ro ck s a n a ly se d .

9 -2 4 . G allium .

The c o n c e n tra t io n  range  o f Ga in  common igneous ro ck s  i s  

r a th e r  sm a ll.  E s tim a te s  of th e  av e rag e  Ga c o n c e n tra t io n  o f  g r a n i t i c  

ro ck s  g iv e n  by v a r io u s  w orkers ( e .g .  BELL, 1955; SHAW, 1957;

BURTON e t  a l .  1959; BORISENOK and SAUKOV, 196O) d e p a r t  on ly  s l i g h t l y  

from th e  f ig u re  o f 17 p .p .m . f o r  b o th  h igh -C a and low-Ca g r a n i t e s
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Ga Range Ga/A1 x 1
Snowy M ts. g n e is s 17 14-19 2.2
(T ab le  4) g ra n o d io r i te 20 1 6 .5 -2 2 .5 2 .6

le u c o g ra n i te 13-5 12-14.5 2 .0

Cape G ra n ite ,  co a rse 21.5 16. 5- 27 .5 2 .8

(T ab le  18) medium 17.5 1 5 .5 -19 -5 2 .5
18 16.5-22 2 .6

C o n sid e rin g  th e  o v e rla p  o f c o n c e n tra t io n  ran g es f o r  th e  Cape G ra n ite  

ty p e s  th e  a p p a re n t s l i g h t  d e c re a se  in  b o th  th e  Ga c o n c e n tra t io n  and 

th e  Ga/Al r a t i o  in  th e  most f r a c t io n a t e d ,  f in e -g ra in e d  g r a n i te s  may 

n o t be s i g n i f i c a n t .  But th e  s t r o n g ly  d i f f e r e n t i a t e d  Snowy le u c o -  

g r a n i t e s  show a  more d e f in i t e  d e c re a se  o f Ga and th e  Ga/Al r a t i o .

The f ig u r e  o f 22 p .p .m . re p o r te d  by EDGE and AHREMS ( 1963) 

f o r  a  sam ple o f Cape P e n in su la  G ra n ite  (se e  T able 9 ) i s  in  good 

agreem ent w ith  th e  average f o r  th e  c o a rse  Cape G ra n ite  re p o r te d  

h e re .  The lo w es t v a lu e  (8 p .p .m .,  Ga/Al x 10“ = 1. 3) was h e re  

o b ta in e d  f o r  th e  Sea P o in t A p lo g ra n ite  (T able 18, Sample 156) 

w hich c o n ta in s  < .5/o m ica and th e  h ig h e s t  fo r  th e  ex trem ely  m ica 

r i c h  C l i f to n  X e n o li th  (Sample 175» 37 p -p .m ., Ga/Al x 10^ = 4 .7 )*

A nalyses of th e  Cepe G ra n ite  m in e ra ls  show th e  ex p ec ted  

in c re a s in g  Ga c o n c e n tra t io n  in  th e  o rd e r  K - fe ld s p a r ,  p la g io c la s e ,  

b i o t i t e  ( = c h lo r i t e ) ,  m uscovite and s e r i c i t e .  Ga in  th e  35 K- 

f e ld s p a r s  from th e  norm al, co a rse  Cape G ran ite  v a r ie s  from 10.5
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to  16.5 p .p .m . and averages 13• 2 p .p .m . . The 23 K -fe ld s p a r  sam ples 

from  th e  more le u c o c r a t ic  f in e -g ra in e d  and Younger Saldanha G ra n ite s  

as w e ll as from p eg m atite s  show a  s l i g h t l y  h ig h e r  mean o f about 

16 p .p .m ..  B io t i t e s  (Table 24) range  from 22-55 p .p .m . Ga (a v e ra g e  

55 p .p .m .)  and a ls o  show s l i g h t l y  h ig h e r  Ga c o n c e n tra t io n s  in  sam ples 

from  th e  most l e u c o c r a t ic  g r a n i t e s .  W hether a  s im i la r  tre n d  e x i s t s  

f o r  p la g io c la s e s  i s  no t c le a r  s in c e  on ly  two r e c a lc u la te d  p la g io c la s e  

a n a ly se s  (T able 25, 25 and 25 p .p .m . Ga) a re  a v a i la b l e .

A sm all drop in  th e  Ga c o n c e n tra t io n  of l a t e - s t a g e  le u c o -  

g r a n i t e s  can be ex p la in ed  by th e  d e c re a se  o f m ica and p la g io c la s e  

w hich j u s t  overshadow s th e  e f f e c t  due to  th e  sm all in c re a s e  in  modal 

K - fe ld s p a r  and th e  s l i g h t l y  h ig h e r  Ga le v e l  o f th e  l a t e - s t a g e  m in e ra ls .

Ga^"1 ( .6 2  A) i s  u s u a l ly  h e ld  to  show c lo se  coherence to

A ly+ ( . 51) ,  b u t i t  i s  c o n s id e ra b ly  l a r g e r  and forms a  more c o v a le n t

bond w ith  oxygen. A s tro n g  in c re a s e  in  th e  Ga/Al r a t i o  w ith

d i f f e r e n t i a t i o n  would be p r e d ic te d .  The Ga/Al r a t i o  does show a

g e n e ra l in c re a s e  from about 1.7 x 10 ^ in  b a s ic  ro ck s  to  abou t

2 .2  x 10 ; in  g r a n i t e s  ( e .g .  BELL, 1955)» But in  many igneous ro c k

s e r i e s  s tu d ie d  th e  Ga/Al r a t i o  does n o t v a ry  s ig n i f i c a n t l y

(B0RISEK0K and SAUKOV, i 960) .  These a u th o rs  a l s o  s ta te  th a t

g r a n i t e  p e g m a tite s  a re  n o t g e n e ra l ly  en ric h ed  in  Ga compared w ith

g r a n i t e .  A ccord ing  to  TAYLOR ( 1965) Ga^+ sho u ld  e n te r  Fe^+ ( .6 4  A)

p o s i t io n s  more r e a d i ly  than  A ly p o s i t i o n s .  A c lo se  a s s o c ia t io n  

3 +betw een Ga s,nd F e ' i s  e a s i ly  masked by th e  la rg e  amount o f A1
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p r e s e n t .  In  a  g ra n i te  d i f f e r e n t i a t i o n  s e r i e s  th e  rem oval o f some 

Ga in  Fe^4* (and a ls o  p o s s ib ly  in  Cr';+ and T i^ 4") p o s i t io n s  a t  th e  

g r a n o d io r i te  s ta g e  v/ould occur a t  th e  expense o f l a t e r  formed 

d i f f e r e n t i a t e s .  The Ga/Al r a t i o  i s  f u r th e r  u p s e t  by th e  e n try  o f 

Ga in to  s u lp h id e s ,  e s p e c ia l ly  z in c  s u lp h id e . A sm all a d d i t io n a l  

f a c t o r  in  some very  l a t e - s t a g e  magmas may be a s l i g h t  lo s s  o f Ga. 

Due to  th e  r e l a t i v e l y  h ig h  io n ic  p o t e n t i a l  ( 4 . 83) i t  may form  com­

p le x e s  in  v o l a t i l e - r i c h  magma (RIRGWOOD, 1955b). A ccord ing  to  

BORISENOK and SAUKOV ( 196G) enrichm ent o f Ga, e .g .  in  a l k a l in e  

p e g m a tite s ,  i s  found on ly  in  cases  where v o l a t i l e  components such  

as w a te r  vap o u r, f lu o r in e  and c h lo r in e  p la y  an  im p o rtan t r o l e .

T h is  and th e  g e n e ra l enrichm ent o f Ga in  g re is e n s  d em o n stra te  th e  

m o b il i ty  o f t h i s  e lem en t. P r e f e r e n t i a l  lo s s  o f Ga may be due to  

th e  known g r e a te r  s o l u b i l i t i e s  and v o l a t i l i t i e s  of some Ga h a l id e s  

and h a l id e  com plexes r e l a t i v e  to  t h e i r  A1 c o u n te rp a r ts .

9 -2 8 .  B e r y l l iu m .

A ccording to  th e  d e ta i le d  s tu d y  o f BEUS ( 1956, 196l) th e  

average  Be c o n te n t o f  d i o r i t e s  i s  2 p .p .m . , r i s i n g  to  4*5 p .p .m . in  

b i o t i t e  g r a n i t e s  and 10 p .p .m . in  some m uscov ite  and tw o-m ica 

g r a n i t e s .  The le v e l  o f Be in  norm al g r a n i t e s  i s  th u s  on ly  l i t t l e  

h ig h e r  th a n  th e  s p e c tro g ra p h ic  s e n s i t i v i t y  l i m i t  o f abou t 2 p .p .m . 

a t ta in e d  h e re  and th e  r e s u l t s  must be t r e a te d  w ith  some c a u t io n .

Be was de term ined  in  on ly  s ix  sam ples o f Snowy g ran o ­

d i o r i t e ,  g n e is s  and p o rphy ry  (T able 4 ) .  They range from  < 2 -4 * 0  

p .p .m . and average  3*0 p .p .m ..  A f u r th e r  s ix  sam ples o f  Snowy
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le u c o g ra n i te s  showed a  s l i g h t l y  h ig h e r  mean o f 4*5 p .p .m . (range  

3«5- 6*5 )* A s im i la r  h ig h e r  average  o f  4 .7 p .p .m . was o b ta in e d  fo r  

41 sam ples o f Cape G ra n ite  (T ab le  18 ). The v a r i a t io n  observed  h e re  

was from  2 .7 -7  p .p .m . b u t th e  Be l e v e l  does n o t v a ry  s i g n i f i c a n t l y  

in  d i f f e r e n t  f a c i e s .  The r e s u l t s  g iv en  a,gree w e ll w ith  th e  w orld 

av e rag es  and in d ic a te  a Be in c re a s e  from g ra n o d io r i te  to  f r a c t i o n a t e d , 

h ig h - le v e l  g r a n i t e .  Be was n o t d e te c te d  in  th e  Snowy A m phibo lite  o r  

in  th e  Cape d io r i te - g a b b r o s .

D ata by BEUS (1956 , 196l) show th a t  in  norm al g r a n i t e  th e  

bu lk  o f Be (85-98^) i s  bound in  th e  f e ld s p a r s  a lth o u g h  th e  o rd e r  of 

in c re a s in g  Be c o n c e n tra t io n  i s  u s u a l ly  K - fe ld s p a r ,  p la g io c la s e ,  

b i o t i t e ,  m u sco v ite . Only in  m uscovite  g r a n i t e s  and a l b i t i z e d  

m uscovite  g r a n i t e s ,  which a re  th e  r e s u l t  o f s tro n g  m etasom atism , 

a s u b s t a n t i a l  p a r t  o f th e  Be i s  co n ta in ed  i n  th e  mica o r in  

a c c e s so ry  b e r y l .

In  most o f th e  K -fe ld sp s .rs  from  th e  norm al, c o a rse  Cape 

G ra n ite  Be was n o t d e te c te d  (<  1 p .p .m .) ;  o n ly  a  few showed a  t r a c e  

(< 2 p .p .m .) .  But as observed  f o r  a few o th e r  e lem en ts such as 

Sn, Zr and Y, th e  K -fe ld s p a rs  from  th e  f in e - g r a in e d ,  l e u c o c r a t i c  

Cape G ra n ite  a re  h ig h e r  in  Be. They ran g e  up to  5.8  p .p .m . and 

average abou t 2 . 3  p .p .m . (T ab le  2 2 ). The Cape G ra n ite  b i o t i t e s  

(T ab le 24) may show a s im i la r  t r e n d .  In  most b i o t i t e s  an a ly sed  

Be was on ly  reco rd ed  as t r a c e  (h e re  e s tim a te d  as abou t 3 p .p .m . , 

which may be r a th e r  too  lo w ) . The h ig h e s t  l e v e l  reco rd ed  was
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13 p.p.m. for biotite 149 from a fine-grained, leucocratic Kuils 

River Granite. Muscovites end sericite have a higher average of 

about 5 p»p»m. and the two recalculated plagioclase analyses
(Table 23, Samples 106 and 137) gave 4*9 and 7 p»p*m.

2+Be1- (»35 A) may be expected to exist in magma partly as 

(BeO^)0” complex which can substitute for (SiO^)^ in silicate 

lattices (RINGWOOD, 1955b). Such substitution will, however, lead 

to charge balance difficulties unless counterbalanced by the 

presence of free cations of high valency, such as Ti , Zr ' ,

Y^ etc*, or by anions such as F or OH substituting for oxygen 

(BEUS, 1956; GANEEV, 1961). In this connection it is probably 

significant that the plagioclase and those K-feldspars which 

contain the highest Be also show a definite increase in their 

levels of Zr, Sn and Y.

9-26. Boron.

B^+ (.23 A) exists in magmas as (BO or (BO )■' com-3 4
plexes (RINGWOOD, 1955b). (BO^)^"* may be expected to substitute

for (SiO^)Z'- or (A10 )^“ tetrahedra in silicates. Thus Reedmerg-

nerite, NaBSi 0 , a natural boron analogue of albite has been 3 ö
discovered by MILTON et al. (i960). But (BO^)^ is not accepted 

jrto silicates and may accumulate in residual magmas. Under high 

volatile pressure (e.g. pegmatitic or very late-stage granitic 

stage) boron may also concentrate in the form of BF^ or B(uH)^ 

complexes (RINGWOOD, 1955U).

1-
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Such s t r o n g ly  d iv e r s e  p ro c e s se s  go some way tow ards ex­

p la in in g  th e  r e l a t i v e l y  u n ifo rm  B c o n te n t o f b a s ic  ro ck s  ( ^ 5  p .p .m . , 

HARDER, i 960) competed to  th e  c o n c e n tra t io n  v a r i a t i o n  ov er a lm ost 

2 o rd e rs  o f m agnitude observed  in  a c id  ro c k s . TAYLOR ( 1965) c o n s id e rs  

10-20 p .p .m . a re a s o n a b le  B average  f o r  g r a n i t e s .

The g e n e ra l ly  h ig h  B c o n c e n tra t io n  o f s h a le s  (av e rag e  

100 p .p .m . ,  TAYLOR, 1965) shou ld  make i t  p o s s ib le  to  d i s t i n g u is h  

a n a t e c t i c  g r a n i t e s  formed from  such m a te r ia l ,  bu t th e  ex tre m ely  

m obile B must be v e ry  e a s i l y  l o s t  d u rin g  m etam orphic and igneous 

p ro c e s s e s .  Very h ig h  B c o n te n ts  cou ld  th e r e f o r e  in d ic a te  a  s e d i ­

m entary  o r ig in  o r be th e  r e s u l t  o f extrem e f r a c t io n a t io n ,  b u t a low 

c o n c e n tra t io n  cannot be ta k e n  as ev idence  a g a in s t  e i t h e r  o f th e s e  

p ro c e s s e s  ( c f .  C s). T h is  may be i l l u s t r a t e d  by th e  r e s u l t s  o f 

Table 4 which show t h a t  B does not exceed 25 p .p .m . in  any o f th e  

12 Snowy g r a n i te  sam ples in  w hich t h i s  elem ent was so u g h t. (Due 

to  l i n e  in te r f e r e n c e  d i f f i c u l t i e s  m entioned in  th e  A ppendix, s e c t io n  

8 , q u a n t i t a t iv e  B r e s u l t s  a re  n o t g iv e n  f o r  sam ples c o n ta in in g  

< 20 p .p .m .) .

The B a n a ly se s  o f Cape G ra n ite  (T ab le  18) r e v e a l  s t ro n g  

re g io n a l  d i f f e r e n c e s .  B was no t d e te c te d  o r i s  n o t p r e s e n t  a t  

l e v e ls  h ig h e r  th a n  20 p .p .m . in  any o f th e  41 sam ples ex cep t f o r :

( l )  A ll a n a ly se s  o f th e  c o a r s e ly  p o r p h y r i t ic  P e n in su la  G ra n ite  

showed B ra n g in g  from 25-125 p .p .m . . The f in e -g ra in e d  m arg in a l 

l e u c o c r a t i c  f a c ie s  exposed a t  K loof Q uarry  shows even h ig h e r  con­

c e n t r a t io n  o f up to  190 p .p .m . .
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(2 ) One sam ple o f th e  Younger S aldanha  G ra n ite  (no. 163) from  th e  

H o e d jie s  Bay C on tact has 5^ p .p .m .

( 3 ) The h ig h e s t  f ig u r e  o f 240 p .p .m . was reco rd ed  f o r  Sample 149> 

th e  f in e -g ra in e d  m arg in a l o f  th e  K u ils  R iv e r  -  S te l le n b o s c h  P lu to n .

T able 9 l i s t s  some p re v io u s ly  p u b lish e d  B a n a ly se s  on 

C'-pe G ra n ite s  from WASSERSTEHT (1.951 )• These a re  in  good agreem ent 

w ith  th e  l e v e ls  reco rd ed  h e re  f o r  e q u iv a le n t  Cape G ra n ite s .

The Cape P e n in s u la  G ra n ite  i s  no t in  o th e r  r e s p e c ts  

u n iq u e ly  d i f f e r e n t  from  o th e r  Cape G ra n i te s ,  and th e  much h ig h e r  

B c o n te n t cannot be due to  p a r t i c u l a r l y  s t ro n g  d i f f e r e n t i a t i o n .  

A ccord ing  to  d a ta  by ERLANK ( 1965) th e  in tru d e d  Malmesbury Sedim ents 

av erag e  abou t 75 p .p .m . B, w hich i s  norm al f o r  a s h a le  (s e e  T able 7> 

n o s. 3> 4 and 5 ) .  The g r a n i t e  sam ples showing h ig h  B a re  a l l  

r e l a t i v e l y  n e a r  to  th e  sed im en ta ry  c o n ta c t  and B was p ro b a b ly  

in tro d u c e d  by l a t e - s t a g e  h y d ro th e rm al a c t i v i t y .  SCHOLTZ (1946) 

no ted  th e  r e l a t i v e  abundance o f  a c c e s so ry  to u rm a lin e  in  th e  

P e n in su la  and S te lle n b o s c h  P lu to n s  and in  th e se  sam ples much o f 

th e  B p re s e n t  must be p r e s e n t  in  t h i s  m in e ra l.

In  g r a n i t i c  ro c k s  which do n o t c o n ta in  to u rm a lin e  B i s  

m ain ly  c o n c e n tra te d  in  p la g io c la s e  (GETLING and SAVINOVA, 1958;

STAVROV and KEITROV, 196O; BARSUKOV, 1961 ) . The Cape G ra n ite  

p la g io c la s e -  (+ q u a r tz )  sam ples (T able 23 ) a re  e s tim a te d  to  

c o n ta in  ~  20 p .p .m .,  b u t B was n o t d e te c te d  in  any K - fe ld s p a r  o r 

b i o t i t e  sam ples. The observed  B c o n te n t o f abou t 35 p .p .m . fo r

m uscov ites  and s e r i c i t e  (T ab le  24) i s  c o n s is te n t  w ith  th e  h y d ro th e rm al 

in t r o d u c t io n  o f t h i s  e lem en t.
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IV CONCLUSIONS.

The Snowv Mts. Granites»

(1) Using both major and trace elements data the granitic rocks 

of the Snowy Mts. area can be broadly divided into MgneissesM 

(corresponding to Joplin’s gneissic granites, Ordovician type), 

"granodiorites" (corresponding to both foliated Silurian and massive 

post-Silurian types granites) and "leucogranites".

(2) On the basis of the geochemical evidence the Snowy Mts. 

gneisses are considered to have formed entirely from the Upper Ordov­

ician psammo-pelitic, clay-rich sediments with which they are 

associated, without differentiation or addition of any significant 

amount of magmatic material.

(3) The "granodiorites" varying in comp, from adamellites almost 

to tonalites form the bulk of the bathyliths and show a limited but 

continuous variation in both major and trace elements. Their geo­

chemistry is consistent with an origin by mobilization and melting at 

depth, without significant magmatic differentiation, of varying 

proportions of geosynclinal sediments that can be represented on an 

average by equal parts of normal shale, greywacke and Upper Ordovician 

clay-rich psammo-pelites. With the available data the granodiorites 

cannot be generally subdivided into "foliated" and "massive" types, 

although this may be possible for any particular smaller area, as 

shown, for instance, by the massive, cross-cutting Island Bend granite. 

This mass is chemically distinctive and may have originated from a
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sed im en tary  m ixture c o n ta in in g  a g re a te r  p ro p o rtio n  o f greywacke and 

le s s  c la y - r ic h  s h a le . The apparen t overlap  in  chem ical com position 

between f o l ia te d  and massive types f in d s  a p a r a l l e l  in  t h e i r  K-Ar ages, 

which a lso  showed no r e a l  d i s t in c t io n  between fo l ia te d  and massive types 

on a broad re g io n a l b a s is ,  a lthough  th e  g n e isse s  appeared s l ig h t ly  o ld e r  

in  any one a re a .

(4) Chemical v a r ia t io n s  w ith in  b a th y li th s  appear to  be la rg e r  

than  o v e ra l l  v a r ia t io n s  between d i f f e r e n t  b a th y l i th s .  T herefore a 

ve ry  much la rg e r  number of samples would be needed to  d e te c t  any 

s ig n i f ic a n t  d if f e re n c e s  in  chem ical com position between th e  b a th y l i th s ,  

i f  such d if fe re n c e s  e x i s t .  The number o f samples taken  i s ,  however, 

considered  adequate fo r  the  c a lc u la t io n  o f an "average g ra n o d io r ite ” 

re p re se n tin g  a l l  b a th y l i th s  in  th e  a re a .

(5) The somewhat younger, c ro s s c u tt in g  le u c o g ra n ite s  a sso c ia te d  

w ith  th e  g ra n o d io r ite  b a th y li th s  a re  s tro n g ly  d i f f e r e n t ia te d  g ra n ite s  

and on p re sen t l im ite d  sam pling may be subdivided in to  th re e  groups 

showing vary ing  degrees of magmatic f r a c t io n a t io n .  They did no t 

o r ig in a te  by f r a c t io n a t io n  o f b a s ic  magma but p robab ly  formed by p a r t i a l  

m elting  and magmatic d i f f e r e n t i a t io n  from p re -e x is t in g  g eo sy n c lin a l 

sed im en ts.

(6) Samples o f th re e  q u a r tz - fe ld s p a r  porphyry dykes examined 

in d ic a te  th a t  they a re  chem ically  q u ite  d is s im ila r  to  one ano ther 

b u t n e i th e r  re p re se n ts  s tro n g ly  d i f f e r e n t ia te d  m a te r ia l .  One i s  

chem ically  s im ila r  to  th e  g n e isse s , an o th er resem bles some m assive type
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g ra n o d io r i t e s , w hile the th i r d  may p o ss ib ly  be re la te d  to  Lower Devon­

ia n  r h y o l i te  lav as  in  th e  a re a .

(7) Comparison of th e  major elem ent d a ta  p resen ted  here  from the

s t r a t e g i c a l ly  p laced  Snowy M ts. a re a  w ith  p re v io u s ly  pub lished  analyses 

from a w ider re g io n  in d ic a te s  th a t  the  new tra c e  element d a ta , and o th e r 

conclusions o f th i s  s tu d y , may be a p p lic ab le  to  the  g r a n i t ic  rocks of 

a  s im ila r ly  w ider reg io n  o f th e  Lachlan G eosyncline.

The Cane G ra n ite .

(1) In  c o n tra s t  to  th e  e s s e n t ia l ly  u n d if f e r e n t ia te d  g ra n o d io r ite s  

o f th e  Snowy M ts. b a th y l i th s  the  Cape G ran ite  p lu to n s  formed from a 

ty p ic a l  " h ig h - le v e l” f r a c t io n a te d  g ra n ite  magma as shown by th e  geo­

chem ical evidence o f th e  t o t a l  rocks and m in e ra ls . The cores of the  

p lu to n s  a re  formed of c o a rse ly  p o rp h y r it ic  b i o t i t e  g ra n ite  which grades 

outwards in to  medium and f in e -g ra in e d  g r a n i te s .  The d a ta  confirm s the 

view o f SCHOLTZ ( 1946) th a t  th e se  re p re se n t even more s tro n g ly  f r a c t io n ­

a ted  magma, presum ably c h i l le d  a g a in s t  the  coun try  ro ck .

(2) V ariab le  lo s s  o f some tra c e  e lem ents, e i th e r  v o la t i l e  or 

o therw ise  mobile due to  th e  fo rm ation  o f com plexes, has occurred from 

some o f the most s tro n g ly  d i f f e r e n t ia te d  members o f the  Cape G ran ite s  

and a lso  Snowy le u c o g ra n ite s . These tra c e  elem ents inc lude  e sp e c ia l ly  

L i, Cs and T1 and p o ss ib ly  to  some e x ten t Pb, Cu, Mn, Y, La, Nd, Z r, B

and Ga
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(3) The only distinct chemical differences observed between any 

of the granite plutons examined are the uniformly high concentrations

of Th, U and Fb of the Paarl Granite and apparently higher than average 

B levels of the Cape Peninsula Pluton.

(4) Minerals from pegmatitic phases of the Cape Peninsula Granite 

indicate a degree of fractionation comparable to that of the fine­

grained granites of the border facies. A pegmatitic vein from the 

George area, in contrast, is not a late-stage granite differentiation 

product.

(5) Trace element analyses of coexisting minerals from different 

granites, e.g. Rb, suggest that K-feldspars and biotites crystallized 

at least in approximate chemical equilibrium. This makes it unlikely 

that K-feldspar phenocrysts in the Cape Peninsula Granite formed by a 

general late-stage potash enrichment.

(6) The Rb-Sr age of the coarse Cape Peninsula Granite and its 

finer-grained, more differentiated border facies is 553 - 8 m»y« with 

a primary Sr^/Sr8^ ratio of .710 - .003« This is assumed to be the 

age of emplacement of all "older" south-western Cape Granite plutons.

(7) The isotopic data, K-Ar ages on two biotite samples, as well 

as some apparently anomalous obliquity values of K-feldspars and low 

calculated temperatures of formation all suggest that a mild but wide­

spread metamorphism affected the granites after their formation.

(8) Preliminary data on a crosscutting mass of aplogranite at 

Sea Point suggest that it was derived from the same source as the

granites, but intruded 5^0 t 15 m.y. ago. This event may be
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associated with the metamorphism of the main granite body and possibly 

mark the intrusion of "younger" granites in the south-western Cape 

generally.

(9) The apparent "isochron" observed for the intruded Malmesbury 

sediments, which shows an unexpected and remarkably strong colinearity, 

indicates an age of 595 - 46 m.y. with an Ri ratio of .712 - .005.

This age accords with the view of SCHOLTZ (1946) that the Ca.pe Granite 

was intruded only shortly after the deposition of the Malmesbury.

The indicated age of the Malmesbury Formation rules out its correlation 

with the pre-Cape and pre-Nama rocks in the Bitterfontein-Van Rhynsdorp 

area which must represent a formation considerably older than the 

Malmesbury.

(10) On the observed Sr isotope and geochemical data it appears 

possible, but unproven, that the Cape Granite was formed entirely by 

mobilization of Malmesbury sediments at depth with subsequent differ­

entiation and intrusion.

"Granite" averages

The granitic rocks examined from both areas form a continuous 

series ranging almost from tonalites to strongly leucocratic alkali 

granites. To date the most useful approach to establishing an "average 

granite" composition, especially for trace elements, is the chemical 

subdivision used by TUREKIAN and WEDEPOHL (1961). Such compilation 

should be revised from time to time in the light of newer and/or 

better data. For most major and trace elements their high-Ca granites
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correspond well with the average Snowy granodiorite, forming the bulk 

of the bathyliths in that area. The normal coarsely porphyritic 

granite of Cape plutons is similarly matched by their low-Ca granites.

Significant differences are the overall lower Sr figures of 

the granitic rocks here analysed. Ba averages assigned by TUREKIAN 

and WEDEPOHL (1961) to their two granite types may best be reversed.

Co and Cr may be generally higher in granites by a factor of about 2 

compared with averages quoted by CARR and TUREKIAN (1961, 1962).


