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A B S T R A C T .

The d i s t r i b u t i o n  o f  25 t r a c e  elem ents and s e le c te d  m ajor 

e lem en ts have been  in v e s t ig a te d  in  c a r b o n a t i t e s ,  p e r a lk a l in e  

s i l i c a t e  ro ck s  and f e n i t e s  from  Homa M ountain, N. H uri and 
Wasaki in  W. Kenya. Comparison has been  made w ith  th e  

d i s t r i b u t io n s  o f  th e s e  elem ents i n  s im i la r  ro ck s  from Budeda, 

T oro r and Tororo c a r b o n a t i t i c  com plexes, E. Uganda.

The e a r l i e s t  s o v i t i c  c a r b o n a t i te s  w ere found to  c o n ta in  

g r e a te r  c o n c e n tra tio n s  o f S r, and g e n e ra l ly  l e s s  Ba, Nb,

REE (b o th  Ce- and Y -e a r th s ) ,  Pe, Mn, Zn, Z r, T i, and V 

th a n  th e  l a t e r  a l v i k i t i c  c a r b o n a t i t e s .  The l a t e r  fe r ru g in o u s  

a l v i k i t e s  w ere c h a r a c t e r i s t i c a l l y  e n ric h ed  in  Pe, Mn, Ba, Zn, 

and REE ( Ce-e a r th s )  r e l a t i v e  to  o th e r  c a r b o n a t i t e s .

A ll c a r b o n a t i te s  were ty p i c a l ly  s t ro n g ly  Ce-e a r th  

e n ric h e d .

The p e r a lk a l in e  s i l i c a t e  ro ck s  and f e n i t e s  were s im i la r ly  

e n ric h ed  in  S r, Ba, REE, Rb and T i, and c o n ta in ed  g e n e r a l ly  

more Zr and Ga th a n  th e  c a r b o n a t i t e s .  These ro ck s  were a l s o  

C e-e a r th  e n ric h ed .
The c o n c e n tra tio n s  o f  S r, Ba, Z r, REE, Ga, and Nb in  th e  

f e n i t e s  in d ic a te  t h a t  th e s e  e lem en ts a re  in tro d u c e d  in to  th e  
co u n try  ro ck  by B a - f e n i t i s in g  s o lu t io n s .  The s i m i l a r i t y  i n  

t r a c e  elem ent c o n te n t betw een f e n i t e s  and n e p h e l in e - s y e n i te  

su g g e s ts  a  g e n e tic  r e la t io n s h ip  betw een th e s e  ro ck  ty p e s .

The g r e a te r  c o n c e n tra t io n  o f  Cr, Ni and Co in  th e  

p y ro x e n ite s  su g g es t t h a t  th e s e  ro ck s  formed e a r ly  in  th e  

c r y s t a l l i s a t i o n  h i s to r y  o f  th e  c a r b o n a t i te  com plexes, le a d in g  
to  c r y s t a l l i s a t i o n  o f  th e  i j o l i t i c  s u i t e .

The r e la t io n s h ip  betw een th e  c a r b o n a t i te s  and s i l i c a t e  

ro c k s  rem ains c o n t r o v e r s ia l .  However, th e  c o n c e n tra t io n  Ba, 

REE, and Nb in  th e  c a r b o n a t i te s  in d ic a te s  t h a t  th e s e  ro c k s  

were formed l a t e  in  th e  h is to r y  o f  th e  com plexes.

A mechanism in v o lv in g  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  a



A B S T R A C T , (c o n t in u e d .) .

carb o n a ted  s i l i c a - u n d e r s a tu r a te d  magma, le a d in g  i n  th e  l a t e r  

s ta g e s  to  l i q u id  im m is c ib i l i ty  o f  c a rb o n a te  and s i l i c a t e  

l i q u id s ,  i s  fav o u red  f o r  th e  o r ig i n  o f  th e s e  ro c k s .
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I .

C H A P T E R  O N E .

1 .1  In tr o d u c t io n .

C a rb o n a tite s  and t h e i r  a s s o c ia te d  s i l i c a t e  rocks and 

f e n i t e s  a re  e n ric h ed  in  a  c h a r a c t e r i s t i c  assem blage o f 
t r a c e  and m inor e lem en ts r e l a t i v e  to  o th e r  igneous ro c k s , 

(P eco ra , 1956; H e in ric h , I 966) .  These e lem ents a re  e i t h e r  
p re s e n t  as v ic a r io u s  elem ents in  th e  l a t t i c e s  o f  m in e ra ls  
in  th e  ro c k s , o r  more r a r e ly  found in  th e  ro ck s  as r a r e  
elem ent m in e ra ls  ( e .g .  p y ro c h lo re  CaNaNb^O^F, b a s tn a e s i t e  

REE^gCO^F, b a d d e le y i te  ZrO^).
The geochem ical s tudy  w hich form s th e  b a s is  o f  th i s  

th e s i s  i s  in te n d e d  to  o b ta in  d e ta i l e d  geochem ical d a ta  

co n ce rn in g  th e  d i s t r i b u t i o n  o f  t r a c e ,  minor and m ajor 
e lem en ts w ith in  th e  c a r b o n a t i te s  and t h e i r  r e l a t e d  
p e r a lk a l in e  s i l i c a t e  ro ck s and f e n i t e s ,  from c a r b o n a t i t i c  
complexes in  W estern  Kenya and E a s te rn  Uganda. This work 
i s  in ten d ed  to  complement f i e l d  mapping and p é tro g ra p h ie  
s tudy  o f  a number o f complexes in  W. Kenya and E. Uganda, 
c a r r ie d  o u t by o th e r  members o f  th e  E ast A fr ic a n  R esearch  
Team a t  L e ic e s te r  U n iv e rs ity  and Bedford C o lleg e , London.

M a te r ia l was s e le c te d  fo r  a n a ly s is  from e x is t in g  
c o l le c t io n s  from th e  c a r b o n a t i te  complexes d e sc rib e d  
below , (se e  F ig . l . l ) .

W estern Kenya.

( i )  Homa M ountain, (S aggerson , 1952; M cCall, 1959;

C la rk e , I 968 ; F Iegg, I 969) .
S i tu a te d  on th e  sh o re s  o f  Lake V ic to r ia ,  i n  th e  

K avirondo R if t  V a lle y , Homa M ountain i s  a  c a r b o n a t i t i c  

c e n tr e  in tru d e d  in to  Nyanzian la v a s  in  Miocene to  e a r ly  
P le is to c e n e  tim e s . Emplacement o f  i j o l i t e  was fo llow ed  

by in t r u s io n  o f  c a r b o n a t i te  and c a r b o n a t i t i c  b re c c ia  
g e n e ra l ly  in  cone s h e e ts .  P lugs and dykes o f  p h o n o li t ic  
n e p h e l in i te  and o l iv in e  m e l i l i t i t e  o ccu r, and f e n i t i s a t i o n
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o f co im try  ro ck  i s  w id esp read .

Specimens chosen f o r  a n a ly s is  have p re f ix e d  HP o r  

HC numb e r s .

( i i )  N orth  R u ri and Qkuge, (M cCall, 1958» Dixon, I 968) ,

The N orth  E n ri complex i s  s i t u a t e d  a d ja c e n t to  th e  S outh

E u ri complex, 11 m ile s  e a s t  o f  th e  fiangwa c e n tr e  and th e  

K is in g i r i  v o lcan o . I t  c o n s is ts  o f  e a r ly  n e p h e l in e - s y e n i te ,  

a s u i t e  o f c a r b o n a t i t i c  cone s h e e ts  and c a r b o n a t i t i c  b r e c c ia s ,  

and numerous p lu g s  o f  p h o n o l i t ic  n e p h e l in i te  in tru d e d  in to  
P re-C am brian  m e ta b a s a l t .  F e n i t i s a t i o n  o f  m e ta b a sa lt  i s  

a p p a re n t. Okuge i s  a much s m a lle r  complex, c o n s is t in g  o f 

a  mass o f  c a r b o n a t i te  cone s h e e ts ,  w ith  " s c a t te r e d  o u tc ro p s  

o f m e la n e p h e lin ite  la v a  and agg lom erate  from  th e  K is in g i r i  
v o lc a n o , and p h o n o l i t ic  n e p h e l in i te  la v a  su rro u n d in g  i t " ,  

(D ixon, 1968 a b s t r a c t ) .
A nalysed specim ens have p re f ix e d  N num bers, ( e .g .  NI42}.

( i i i )  Wasaki c e n t r e s , (P u lf re y , 1950, 1954» M cCall, 1958» 
H e in r ic h , I 966 p.485; Le Bas I 966) .

Three m iles  n o r th - e a s t  o f  th e  N orth E u ri complex l i e s  
th e  i j o l i t e  mass o f  TJsaki su rrounded  by f e n i t e s ,  a  c a r b o n a t i t e  

mass a t  Sokolo, and th e  P h o n o l i t ic  v o lc a n ic  rem nant o f  
N yam aji. The complex i s  in tru d e d  in to  Pre-C am brian g r a n i t e  

ro c k s .
A nalysed specim ens have p re f ix e d  U numbers.
I n  a d d i t io n  to  th e se  c e n tr e s  in  w este rn  Kenya, sam ples 

w ere chosen from s e v e ra l  c a r b o n a t i t i c  c e n tre s  in  E a s te rn  
Uganda, which a re  b r i e f l y  d e sc r ib e d  below .

( i )  Budeda (S u th e r la n d , I 966 ; King and S u th e r la n d ,

1966) .

The Budeda complex, on ly  h a l f  a  m ile  a c ro s s , i s  a 

T e r t i a r y  c a r b o n a t i te  complex in tru d e d  in to  g r a n i t i c  basem ent 

which has been f e n i t i s e d .  The c e n t r a l  p a r t  o f th e  complex 

ra n g e s  from p y ro x e n ite  ( m e l te ig i te )  to  i j o l i t e  and u r t i t e ,  

w ith  sm all c a r b o n a t i te  in t r u s io n s  le s s  th a n  f o r ty  f e e t  a c r o s s .  

Sm all i j o l i t e  in t r u s io n s ,  s e p a ra te d  from th e  main mass l i e  
w ith in  a  wide a re a  o f  s y e n i t i c  f e n i t e .  C a n c r in i te  s y e n i te  

i s  o f te n  found m arg in a l to  th e  i j o l i t e ,  w h i ls t  dykes o f
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n e p h e l in e - s y e n i te  and c a n c r in i te - p h o n o l i te  a re  a ls o  found .

A nalysed sam ples have p re f ix e d  SuB num bers.

( i i )  T o ro fo , (W illiam s, 1952; D avies, 1958;
S u th e r la n d ,1966 ; King and S u th e r la n d , 1966 ) .

Some 55 m ile s  from Budeda, and a few m iles  from  th e  

Kenya b o rd e r , th e  Tororo complex c o n s is ts  o f  a p e a r shaped 

c a r b o n a t i t e  body, o f  T e r t ia ry  a g e , in tru d e d  in to  s y e n i t i c  

f e n i t e ,  and a s m a lle r  s e p a ra te  c a r b o n a t i te  (L im ek iln  H i l l  

c a r b o n a t i t e  -  S u th e rla n d , I 966) in tru d e d  in to  s y e n i t i c  f e n i t e ,  

n e p h e l in e - s y e n i te ,  i j o l i t e  which a re  b r e c c ia te d .

The emplacement o f  c a r b o n a t i te  was p receed ed  by in te n s e  
f e ld s p a th i s a t io n  o f  b re c c ia  fragm en ts  on L im ek iln  H i l l .

I j o l i t e  agg lom erate  dykes a re  found to  cu t ag g lo m era te .

A nalysed sam ples have p re f ix e d  SuTo numbers.

( i i i )  Nanak. (King 1949; S u th e rla n d , I 966 , King &nd 

S u th e rla n d , I 966) .
This c e n tr e  l i e s  n o rth -w e s t o f  Mount E lgon. E x tru s iv e  

la v a s  and p y r o c la s t i c s  rem ain  around a w e ll d e fin e d  i j o l i t e -  

c a r b o n a t i t e  complex, emplaced in  basem ent g n e is s e s .  The 
basem ent g n e is s e s  a re  f e n i t i s e d  around th e  c e n t r a l  in t r u s iv e  
ro c k s .

A nalysed specim ens have p re f ix e d  SuN numbers.

( iv )  T o ro r, (Du B o is, 1958, 1959; S u th e rla n d , 1985 , 1986 ;
King and S u th e rla n d , I 966) .

The T oror complex c o n s is ts  o f i n t r u s iv e  ro ck s  o f  
hy p ab y ssa l c h a r a c te r ,  ( t r a c h y te ,  p h o n o li te ,  and a g g lo m e ra te ) , 

a s s o c ia te d  w ith  a  r in g -sh a p e d  in t r u s io n  o f  c a r b o n a t i t e  em placed 

in  g r a n i t i c  g n e is s .  F e n i t i s a t i o n  i s  on ly  s l i g h t ,  b u t b r e c c ia t io n  

i s  e x te n s iv e .
Analysed specim ens.: have p re f ix e d  SuT numbers.

1 .2  P e tro g rap h y  and m ineralogy  o f  th e  c a r b o n a t i t e s ,  p e r a lk a l in e  

s i l i c a t e  ro ck s  and f e n i t e s .

( i )  C a rb o n a ti te s .
D e ta ile d  s tu d y  o f th e  p e tro g rap h y  o f c a r b o n a t i t e s  from  th e  

W estern  Kenya com plexes, n o ta b ly  Homa M ountain (F leg g , I 969 ) and
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N orth R uri (Dixon, 1968) has g iven  r i s e  to  th e  re c o g n itio n  
o f a v a r ie ty  o f c a rb o n a tite  ty p e s .

Dixon (1968) subd iv ided  th e  North Ruri c a rb o n a tite s  in to  

th re e  main ty p e s ; namely, s o v i te  (co a rse  g ra in ed  w hite  
c a r b o n a t i t e ) , a l v i k i t e  w ith  o r w ith o u t rhombic c a lc i t e  
P henocrysts  (fine-m edium  g ra in e d , g e n e ra lly  d a rk e r co lou red  
ro c k ) , and fe rru g in o u s  a lv ik i t e  (deep brown coloured  f in e  
g ra in ed  c a r b o n a t i te ) .  F legg proposed a s im ila r  c l a s s i f i c a t i o n  
fo r  th e  Homa c a rb o n a ti te s .  In  a d d it io n , dyke rocks c o n ta in in g  
c a lc i t e  pseudomorphs a f t e r  m e l i l i t e  were reco g n ised  a t  Homa 

(C la rk e ,1969) ,  denoted here by m elilite -p seudom orph  c a r b o n a t i te ,  
and in t r u s iv e  b re c c ia s ,  co n ta in in g  a v a r ie ty  o f fragm ented 

s i l i c a t e  rocks in  a carbonate  m a trix  a re  r e f e r r e d  to  as 
in t r u s iv e  b re c c ia s  ( s o v i te  b re c c ia s  o f Saggerson, 1952).

This c l a s s i f i c a t i o n  o f th e  c a r b o n a t i t ic  rocks has been 
used th roughout th i s  work.

The m ineralogy o f th e  c a r b o n a t i t ic  rocks v a r ie s  
c o n sid e rab ly  b o th  betw een and w ith in  th e  c a rb o n a ti te  groups 
m entioned above. The s o v ite s  o f  Homa M ountain were made up 
o f co arse  g ra in ed  p la ty  to  equant c a lc i t e  c r y s ta l s ,  which 
could be o r ie n ta te d  o r n o n -o r ie n ta te d . A ccessory m in era ls  
were r a r e ly  abundant, and in c lu d ed  a p a t i t e ,  b i o t i t e ,  
pyroxene and o c ca s io n a l p y ro ch lo re , (F legg , I 969) .
At N orth E u ri, th e  s o v ite s  were s im ila r  to  th o se  a t  Homa, 
and were found to  c o n ta in  a p a t i t e ,  sphene, pyroxene, 
f e ld s p a r ,  m ag n e tite , and p y ro ch lo re  as accesso ry  m in e ra ls , 
(Dixon, 1968) .  The s o v ite s  from Budeda showed rep lacem ent 
r e la t io n s h ip s  w ith  th e  i j o l i t e s ,  and w ith  in c re a s in g  c a l c i t e  
co n ten t th e  i j o l i t e s  graded in to  c a rb o n a ti te  w ith  s c h l ie r e n  
o f pyroxene. A p a tite , sphene and p y r i t e  were found as 
accesso ry  m in era ls  in  th e se  ro c k s , (S u th e rlan d , I 966) .
A g re a t  many x e n o lith s  were ap p aren t in  s o v i te  from L im ekiln 
H i l l ,  Tororo, w h ils t  le s s  were found in  th e  main s o v ite  
in t r u s io n .  M agnetite , a p a t i t e ,  b i o t i t e ,  and p y ro ch lo re  
were common accesso ry  m inera ls  in  th e se  c a rb o n a ti te s ,  w h ils t  
pyroxene and fe ld s p a r  were common in  th e  L im ekiln H ill  
c a rb o n a ti te s .
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The a l v i k i t e s  w ere g e n e ra l ly  much f i n e r  g ra in e d  ro ck s  

th a n  th e  s o v i te s ,  and d i f f e r e d  g e n e ra l ly  from  th e s o v i te s  in  

th e  mode o f em placem ent.

At Homa M ountain, th e  a l v i k i t e s  were in tru d e d  as dykes 

and cone sh e e ts  from  th re e  in c h es  to  f i f t e e n  f e e t  th ic k .

Both p o r p h y r i t ic  and n o n -p o rp h y r i t ic  ty p es  a re  r e p re s e n te d . 

B io t i t e ,  eu h ed ra l p y ro c h lo re , a p a t i t e ,  pyroxene, am phibole, 

and la r g e  eu h ed ra l m a g n e tite s  a re  more common in  th e  

n o n -p o rp h y r it ic  ty p e s , (F leg g , Red-brown b i o t i t e ,

eu h ed ra l m a g n e tite , a p a t i t e  and p y ro c h lo re , f l u o r i t e ,  

b a r i t e ,  and pyroxene were common acc e sso ry  m in e ra ls  in  
th e  rh o m b -a lv ik ite s  from  N orth  E u r i ,  (D ixon, I 968) .

A lv ik i t i c  dykes from  Tororo w ere n o ted  to  c o n ta in  m a g n e tite , 
b i o t i t e  and c h l o r i t e ,  (S u th e r la n d , I 966) .

F e rru g in o u s  a l v i k i t e s  in tru d e d  g e n e ra l ly  l a t e r  th a n  
th e  a l v i k i t e s  and s o v i te s ,  and found as dykes, v e in s  and 

cone s h e e ts ,  a re  w e ll re p re s e n te d  in  th e  W estern  Kenya 

com plexes. These ro ck s  were n o ted  to  c o n ta in  a  c h a r a c t e r i s t i c  
m in e ra l assem blage a t  Homa M ountain, in c lu d in g  th e  m in e ra ls  
b a r i t e ,  f l u o r i t e ,  m onazite , b a s tn a e s i t e ,  d a h l l i t e ,  c e llo p h a n e , 

(F leg g , 1969)• An abundance o f  i r o n  o re s  (h e m a tite , 
m a g n e tite , g o e th i te )  gave th e  ro c k  i t s  c h a r a c t e r i s t i c  deep 

brown c o lo u r . F e rru g in o u s  a l v i k i t e s  from N orth  R u ri, 

o c cu rin g  as t h in  dykes and cone s h e e ts  up to  th r e e  m etres  
th ic k ,  c o n s is te d  o f sm all c lo se -p a c k ed  rhombs and rounded 

g ra in s  o f  red d ish -b ro w n  c a rb o n a te , in  a  m a tr ix  o f  c le a r  

c a l c i t e  and i ro n  o re , (D ixon, I 968) .  F lu o r i te  was a common 

a c c e sso ry  m in era l w ith  b a r i t e ,  m onazite  and b i o t i t e .

L a te  c a rb o n a te  dykes found a t  Homa M ountain were 

composed o f l a t h - l i k e  pseudomorphs a f t e r  m e l i l i t e ,  w ith  

b o th  m a tr ix  and l a th s  b e in g  c a rb o n a te d . These dykes were 

re c o g n isa b ly  l a t e r  th a n  th e  o th e r  c a r b o n a t i t e s ,  and were 

d e s ig n a te d  m e lilite -p se u d o m o rp h  c a r b o n a t i t e s .
The s o v i te  b r e c c ia s  o f Homa M ountain (S aggerson , 1952), 

w ere composed o f b r e c c ia  fragm en ts  o f i j o l i t e ,  N yanzian 
la v a ,  c a r b o n a t i te  and f e n i t e  s e t  i n  a  f in e  g ra in e d  m a tr ix
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o f  l im o n ite  and c a l c i t e .  These ro ck s  were named in t r u s iv e  
c a r b o n a t i t i c  b r e c c ia s  to  av o id  co n fu s io n  w ith  th e  s o v i te s  

w hich w ere in tru d e d  e a r l i e r  th a n  th e  b r e c c ia s .

( i i )  P e r a lk a l in e  s i l i c a t e  ro c k s .

In c lu d ed  in  th e  s i l i c a t e  ro c k s  a s s o c ia te d  w ith  

c a r b o n a t i te s  a re  m e la n o c ra tic  to  l e u c o c r a t ic  ro ck s  

o f  th e  i j o l i t e  s e r i e s  ( p y r o x e n i t e - m e l t e ig i t e - i j o l i t e -  

u r t i t e - m e la n i t e  i j o l i t e ) ,  n e p h e l in e - s y e n i te ,  and 

f e ld s p a th ic  i j o l i t e .  The f i n e  g ra in e d  v o lc a n ic  

e q u iv a le n ts  o f th e  p lu to n ic  s e r i e s  a re  re p re s e n te d  

by m e la n e p h e l in i te - n e p h e l in i te - p h o n o l i t ic  n e p h e l in i te -  

p h o n o li te  ro c k s . A v a r i e ty  o f  f e n i t i c  ro ck s  a re  found 

a t  each complex, w hich g e n e ra l ly  g rad e  from s l i g h t l y  

f e n i t i s e d  co u n try  ro c k  to  s y e n i t i c  f e n i t e  w ith  n e p h e lin e .

The m inera logy  o f  th e  i j o l i t i c  rocks i s  co m p lica ted , 

and v a r ie s  c o n s id e ra b ly  from specim en to  specim en.

Such ro ck s  from Homa M ountain w ere shown to  b e lo n g  to  
a s im p l i f ie d  p a ra g e n e tic  sequence by C larke ( 1969) ,  
w hich i s  rep ro d u ced  below .

E a rly  magmatic L a te  magmatic

D io p s id ic  Pyroxene A e g ir in e -a u g ite  

N epheline  N epheline

P e ro v s k ite  M elan ite /sp h en e
A p a ti te  1 W o lla s to n ite

Postm agm atic

C a lc i te  

A p a tite  2 

F e ld sp a r

P e u te r i c

P h lo g o p ite
C a n c r in i te

S e r i c i t e

N a t r o l i t e ,
A nalcime,

P e c to l i t e

V a r ia t io n  in  m in e ra lo g ic a l com position  o f  th e  i j o l i t i c  

ro ck s  from Napak depended p r in c ip a l ly  on th e  r e l a t i v e  

p ro p o r t io n s  o f  pyroxene and n e p h e lin e . O ther m in e ra ls  which 

w ere in v a r ia b ly  found in  th e  i j o l i t e s  were m e la n ite , i r o n -  

t i ta n iu m  o x id e s , w o l la s to n i te ,  sphene, a p a t i t e ,  p e ro v s k ite  

and b i o t i t e .  C a n c r in i te ,  p e c t o l i t e ,  c a l c i t e  and z e o l i t e s  

w ere m ostly  found as  rep lacem en t m in e ra ls . The p y ro x e n i t ic  
pyroxene was d io p s id ic  in  co m p o sitio n , w h i ls t  in  th e
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m e lte ig i te s  and l a t e r  i j o l i t e s  th e  pyroxenes were more 
a c m itic . M agnetite  was le s s  abundant in  th e  i j o l i t e s  
th an  in  th e  p y ro x e n ite s , w h ils t  m e lan ite  was shown to  
invade and u lt im a te ly  re p la c e  i ro n  oxide and p e ro v sk ite  
o f  th e  p y ro x e n ite , (King and S u th e rlan d , I 966) .

N e p h e lin e -sy e n itic  rocks found a t  Tororo, a re  dark  
f in e  g ra in ed  ro ck s , co n ta in in g  sm all euhedral a l te re d  
n e p h e lin e , a c ic u la r  a cm itic  pyroxene, z e o l i te  and 

c a n c r in i te  re p la c in g  n ep h e lin e , and K -fe ld sp ar in  
c le a r  p o i k i l i t i c  p la te s  o r in te rg row n  la th s ,  (S u th erlan d , 
1966) .  Red-brown b i o t i t e  and a p a t i t e  a re  a lso  noted from 
th e se  ro ck s . The n e p h e lin e -m ic ro sy e n ite  o f North R uri 
was no ted  to  c o n ta in  n ep h e lin e , a e g ir in e - a u g i te ,  K -fe ld sp a r , 
and sm a lle r  amounts o f sphene, a p a t i t e ,  m ag n etite , and 
w o l la s to n i te .  E u d ia ly te  and g o tz e n i te  were p re se n t as 
r a r e  accesso ry  m in e ra ls , (Dixon, I 968) .

The f in e r  g ra in ed  v o lc an ic  p e ra lk a lin e  s i l i c a t e  rocks 
a re  a lso  v a r ia b le  in  t h e i r  m ineralogy. M elan ep h elin ites  
from North R uri were noted to  co n ta in  zoned a u g ite , 
o l iv in e ,  m agnetite  and n ep h elin e  phenocrysts  in  a 
m a trix  o f f in e  g ra in ed  c r y s ta l l in e  n ep h e lin e , a u g ite , 
m ag n e tite , a p a t i t e  and p e ro v sk ite  (Dixon, I 968) .
Nephelinites were mineralogically similar to the 
melanephelinites, except for the pyroxene which were 
margined by aegirine-rich pyroxene in the nephelinites, 
and the nepheline phenocrysts which were more common in 
the nephelinites. The later phonolitic nephelinites were 
noted to contain nepheline, aegirine and feldspar in a 
matrix of the same minerals.

P h o n o li t ic  rocks from T oror, E as te rn  Uganda, (King 
and S u th e rlan d , I 966) con ta in ed  p henocrysts  o f n ep h elin e , 

f e ld s p a r  (which gave com positions o f so d a -o rth o c la se  and 

s a n id in e ) ,  d io p s id ic  pyroxene zoned to  a e g ir in e  r ic h  
m arg ins, and le s s  abundant am phibole and sphene. The 
groundraass o f most o f th e  p h o n o lite s  " c o n s is ts  o f sm all 

l a th s  o f  fe ld s p a r  w ith  i n t e r s t i t i a l  n ep h e lin e , and i s
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o f te n  a l t e r e d  to  z e o l i t e  o r  k a o l in " ,  (King and S u th e rlan d , 

1966) .  Sphene, z irc o n , g ra n u la r  m a g n e tite , n a t r o l i t e ,  

c a n c r in i t e ,  c a l c i t e ,  s o d a l i t e ,  a n a l c i t e ,  p e c t o l i t e ,  and 

r a r e  p h lo g o p ite  were no ted  as b e in g  a cc e sso ry  to  th e  

p h o n o l i t i c  ro c k s .

The f e n i t i c  ro ck s  a t  th e  com plexes in  E.Uganda have 

been  e x te n s iv e ly  d e sc r ib e d  by King and S u th e rla n d  (1966) ,  

and by S u th e rla n d  ( 1966) .  F e n i t i s a t i o n  o f  g r a n i te  and 

m e ta b a s a l t  a t  N. R u ri has a ls o  been  d e sc r ib e d  by Dixon 

( 1968) ,  and f e n i t i s a t i o n  o f co u n try  ro ck  a t  Homa by 

C la rk e  ( 1968) .

A ll th e  f e n i t i c  ro ck s  show th e  ty p ic a l  N a - f e n i t i s a t io n  

c h a r a c t e r i s t i c  o f  c a r b o n a t i te  com plexes, where i n i t i a l  

b r e c c ia t io n  o f  c o u n try  ro ck  i s  fo llow ed  by r e c r y s t a l l i s a t i o n  
o f  f e ld s p a r  and grow th o f d a rk  m in e ra ls  a e g i r in e  r i c h  

pyroxene and a l k a l i - am phibole.

T h is  c o n t r a s t s  w ith  th e  " f e ld s p a th i s a t io n "  o f  
c o u n try  ro c k  a d ja c e n t to  c a r b o n a t i t e  in t r u s io n s ,  where 
th e  grow th o f  d a rk  m in e ra ls  i s  su p p re ssed  o r  a b se n t,
(C la rk e , I 968) .

More d e ta i l e d  d e s c r ip t io n s  o f  th e  p e tro g ra p h y  o f each 
ro c k  ty p e  a t  th e  v a r io u s  com plexes, a re  &iven in  th e  works 
to  w hich p re v io u s  r e fe re n c e  has been  g iv en .

1 .5  S e le c t io n  o f sam ples f o r  a n a ly s i s .

R e p re s e n ta t iv e  unw eathered sam ples o f  th e  main ro ck  

ty p e s  w ere chosen  from  th e  v a r io u s  c a r b o n a t i t i c  complexes 

in  W estern  Kenya, and s im i la r  ro c k  ty p es  were s e le c te d  from 
com plexes in  E a s te rn  Uganda.

Specimen number, f i e l d  lo c a t io n ,  ro c k  ty p e  and o th e r  

r e le v a n t  f i e l d  d a ta  p e r ta in in g  to  th e  c a r b o n a t i te s  and 

s i l i c a t e  ro ck s  s e le c te d  f o r  a n a ly s is  a re  shown in  Appendix 

Table  1.

Due to  t h i s  geochem ical s tu d y  b e in g  based  on a n a ly s is  

o f  m a te r ia l  w hich had o r ig i n a l ly  been  chosen f o r  p é tro g ra p h ie  

s tu d y , no sy s te m a tic  sam pling  o f  th e  v a r io u s  in t r u s io n s  o f
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p e r a lk a l in e  ro c k s  and c a r b o n a t i te s  o r  f e n i t e s  cou ld  be 

a tte m p te d . I n s te a d ,  sam ples have been  chosen f o r  a n a ly s is  

a c c o rd in g  to  ro c k  ty p e , which in  tu r n  was b ased  on t h e i r  

p é tro g ra p h ie  c h a r a c t e r i s t i c s  d e sc r ib e d  e a r l i e r  (pp S e c tio n  1 ,2 ) .  

Thus, f o r  th e  p u rp o ses  o f  sam pling , th e  p re sen c e  o f 

a c c e sso ry  and m inor m in e ra ls  in  th e  v a r io u s  ro c k  ty p es  have 
been  ig n o re d .

1 .4  M ineralogy  o f  th e  an a ly sed  sam ples.

(a )  A q u a l i t a t i v e  e s tim a te  o f  th e  m inera logy  o f  th e  
c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c ia s ,  based  on th in  s e c t io n  

s t u d y , i s  g iv en  in  Appendix T able  2 ( a ) .

(b ) The m inera logy  o f th e  i j o l i t i c  ro ck s  chosen f o r  

a n a ly s is  was ex trem ely  d iv e r s e ,  and o f te n  v a r ie d  c o n s id e ra b ly  

w ith in  one hand specim en. In  o rd e r  to  o b ta in  a  sem i- 

q u a n t i t a t iv e  p a r t i a l  modal a n a ly s is  o f th e  a n a ly sed  ro c k ,
an X -ray  d i f f r a c t i o n  s tu d y  was c a r r ie d  o u t on th e  ro c k  
powder used  in  th e  a n a ly s is .  In  t h i s  way a  f u l l e r  
c l a s s i f i c a t i o n  o f  th e  i j o l i t i c  ro ck s  was o b ta in e d . The 
method o f  a n a ly s is  i s  d e sc r ib e d  below.

Method f o r  p a r t i a l  modal a n a ly s is  o f th e  i n t r u s iv e  p e r a lk a l in e  

s i l i c a t e  ro c k s .
One gram o f  powdered ro c k  was mixed th o ro u g h ly  w ith  

0 ,2  gms. q u a r tz  powder, which was used as an i n t e r n a l  
s ta n d a rd . Each sam ple was ground to  an approx im ate  g ra in  

s i z e  o f  m inus-200-m esh under a c e to n e . The m ix tu res  were 

mounted in  c i r c u l a r  sample h o ld e r s ,  and g e n tly  packed 

down to  avo id  p r e f e r e n t i a l  o r i e n ta t io n  o f  th e  g r a in s .

Two mounts w ere made f o r  each ro c k  powder in  t h i s  way, 

and s e v e r a l  d i f f r a c to m e te r  p a t te r n s  reco rd ed  f o r  each 

mount u s in g  a c h a r t  re c o rd e r  s e t  a t  a co n v en ien t speed .

A s e r i e s  o f  m in e ra l s ta n d a rd  sam ples w ere p re p a red  

from m in e ra ls  s e p a ra te d  from th e  p e r a lk a l in e  ro ck s  under 

s tu d y , and w ere mixed w ith  q u a r tz ,  ground and mounted in  

th e  same way a s  th e  sam ples. S ev e ra l mounts and s e v e ra l
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X -ray d i f f r a c t i o n  p a t te r n s  w ere re c o rd ed  f o r  each s ta n d a rd  

u s in g  th e  same in s tru m e n t s e t t i n g s  as f o r  th e  sam ples.

S tan d a rd s  f o r  th e  m in e ra ls  pyroxene (d io p s id e ) ,  

n e p h e lin e , m e la n ite  g a rn e t ,  K -fe ld sp a r  w ere produced in  

t h i s  way.

R e f le c t io n s  f o r  each m in e ra l, f r e e  from in te r f e r e n c e  
from o th e r  m in e ra ls  p re s e n t  in  th e  p e r a lk a l in e  in t r u s iv e  

ro c k s , w ere chosen  and c a l i b r a t i o n  graphs o f  i n t e n s i t y  o f 
r e f l e c t i o n  ( i . e .  peak h e ig h t o f  r e f l e c t i o n  on th e  

d i f f r a c t i o n  p a t te r n )  v e rsu s  th e  w eigh t p e rc e n ta g e  o f  th e  

m in e ra l in  th e  powders were c o n s tru c te d  from th e  average  

re a d in g s  f o r  each s ta n d a rd  f o r  each m in e ra l. The g raphs 

were l i n e a r .
In  th e  case  o f n e p h e lin e , in te r f e r e n c e  from  f e ld s p a r  

was u n a v o id ab le . A c o r re c t io n  f a c to r ,  based  on th e  amount 
o f f e ld s p a r  p re s e n t  in  th e  ro ck , was c a lc u la te d  from th e  

r e s u l t s  o f  ru n s  on n e p h e l in e / f e ld s p a r  mixed s ta n d a rd s .
The peak h e ig h t  f o r  each r e f l e c t i o n  (and each m in e ra l)  

was th e n  d iv id e d  by th e  c o rre sp o n d in g  in t e r n a l  s ta n d a rd  
peak  h e ig h t f o r  t h a t  d i f f r a c t i o n  p a t t e r n ,  and th e  av erag e  
o f a l l  th e  p a t te r n s  f o r  each ro ck  c a lc u la te d  and compared 

w ith  th e  s ta n d a rd  g raphs to  g iv e  th e  approx im ate  w eigh t 
p e rc e n ta g e  o f  each m in e ra l in  each ro ck  powder. The 

c o r r e c t io n  f o r  n e p h e lin e  was a p p lie d  a f t e r  av erag e  v a lu e s  
o f peak h e ig h t to  q u a rtz  peak  h e ig h t had been  c a lc u la te d .

An in t e r n a l  s ta n d a rd  was used to  avo id  th e  e f f e c t s  o f 

in s tru m e n t f lu c tu a t io n  and mass a b so rp tio n  betw een sam ples 

and s ta n d a rd s . Q uartz was employed f o r  t h i s  pu rpose  due to  

i t s  absence  in  th e  ro ck s  under s tu d y , i t s  a v a i l a b i l i t y  and 

good peak h e ig h t to  w eight p e rc e n ta g e  r a t i o .

The a n a ly s is  i s  on ly  s e m i-q u a n t i ta t iv e  due to  th e  
v a r i a t i o n  in  r e f l e c t i o n  i n t e n s i t y  and 2Ô v a lu e  w ith  v a r i a t i o n  

in  chem ical co m p o sitio n  o f  each m in e ra l (Zussman, I 967) .  

However, th e  r e s u l t s  o f  X -ray d i f f r a c t i o n  te ch n iq u es  showed 

good co rresp o n d en ce  to  p o in t c o u n tin g  modes o f th e  same 

ro c k s .
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M in era ls  g e n e r a l ly  p re s e n t  i n  amounts l e s s  th an  

5 wt.fo i n  th e  ro c k s  were n o t d e te c ta b le  u s in g  t h i s  method.

The p re se n c e  o f  th e  m in e ra ls  sp h en e , a p a t i t e ,  c a n c r in i t e ,  

n a t r o l i t e  and m a g n e tite , w ere re c o rd e d  from  th in  s e c t io n  

s tu d y  o f  th e  ro c k s , and a re  ta b u la te d  w ith  th e  p a r t i a l  

modal a n a ly se s  i n  Appendix T ab le  2 (b) ( i ) .

(c )  The m in e ra lo g ic a l co m p o sitio n  o f  th e  p h o n o l i t ic  

ro c k s  was d i f f i c u l t  to  d e te rm in e  from  th in  s e c t io n  due to  

th e  f in e  g ra in  s i z e  o f  th e  m a tr ix  to  th e se  ro c k s .

Q u a l i ta t iv e  a n a ly s is  o f th e  l e u c o c r a t ic  m in e ra ls  in  th e  

m a tr ic e s  and p h e n o c ry s ts  o f th e s e  to c k s  was c a r r ie d  o u t 

u s in g  X -ray d i f f r a c t i o n  te c h n iq u e s  d e sc r ib e d  below .

Method f o r  th e  p a r t i a l  modal a n a ly s is  o f p h o n o l i t ic  

ro c k s .
Samples o f  each a n a ly sed  p h o n o l i t ic  ro ck  were c ru sh ed , 

and powder o f  g ra in  s iz e  betw een 120 and 200-mesh was 
s e p a ra te d  from th e  powder by s ie v in g .  T his f r a c t i o n  was 

th e n  washed w ith  d i s t i l l e d  w a te r  and a c e to n e , and was th e n  
d r ie d .

The m agnetic  f r a c t i o n  o f  each  ro c k  was f i r s t l y  s e p a ra te d  

from  th e  non-m agnetic  f r a c t i o n  w ith  a  b a r  m agnet, and f i n a l l y  
u s in g  a F ra n tz  iso -dynam ic  s e p a r a to r .  The non-m agnetic  
f r a c t i o n  ( le u c o c r a t ic  m in e ra l f r a c t io n )  was th e n  c rushed  to  

ap p ro x im a te ly  m inus-200-m esh, and mounted i n  a c i r c u l a r  

sam ple ho lder f o r  X -ray d i f f r a c t i o n  a n a ly s is .  X -ray 
d i f f r a c t i o n  p a t t e r n s  f o r  each ro c k  were reco rd ed  on a  

c h a r t  r e c o rd e r  betw een th e  a n g le s  19° and 2©.
Each d i f f r a c t i o n  p a t t e r n  was th e n  compared w ith  " s ta n d a rd "  

p a t t e r n s  on w hich r e f l e c t i o n s  f o r  each m in e ra l were c le a r ly  

m arked. The p re se n c e  o f f e ld s p a r ,  n e p h e lin e , an alc im e , 

n a t r o l i t e ,  c a n c r in i t e ,  and a p a t i t e  was e a s i ly  d e te c te d  in  

th e  ro c k s .
The r e s u l t s  o f  th e  modal a n a ly se s  o f  th e  p h o n o l i t ic  ro ck s  

u s in g  X -ray d i f f r a c t i o n  te c h n iq u e s  f o r  th e  f e l s i c  m in e ra ls , 

and th in  s e c t io n  s tu d y  o f ro ck s  f o r  m afic m in e ra ls  a re  g iv en
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in  Appendix T able 2 (b) ( i i ) .

(d) The f e n i t i c  ro ck s  a n a ly sed  and th e  m ineralogy o f 

th e  ro ck s o b ta in e d  from  th in  s e c t io n  s tu d y , a re  shown in  

Appendix Table 2 (b) ( i i i ) .

1 .5  A n a ly sis  o f th e  sam ples and s e le c t io n  o f t r a c e  and m inor 
elem ents fo r  a n a ly s i s .

The la rg e  v a r i a t i o n  in  ro c k  ty p e  from a lm ost pu re  

c a rb o n a te  ro ck  to  q u a r tz - r ic h  basem ent ro c k , and r e l a t i v e l y  

la rg e  v a r i a t io n  in  c o n c e n tra t io n  o f  d i f f e r e n t  elem ents 

w ith in  th e  rocks a f f e c te d  th e  ch o ice  o f a n a ly t i c a l  m ethods, 

and s e le c t io n  o f  e lem en ts f o r  a n a ly s is .

Large c o n c e n tra tio n s  o f REE, Nb, Zr, Ba, and Sr have 
been  re p o r te d  from  c a r b o n a t i t i c  ro c k s , w h i ls t  r e l a t i v e l y  

l i t t l e  i s  known abou t th e  c o n c e n tra tio n s  o f  th e s e  e lem ents 
in  th e  i j o l i t i c  and n e p h e l in e - s y e n i t ic  ro c k s , and f e n i t e s  

a s s o c ia te d  w ith  c a r b o n a t i t e s .  In  a d d i t io n  to  th e se  
e lem en ts , c o n c e n tra tio n s  o f  Cu, Zn, Pb, N i, Mo, in  s u lp h id e  

m in e ra ls  (H e in ric h , I 966) ,  Ti and V in  m a g n e tite  and opaque 

ox id es  (Beans, I 966) and U have been no ted  from c a r b o n a t i t i c  

ro c k s , w h ils t  Be has been  found in  la rg e  c o n c e n tra tio n s  in  

f e n i t i c  rocks (H e in ric h  and Deane I 962 ; Zhabin and M ukhitd inov, 

1959).
In  t h i s  s tu d y , s p e c tro m e tr ic  a n a ly se s  o f t r a c e  e lem en ts 

Ba, Be, B i, Cr, Cu, Co, L i, Mo, N i, Pb, Sn, S r, Ga, Ge, V,

Zn, Zr were o b ta in e d  from b o th  ca rb o n a te  and s i l i c a t e  ro ck s  

u s in g  an A.R.L. 290ÛOB d i r e c t  re a d in g  sp e c tro m e te r . In  

a d d i t io n  to  t h i s  d a ta ,  th e  c o n c e n tra tio n s  o f m ajor e lem en ts 

S i, A l, Ca, Pe, Mn, Mg and Ti w ere a lso  o b ta in e d  u s in g  th e  
d i r e c t  re a d in g  sp e c tro m e te r .

X -ray f lu o re s c e n c e  sp ec tro m e try  was used  in  th e  a n a ly s is  

o f th e se  rocks f o r  th e  r a r e - e a r th  elem ents (REE) La, Ce, Nd 

and By, and Y. The v a r io u s  methods and te ch n iq u es  employed 
in  th e se  an a ly se s  a re  g iv en  in  Appendix 1.

The d is c u s s io n  o f  th e  r e s u l t s  which fo llo w s  has been
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su b d iv id e d  in to  a  s e r i e s  o f  r e l a t e d  to p ic s  (C h ap ter 2 -  

C hap ter 4)* The REE d a ta  in  b o th  c a r b o n a t i te s  and s i l i c a t e  

ro c k s  has been  t r e a t e d  s e p a ra te ly  from o th e r  a n a ly se s  in  
C hap ter 2, a s  REE form  a  c o h e ren t group o f  e lem en ts .

In  C hap ter 5 th e  t r a c e  elem ent a n a ly se s  o f  c a r b o n a t i t e s ,  

c a r b o n a t i t i c  b r e c c ia s ,  and f e ld s p a th ic  co u n try  ro ck  a d ja c e n t  

to  c a r b o n a t i te  in t r u s io n  a re  d e a l t  w ith , w h ile  t r a c e  elem ent 

d i s t r i b u t io n s  i n  p e r a lk a l in e  s i l i c a t e  ro c k s , and f e n i t e s  a re  

d is c u s se d  i n  C hapter 4« C hap ter 5 c o n ta in s  a  summary o f  th e  

d a ta ,  and d is c u s s io n  o f th e  r e s u l t s  as a  w hole.
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C H A P T E R  T WO .

R a r e - e a r th  e lem en ts Lanthanum, Cerium and Neodymium, and 

Y ttr iu m  in  c a r b o n a t i te s  and r e l a t e d  ro ck s  from  c a r b o n a t i t i c  

com plexes in  W estern  Kenya and E a s te rn  Uganda*

2 .1  In t r o d u c t io n .

C a rb o n a ti te s  and a s s o c ia te d  p e r a lk a l in e  ro ck s  and f e n i t e s  

c h a r a c t e r i s t i c a l l y  c o n ta in  c o n c e n tra tio n s  o f  r a r e - e a r t h  and 

r e l a t e d  elem ents e i t h e r  p re s e n t  a s  r a r e - e a r th  m in e ra ls  

(H e in r ic h , 1966, J a f f e  and C o ll in s ,  I 969) ,  o r  more u s u a l ly  

d is p e r s e d  in  th e  l a t t i c e s  o f  Ca m in e ra ls  such  as c a l c i t e ,  

a p a t i t e ,  sphene, p y ro c h lo re  and to  a  l e s s e r  e x te n t pyroxene 

and g a rn e t  (H e in ric h , I 966 ; B alashov and P o z h a r its k a y a , I 968 ; 
K ap u stin , I 966) .

The r a r e - e a r th  e lem ents a re  g e n e ra l ly  more abundant in  
c a r b o n a t i t e s  th a n  in  th e  i j o l i t i c  and f e n i t i c  ro ck s  o f  

c a r b o n a t i t e  com plexes. T h e ir  abundance in  c a r b o n a t i te s  has 
o f te n  been  used  as a  c r i t e r i o n  in  th e  r e c o g n i t io n  o f  a  body 

as  magmatic a s  opposed to  sed im en ta ry  lim e s to n e , (B eans, I 968 ; 
Bowden, 1962, I 968) .

The r a r e - e a r th  e lem en ts , from  Lanthanum (z  = 57) to  
L u te tium  (z  = 7 I )  a r e  u s u a lly  su b d iv id ed  in to  a  l i g h t  

la n th a n id e  s e r i e s  Lanthanum to  Europium and a heavy la n th a n id e  

s e r i e s  G adolinium  to  L utetium  p lu s  Y ttriu m . Y ttriu m  (z  » 59)» 

a lth o u g h  n o t s t r i c t l y  a member o f  th e  la n th a n id e  s e r i e s ,  i s  

s im i la r  ch em ica lly  and p h y s ic a l ly  to  th e  r a r e - e a r t h  e lem en ts . 

The s i m i l a r i t y  o f  Y ttriu m  to  th e  heavy la n th a n id e s  d e s ig n a te s  

t h i s  s e r i e s  as  th e  Y ttr iu m -e a r th s ,  w h ils t  th e  l i g h t  la n th a n id e s  
a re  o f te n  r e f e r r e d  to  as th e  c e r iu m -e a r th s , a f t e r  t h e i r  most 
abundant member.

A lek siy ev , I 966 , p o in te d  o u t th a t  th e  r e l a t i v e  abundance 

o f Ce, Nd and Y in  igneous ro ck s  i s  " te n  tim es h ig h e r  th a n  th a t  
o f  th e  o th e r  e lem en ts  o f  th e  r a r e - e a r t h  g roup” , and t h a t  

d e te rm in a tio n  o f  th e s e  e lem ents cou ld  be made w ith o u t 

p re lim in a ry  en richm en t o f  th e  sam ples. He a ls o  in d ic a te d
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t h a t  (Ce+Nd) showed a  good l i n e a r  c o r r e la t io n  w ith  t o t a l  

C e -e a r th  c o n te n t ,  w h i ls t  Y a ls o  c o r r e la te d  w ith  t o t a l  

Y -e a r th  c o n te n t o f  igneous ro c k s .

In  t h i s  s tu d y  La, Ce, Nd and Y were d e term ined  i n  a 

s e r i e s  o f  ro c k s  from  c a r b o n a t i t i c  c e n tre s  in  W estern Kenya 

and E a s te rn  Uganda, in  o rd e r  to  o b ta in  in fo rm a tio n  co n cern in g  

th e  c o n c e n tra t io n  and f r a c t i o n a t io n  o f th e  r a r e - e a r t h  e lem en ts  

and Y i n  c a r b o n a t i t e s  and r e l a t e d  p e r a lk a l in e  ro c k s .

2 .2  Choice o f  specim ens f o r  a n a ly s is .
M a te r ia l  was chosen f o r  a n a ly s is  from c a r b o n a t i t i c  complexes 

i n  W estern  Kenya (Homa M ountain, N orth R u ri, and Wasaki 

c e n t r e s ) ,  and E a s te rn  Uganda (T oro ro , T o ro r, Budeda and Napak). 

B r ie f  d e s c r ip t io n s  o f  each  complex a re  g iv en  i n  C hap ter 1 , and 

th e  lo c a t io n  o f  each  complex i s  shown in  F ig u re  1 .1 .

Sam pling o f  th e  c a r b o n a t i te s  was based  on th e  r e c o g n i t io n  
o f  a  v a r i e ty  o f  c a r b o n a t i t e  ty p e s  in  th e  W, Kenya com plexes, 

(D ixon, 1969 ; F Iegg , I 969) .  S e v e ra l sam ples o f  each c a r b o n a t i t e  
ty p e  were s e le c te d  f o r  a n a ly s is  from each complex.

M in e ra lo g ic a l a n a ly s is  o f  th e  i j o l i t i c  ro c k s  was c a r r ie d  
o u t u s in g  th i n  s e c t io n  and X -ray d i f f r a c t i o n  te ch n iq u es  

d e s c r ib e d  in  C hap ter 1. A ran g e  o f  ro ck s  from  p y ro x e n ite , 

i j o l i t e ,  m e l a n i t e - i j o l i t e ,  u r t i t e ,  f e l d s p a t h i c - i j o l i t e ,  to  
n e p h e l in e - s y e n i te  w ere c l a s s i f i e d  in  t h i s  way, and s e v e r a l  

sam ples o f  each  o f  th e s e  ro c k  ty p e s  were s e le c te d  f o r  a n a ly s is  

where p o s s ib le ,  from  a l l  com plexes under s tu d y .

2 .5  Method o f  a n a ly s i s .
Specim ens chosen  f o r  a n a ly s is  were c lean ed  o f  w eath ered  

m a te r ia l ,  and b ro u g h t down to  ap p ro x im a te ly  ^mm ro c k  c h ip s  

w ith  a  ro c k  s l i c e r .  The c a r b o n a t i te s  were th e n  c ru sh ed  to  

-200  mesh in  a  s t e e l  Tema m i l l ,  and th e  s i l i c a t e  ro ck s  

c ru sh ed  in  a  p e rc u s s io n  m o rta r to  p ass  th ro u g h  a  200 mesh 

s ie v e .
The powders were th o ro u g h ly  mixed, and th e n  p e l l e t is e d  

a t  15 to n s  p re s s u re  u s in g  c e l lu lo s e  b ack in g . M aster s ta n d a rd  

powders w ere made up f o r  c a r b o n a t i te s  and s i l i c a t e  roÊks by 

s p ik in g  c a r b o n a t i t e  and i j o l i t e  b a se  w ith  o x id es  o f  th e



F I G U R E  2 . 1  ( a ) -  (d ) .

Analyses below th e  d e te c t io n  l i m i t  f o r  each 

elem ent, and ana lyses  which were above th e  upper l i m i t  

o f  s e n s i t i v i t y  f o r  each element, a re  no t shown in  F ig .

2 .1  (a) -  (d ) .

The number o f such an a ly ses ,  f o r  each element a re  

shown below.

La Y
<50(1,  ̂ > >booo^

S o v ite  -  -  8

A lv ik i te  -  -  1

Ferrug inous 
a l v i k i t e  4 2
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elem ents to  be ana lysed , g iv in g  10,000ppm of each added 
e lem ent. A s e r i e s  o f  s tan d a rd s  were produced from th e  
m aster s tan d a rd s  by lo g a r i th m ic  d i l u t i o n  w ith  the  
a p p ro p r ia te  base .  The s tan d a rd s  were p e l l e t e d  w ith  th e  
sam ples.

Analyses were c a r r ie d  out u s in g  a Siemens K r y s ta l lo f le x  
4 X-ray f lu o re s c e n c e  sp ec tro m ete r ,  employing Cr and W 
t a r g e t  e lem ents , LiF 2 .0 .0 .  an a ly s in g  c r y s t a l ,  and gas flow 
and s c i n t i l l a t i o n  co u n te rs .  P u lse  he ig h t a n a ly s is  was used 
to  minimise th e  e f f e c t  o f  i n t e r f e r i n g  r a d i a t i o n .

During th e  a n a ly s i s ,  a l l  s tan d a rd s  were run  each d sy , 
and th e  5000ppm s tan d a rd  run every 3-4 samples to  c a l i b r a t e  
th e  in s tru m en t and to  c o r re c t  fo r  in s tru m e n ta l  d r i f t  du ring  
a n a ly s i s .  C a l ib r a t io n  graphs fo r  each element were c o n s tru c te d  
a f t e r  c o r r e c t io n  fo r  the  amount o f each element in  th e  o r ig i n a l  
base . The c o n ce n tra t io n s  of each element in  th e  samples were 
read  o f f  from the  c a l i b r a t i o n  graphs, and then  c o rre c ted  f o r  
mass a b so rp t io n  u s in g  major element ana lyses  o f  each sample 
and s tan d a rd  o b ta ined  p rev io u s ly  (Chapters 3 and 4, t h i s  t h e s i s )  
The c o r re c te d  r e s u l t s  a re  g iven  in  Appendix Table 3 ( a ) ;
4 (c) to  6 ( c ) ,  a long w ith  o th e r  t r a c e  and minor element d a ta  
f o r  th e  c a r b o n a t i t e s ,  i n s t r u s iv e  s i l i c a t e  ro ck s ,  p h o n o l i t i c  
rocks , and f e n i t e s  r e s p e c t iv e ly .

2 .4  D iscu ss io n  o f  r e s u l t s .
(a) The d i s t r i b u t i o n  o f La. Ce. Nd. and Y in  the  ana lysed  

c a r b o n a t i t e s ,  c a r b o n a t i t i c  b re c c ia s ,  and f e ld s p a th i c  rocks 
w ith  c a r b o n a t i t e s .

Frequency h is tog ram s, p lo t t e d  on a lo g a r i th m ic  s c a le  f o r  
each element and each c a r b o n a t i t e  group a re  shown in  F igu res  
2 .1 (a )  -  2 .1 (d ) .  The d i s t r i b u t i o n  o f  each element can be seen 
to  approach lo g n o rm ali ty .  Geometric means and ranges o f 
c o n c e n t ra t io n  o f  Ce, La, Nd and Y in  the  c a r b o n a t i t e  groups 
a re  g iv en  in  Table 2 .1  below.
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Ce

S o v i te
Mean 560ppm

Range 70-25 OOppm
A lv ik i t e
Mean 1830ppm

Range 808-
6856ppm

F e rru g in o u s  A lv ik i t e

Mean

La

530ppm

Nd

145ppm
iio

125-lOOOppm 12-920ppm <5-#Fppm

Range 598-
lOOOOppm

7 50ppm

250- 
3578ppm

17-
6000ppm

470ppm 34ppm

17-  <45-69eppm
2000ppm

760ppm 89ppm

78-2450ppm 22-210ppm

M e l i l i t e  Pseudomorph c a r b o n a t i t e .

Mean 2860ppm

Range 1479-
Carbona-  4595ppm 

t i t i c  B r e c c ia s .

Mean 198ppm

Range 125-500ppm

T able  2 .1 .

2530ppm 586ppm lOlppm

1530-
3535ppm

520-590ppm 78-130ppm

35-590ppm 50-350ppm
46ppm

25-lOOppm

N

14

14

33

33

14

14

Geometric means and ranges  o f  c o n c e n t r a t io n  
o f  Ce, La, Nd and Y i n  c a r b o n a t i t i c  ro c k s .
N * number o f  a n a ly s e s .

The c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c ia s  a re  en r ic h ed  

i n  C e -e a r th  e lem ents  (La, Ce and Nd) and show a r e l a t i v e  
la c k  o f  Y -e a r th s ,  (Y and l ÿ ) .  A g e n e ra l  in c r e a s e  i n  th e  

c o n c e n t r a t io n  o f  Ce, La, Nd, and Y i n  s o v i t e  to  a l v i k i t e  

to  f e r ru g in o u s  a l v i k i t e ,  co rresponds  w ith  th e  o rd e r  o f  

emplacement o f  th e  v a r io u s  c a r b o n a t i t e s  a t  th e  v a r io u s  

complexes s tu d ie d .  This i s  i n  agreement w i th  o th e r  

geochem ical d a ta  conce rn ing  c a r b o n a t i t i c  ro ck s  (V a in s h te in  

e t  a l  1981 ; van  Wambeke, I 964) ,  and would ap p ea r  to  show 

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

c h a r a c t e r i s t i c a l l y  e n r ich ed  i n  th e  r a r e - e a r t h  e lem en ts .

A 's t u d e n t s  - t  T e s t '  c a r r i e d  o u t  on th e  d a ta  f o r  Ce,

La, Nd, and Y i n  th e  s o v i t e s  and a l v i k i t e s ,  showed t h a t  

th e  d i f f e r e n c e s  i n  th e  c o n c e n t r a t io n s  o f  th e s e  e lem ents
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i n  th e  two c a r b o n a t i t i c  groups was s t a t i s t i c a l l y  h ig h ly  
s i g n i f i c a n t .  Thus th e  r a r e - e a r t h  e lem ents  a r e  c o n s i s t e n t l y  

more c o n c e n t ra te d  in  th e  a l v i k i t e s  th a n  i n  th e  s o v i t e s  a t  

a l l  complexes c o n s id e re d  i n  t h i s  s tu d y .  These d i f f e r e n c e s  

con firm  th e  f i e l d  o b s e rv a t io n s  t h a t  th e  two ty p es  o f 

c a r b o n a t i t e  o ccu r  as  d i f f e r e n t  ty p e s  o f  i n t r u s i o n ,  and a r e  

g e n e r a l ly  d i s t i n c t  p e t r o g r a p h i c a l l y .

On th e  o th e r  hand, th e  a l v i k i t e s ,  which show a l l  

g r a d a t io n s  from one ty p e  to  a n o th e r  p e t r o g r a p h ic a l l y  

(F leg g , 1969)» a l s o  o c c a s io n a l ly  show h ig h  c o n c e n t r a t io n s  
o f  th e  r a r e - e a r t h  e lem en ts ,  t y p i c a l  o f  th e  fe r ru g in o u s  

a l v i k i t e s .  This  would i n d i c a t e  a  c lo s e r  r e l a t i o n s h i p  

betw een a l v i k i t e  and f e r ru g in o u s  a l v i k i t e ,  th a n  between 

s o v i t e  and e i t h e r  o f  th e  o th e r  two c a r b o n a t i t e  g roups.

Both th e  c a r b o n a t i t i c  b r e c c i a s ,  and th e  m e l i l i t e -  

pseudomorph c a r b o n a t i t e s  a r e  C e -e a r th  e n r ic h e d ,  which 
i n d i c a t e s  t h e i r  c a r b o n a t i t i c  a f f i n i t y ,  w h i l s t  th e  l a t t e r  

a r e  e n r ic h e d  i n  La, Ce and M ,  a  f a c t o r  which emphasises 

th e  l a t e  i n t r u s i o n  o f  th e s e  ro c k s ,  (P legg , 1969)-
Comparison o f  th e  d i s t r i b u t i o n s  o f th e  r a r e - e a r t h  

e lem en ts  and Y i n  th e  c a r b o n a t i t e s  a l s o  r e v e a l s  s l i g h t  

r e l a t i v e  v a r i a t i o n  o f  each in d iv id u a l  elem ent w i th  
i n c r e a s in g  c o n c e n t r a t io n  o f  th e  r a r e - e a r t h  e lem ents  

(F ig .  2 . 2 ) .  An in c r e a s e  in  th e  c o n c e n t r a t io n  o f  ( t o t a l )  

r a r e - e a r t h  e lem ents  c o r r e l a t e s  w e l l  w ith  La, Ce and to  a 
l e s s e r  e x te n t  Nd, b u t  shows l i t t l e  r e l a t i o n s h i p  w i th  Y. 

V a r i a t i o n  i n  th e  r e l a t i v e  c o n c e n t r a t io n s  ofLa, Ce, Nd 

and Y a r e  more pronounced f o r  th e  samples w i th  th e  g r e a t e s t  

c o n c e n t r a t io n s  o f  th e s e  e lem en ts .  Vlasov ( I 966) ,  s t a t e d  

t h a t  an  in c r e a s e  i n  th e  Ce/Nd r a t i o  amounted to  an  i n c r e a s e  

i n  c o n c e n t r a t io n  o f  th e  C e -e a r th  e lem en ts .  S im i la r ly ,  th e  

La/Nd r a t i o  sh ou ld  a l s o  show such  a  t r e n i ,  and a p lo t  o f  
La a g a in s t  Nd f o r  th e  c a r b o n a t i t i c  rocks  shou ld  d e s c r ib e  
v a r i a t i o n  to  C e -e a r th  (o r  c o n v e rse ly  Y -e a r th )  enrichm ent 
w i th in  th e  c a r b o n a t i t e s .  F ig u re  2 .5  shows such  a  v a r i a t i o n  
i n  th e  samples o f  c a r b o n a t i t e  from V/. Kenya and E.Uganda.
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The s o v i t e s  a re  seen  to  show a range  o f  La and Nd 

c o n c e n t r a t io n s ,  b u t  w i th  an in c r e a s e  i n  th e  c o n c e n t r a t io n  

o f  th e se  e lem ents ,  and r e l a t i v e l y  g r e a t e r  in c re a s e  i n  th e  

c o n c e n t r a t io n  o f  Nd, th e se  ro ck s  t r e n d  towards th e  
a l v i k i t e s ,  which a r e  r e l a t i v e l y  N d-enriched  (Y -ea r th  

e n r ich ed )  compared to  th e  s o v i t i c  ro c k s .

The r a r e r  m e li l i te -p se u d o m o rp h  c a r b o n a t i t e s  c o n t r a s t  

w ith  th e  m a jo r i ty  o f  th e  a l v i k i t e s ,  showing a g r e a t e r  

c o n c e n t r a t io n  o f  La r e l a t i v e  to  Nd th an  th e  a l v i k i t e s .

This La enrichm ent i s  a lso  shown by th e  most fe r ru g in o u s  
a l v i k i t e s ,  and th o se  a l v i k i t e s  w i th  abundant r a r e - e a r t h  

e lem en ts .

Thus a l th o u g h  th e  c a r b o n a t i t i c  rocks a r e  en r ich ed  in  

C e -e a r th  e lem ents o v e r a l l ,  th e  a l v i k i t e s  a r e  r e l a t i v e l y  

en r ich ed  in  Nd (Y -e a r th s )  compared to  th e  s o v i t e s ,  w h i l s t  
th o se  c a r b o n a t i t e s  c o n ta in in g  th e  g r e a t e s t  amounts o f  

r a r e - e a r t h  e lem ents  a re  r e l a t i v e l y  La (C e -e a r th )  en rich ed  
compared to  th e  a l v i k i t e s .  This  c o n t r a s t s  w i th  th e  

o v e r a l l  C e -ea r th  enrichm ent o f  l a t e r  in t ru d e d  c a r b o n a t i t e s  
no ted  f o r  th e  K a is e r s tu h l  complex, (van Wambeke,I964) •

(b) The r e l a t i o n s h i p  between r a r e - e a r t h  element

d i s t r i b u t i o n  and m inera logy  o f  th e  c a r b o n a t i t e s .

The r a r e - e a r t h  elem ents  i n  th e  s o v i t e s  and a l v i k i t e s  a re  

g e n e r a l ly  found to  be  d is p e r se d  i n  th e  ca lc ium  m inera ls  

c a l c i t e ,  a p a t i t e  and p y ro c h lo re .  S ev e ra l  c r y s t a l s  o f  th e se  
m in e ra ls  were an a ly se d  f o r  Ce and La u s in g  an e le c t ro n ,  

m icroprobe , i n  o rd e r  to  i n v e s t i g a t e  th e  c o n c e n t r a t io n  o f  
th e s e  e lem ents i n  th e  d i f f e r e n t  m in e ra ls  o f  c a r b o n a t i t e s .

Method o f  A n a ly s is .

P o l i sh e d  t h i n  s e c t io n s  o f  s e v e r a l  s o v i t e s ,  a l v i k i t e s  

and fe r ru g in o u s  a l v i k i t e s  were p re p a red ,  and s u i t a b l e  g ra in s  

o f  c a l c i t e ,  a p a t i t e ,  and p y ro c h lo re  were lo c a t e d  and marked 

f o r  a n a ly s i s .  Each s e c t io n  was coa ted  w i th  go ld  and mounted 

i n  an A .E .I .  SEM2 e l e c t r o n  m icroprobe. Zone r e f in e d  r a r e -  

e a r th  f l u o r i d e  c r y s t a l s  were used as s ta n d a rd s .  C o rre c t io n s
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f o r  mass a b s o r p t io n ,  atom ic n u m b e r .c o r re c t io n  and 

in s tru m e n t  d r i f t  were made. The r e s u l t s  a r e  g iv en  in  

Appendix Table 8 ( b ) .

D esp ite  th e  r e l a t i v e l y  l a r g e  e r r o r s  o f  a n a ly s i s ,  

s i g n i f i c a n t  d i f f e r e n c e s  i n  th e  c o n c e n t r a t io n  o f  Ce and 

La in  th e  d i f f e r e n t  m in e ra ls ,  and i n  th e  same m inera l 

from d i f f e r e n t  ro ck s  can be seen .

P y ro ch lo re  c o n ta in s  th e  most Ce and La, c a l c i t e  

c o n ta in s  th e  l e a s t ,  w h i l s t  a p a t i t e  c o n ta in s  in te rm e d ia te  

amounts o f  th e s e  e lem en ts .  This r e l a t i o n s h i p  has been 
no ted  f o r  o th e r  c a r b o n a t i t i c  ro ck s  (Balashov and P o z h a r i ts k a y a ,  

1968 ; K apustin , I 966 ; van Wambeke, 1964) .
Also in  Table 8 (b) i t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  

c a l c i t e  from s o v i t e  con ta in ed  l e s s  Ce th a n  c a l c i t e  from 

a l v i k i t e  and fe r ru g in o u s  a l v i k i t e ,  a f a c t  which would 

account f o r  th e  g r e a t e r  c o n c e n t r a t io n  o f  th e  r a r e - e a r t h  
e lem ents  i n  th e  a l v i k i t e s .  A p a t i te  c o n ta in ed  g r e a t e r  
c o n c e n t ra t io n s  o f  Ce in  th e  l a t e r  a l v i k i t e s .  The abundant 
r a r e - e a r t h  e lem ents  i n  th e  l a t e r  fe r ru g in o u s  a l v i k i t e s  and 
some l a t e  a l v i k i t e s  were a t t r i b u t e d  to  th e  p re sen ce  o f  
r a r e - e a r t h  m in e ra ls  i n  th e s e  ro c k s .  The p re sen c e  o f  such 
a m in e ra l  was su sp e c ted  b u t  no t r e c o g n is a b le  i n  t h i n  

s e c t i o n  o f  specimen EC258. M onazite (CePO^) was lo c a te d  
i n  th e  rock  u s in g  th e  e l e c t r o n  m icroprobe X-ray l i n e  scan  

image. The m ine ra l showed as  sm all  b l e b - l i k e  c r y s t a l s  i n  
b a r i t e ,  and appeared  as brow nish  co loured  c r y s t a l s  i n  t h i n  

s e c t io n ,  e a s i l y  m is taken  f o r  l im o n i t e .  An a n a ly s i s  o f  th e  

m onazite  i s  g iv en  in  Appendix Table 6 (b ) .

Thus the  a l v i k i t e s  a re  en r ich ed  in  r a r e - e a r t h  elem ents  

r e l a t i v e  to th e  s o v i t e  due to  th e  in c re a s e d  c o n c e n t r a t io n  

o f  r a r e - e a r t h  e lem ents  in  c a l c i t e  and to  a l e s s e r  e x te n t  

a p a t i t e  o f  the  a l v i k i t e s .  The fe r ru g in o u s  a l v i k i t e s ,  and 
some l a t e r  a l v i k i t e s  a r e  e n r ich ed  i n  C e -ea r th  elem ents 

p redom inan tly  due to  th e  p re sen ce  o f  r a r e - e a r t h  m inera ls  
( c o n ta in in g  p redom inan tly  C e -e a r th  e lem ents) i n  th e se  ro c k s .
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(c )  D iscu ss io n .

The abundance o f  th e  REE i n  a l l  c a r b o n a t i t e s ,  and th e  

in c r e a s in g  c o n c e n t r a t io n  o f  th e s e  elem ents c o in c id in g  w ith  

th e  o rd e r  o f  emplacement o f  th e  v a r io u s  c a r b o n a t i t e s  a t  th e  

complexes s tu d ie d ,  su g g es ts  t h a t  th e  c a r b o n a t i t e  ty p es  a r e  
g e n e t i c a l l y  r e l a t e d .

The absence o f  ro c k  ty p es  w i th  REE c o n te n ts  in te rm e d ia te  

between th o se  o f  s o v i t e  and a l v i k i t e ,  and th e  Nd (Y -ea r th )  

enrichm ent o f  th e  m a jo r i ty  o f  th e  a l v i k i t e s  r e l a t i v e  to  th e  

s o v i t e s  d i s t i n g u i s h e s  th e  two ro c k  types  geochem ica lly .

The Nd enrichm ent o f  th e  a l v i k i t e s  must r e p r e s e n t  a 

Y -e a r th  enrichm ent o f  a t  l e a s t  some o f  th e  C a-m inerals  w i th in  

th e  a l v i k i t e s .  A p a t i te  and p y ro c h lo re  r a r e l y  exceeded Vfo i n  

th e  an a ly sed  c a r b o n a t i t e s ,  and i t  would th u s  appear l i k e l y  t h a t  

th e s e  m in e ra ls  do no t c o n t r ib u te  to  any g r e a t  e x te n t  to  th e  
Y -e a r th  enrichm ent, C a l c i t e ,  however, i s  found in  a l l  th e  

ro ck s  i n  abundance, and v a r i a t i o n  in  th e  REE c o n ten t  o f  t h i s  
m in e ra l  would g r e a t l y  a f f e c t  th e  REE c o n ten t  o f  th e  whole rock .

In  o rd e r  to  show the  observed  r e l a t i o n s h i p s  i n  REE 
com posit ion , th e  a l v i k i t i c  c a l c i t e  would have to  be en r ich ed  
i n  Y -e a r th  e lem ents compared to  th e  s o v i t i c  c a l c i t e .  Such a 
s i t u a t i o n  has been  shown to  o ccu r  i n  e a r ly  and l a t e  c a l c i t e  
from W. and E. S ib e r i a n  c a r b o n a t i t e s  (Balashov and P o z h a r i tsk a y a ,  

1968) .  The l a t e r  c a l c i t e ,  as i n  th e  samples from V/. Kenya a l s o  
showed a  g r e a t e r  enrichm ent i n  th e  REE compared w ith  th e  
e a r l i e r  c a l c i t e s .

The geochemical d i f f e r e n c e s  i n  REE c o n te n ts  o f  th e  s o v i t e s  

and a l v i k i t e s  would th u s  be due to  th e  g r e a t e r  c o n c e n t r a t io n  

o f  t h e s e  elem ents  in  th e  c a l c i t e  o f  th e  a l v i k i t e s  and Y -e a r th  

enrichm ent o f  t h i s  m in e ra l  i n  th e  a l v i k i t e s  compared to  

c a l c i t e  in  th e  s o v i t i c  ro c k s .

I t  i s  d i f f i c u l t  to  r e c o n c i l e  t h i s  r e l a t i o n s h i p  w ith  th e  

most obvious o r i g i n  f o r  th e  a l v i k i t e s ,  i n  b e in g  f r a c t i o n a t i o n  
p ro d u c ts  o f  c a r b o n a t i t i c  l i q u i d s  which i n i t i a l l y  c r y s t a l l i s e d  
s o v i t e .  I t  i s  merely ap p a ren t  t h a t  l i q u i d s  from which th e
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a l v i k i t e s  c r y s t a l l i s e d  were more en riched  i n  th e  r a r e - e a r t h  

e lem ents  th an  l i q u i d s  from which s o v i t e s  c r y s t a l l i s e d .
The C e -ea r th  enrichm ent o f  th e  m a jo r i ty  o f  th e  fe r ru g in o u s  

a l v i k i t e s ,  and some a l v i k i t e s  i s  undoubtedly  due to  the  

c o n c e n t r a t io n  o f  p redom inan tly  C e -e a r th  e lem ents  i n  r a r e -  

e a r th  m in e ra ls  m onazite  and b a s t n a e s i t e  i n  th e s e  rocks 

( s e e  Chapter l ) .  The h ig h ly  s e l e c t i v e  C e -e a r th  com position  

o f  such m in e ra ls  has been no ted  e lsew here , (Khomyakov,1964)•
The abnorm ally  h ig h  c o n c e n t ra t io n s  o f  REE i n  th e s e  ro ck s  

su g g e s ts  t h a t  th e  r a r e - e a r t h  m in e ra ls  a re  no t d e r iv e d  from 

e a r l i e r  Ca m in e ra ls  b u t  t h a t  f l u i d s  from which th e se  rocks  

c r y s t a l l i s e d  were g r e a t l y  e n r ich ed  in  REE.

S ev e ra l  o f  th e  fe r ru g in o u s  a l v i k i t e s  were found to  show 

ev idence  o f  a  "hydro therm al o r i g i n " ,  (F legg , 1969)» in  
c o n ta in in g  banded f l u o r i t e ,  which le d  t h i s  a u th o r  to  th e  

c o n c lu s io n  t h a t  l a t e  hydrous a l k a l i n e  f l u i d s  from c a r b o n a t i t i c  

l i q u i d s  were im p o r tan t  i n  th e  fo rm a tio n  o f th e  l a t e r  in t r u d e d  
fe r ru g in o u s  a l v i k i t e s .  Kuellmer, Visocky and T u t t l e  ( 1966) 
in d ic a te d  th e  p o s s i b i l i t y  o f  p ro d u c in g  a l l  g r a d a t io n s  between 
such s o lu t io n s  and c a r b o n a t i t i c  l i q u i d s  by add ing  a l k a l i s  to  

com positions  i n  th e  s y n th e t i c  system  c a l c i t e - b a r i t e - f l u o r i t e -  
EgO. The im portance  o f  a l k a l i  io n s ,  and ca rb o n a te  ions  i n  th e  
t r a n s p o r t a t i o n  o f  RES i n  hydrous s o lu t io n s  has been s t r e s s e d  

i n  th e  l i t e r a t u r e  (S inkova and Turanskaya 1968)and has been  
sug g es ted  as a means o f  t r a n s p o r t  o f  REE in  c a r b o n a t i t i c  
f l u i d s  by K apustin  ( 1966) .

I t  would th u s  seem p ro b ab le  t h a t  th e  hydrous r e s i d u a l  

c a r b o n a t i t i c  l i q u i d s  were en r ich ed  in  th e  REE, and on c o o l in g  

p r e c i p i t a t e d  r a r e - e a r t h  m in e ra ls .  Such f l u i d s  would a llow  

th e s e  e lem ents a c e r t a i n  m o b i l i ty ,  and would account f o r  th e  

v e in s  o f  r a r e - e a r t h  m ine ra l  b e a r in g  fe r ru g in o u s  a l v i k i t e .

I t  i s  a l s o  c o n ce iv ab le  t h a t  such f l u i d s  t ra p p e d  in  the  
i n t e r s t i c e s  o f  in t r u d e d  s e m i - s o l id  c a r b o n a t i t e ,  would on 

c o o l in g ,  produce s i m i l a r  m inera logy to  t h a t  found in  th e  
l a t e  v e in s .  H e in r ic h  ( 1966 , p . 174) noted  t h a t  not



F I G U R E  2 . 4.

Analyses below th e  d e te c t io n  l i m i t  fo r  each element 

a re  not shown in  P ig . 2.4*
The number o f a n a ly se s ,  f o r  each element in  each rock , 

which were below th e  d e te c t io n  l i m i t  a re  shown below.

La Ce Y

P y ro x en ite  2 3 7

I j o l i t e  1 - 1

U r t i t e  - 4 5

Nepheline-
s y e n i te  - 2 1

P h o n o li te  3 2 1

F e n i te  - 2 2
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uncommonly r a r e - e a r t h  c a rb o n a te s  appear i n  vuggy c a r b o n a t i t e ,  

i n  p a r t  as m inute  p l a t e l e t s  a t t a c h e d  to  th e  vug c a v i ty  w a l l s .  

S im i la r  d rusy  c a v i t i e s  c o n ta in in g  r a r e  e a r th  m in e ra ls  were 

re c o rd e d  from Tundulu and Chilwa c a r b o n a t i t e s  (Campbell Smith,

1 9 5 ) ) .

2 .5  (a )  The d l s t r i 'b u t l o n  o f  Ce. La and Hd and Y in  th e

silicate rocks of carbonatite complexes of Western 
Kenya and Eastern Uganda.

The c o n c e n t r a t io n s  o f  Ce, La and Y in  th e  i j o l i t i c  ro c k s ,  

n e p h e l i n e - s y e n i t e s , p h o n o l i te s  and f e n i t e s  from c a r b o n a t i t i c  

complexes i n  W estern  Kenya and E a s te rn  Uganda a re  shown in  

F ig u re  2 .4 ,  as f req u en cy  h is to g ram s  p l o t t e d  on a lo g a r i th m ic  
s c a l e .

Comparing th e  d i s t r i b u t i o n  o f  each elem ent i n  th e  t h r e e  
m ajor ro c k  groups i t  i s  ap p a ren t  t h a t  th e  i j o l i t i c  ro ck s  

c o n ta in  g e n e r a l l y  lov/er c o n c e n t r a t io n s  o f th e s e  e lem ents 
th a n  th e  n e p h e l in e - s y e n i t e s  and p h o n o l i t i c  ro c k s .  The 

f e n i t e s ,  however, c o n ta in  g e n e r a l ly  g r e a t e r  c o n c e n t r a t io n s  
o f  Ce, La and Y th a n  th e  magmatic ro c k s .  A ll  th e  s i l i c a t e  
ro c k s ,  as  i n  th e  c a r b o n a t i t e s ,  a r e  Ce-earth e n r ich ed .

Large v a r i a t i o n s  in  c o n c e n t r a t io n  o f  a l l  t h r e e  e lem en ts ,  
however, a r e  a p p a re n t  w i th in  each p é t ro g ra p h ie  group,

(T ab le  2 .2  and F ig u re  2 .4 ) .
In  o rd e r  to  a n a ly s e  th e  v a r i a t i o n  w i th in  each ro c k  group 

i t  became n e c e s sa ry  to  f u r t h e r  su b d iv id e  th e  s i l i c a t e  ro c k s .

The i j o l i t i c  ro ck s  were su b d iv id ed  u s in g  s e m i - q u a n t i t a t i v e  

X -ray d i f f r a c t i o n  te ch n iq u es ,  i n to  p y ro x e n i te ,  u r t i t e ,  i j o l i t e ,  

m e la n i te  i j o l i t e ,  f e ld s p a t h i c  i j o l i t e ,  and f e l d s p a t h i c  

m i c r o i j o l i t e .  The p h o n o l i t i c  ro ck s  were an a ly se d  m in e r a lo g ic a l ly  
u s in g  t h i n  s e c t i o n  and X-ray d i f f r a c t i o n  te ch n iq u es  and 

su b d iv id e d  i n to  m e la n e p h e l in i te ,  n e p h e l i n i t e ,  p h o n o l i t i c  

n e p h e l i n i t e ,  and analc im e -  and c a n c r i n i t e - p h o n o l i t e  g roups .

The ran g es  o f  c o n c e n t r a t io n  o f  La, Ce and Y i n  th e s e  ro ck  

ty p e s ,  n e p h e l in e  s y e n i t e s  and f e n i t e s  a re  shown i n  Table  2 .2  
below.
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Rock Lanthanum 
Type Range

Cerium
Range

Y ttr iu m
Range

1

P y ro x en i te <55-800ppm I 3O-35OOppm <5-77ppm 6

I j o l i t e 135-250ppm < 50-370ppm <5-14ppm 3
M elan ite

i j o l i t e <30- 2 OOppm < 50-9OOppm < 5 -147ppm 7
F e ld s p a th ic

i j o l i t e 45-llOppm 500-580ppm <5-32ppm 3
U r t i t e 180-330ppm  ̂ 50-80fpm < 5ppm 5
Nepheline

s y e n i t e 80-1000ppm < 50-11OOppm < 5-80ppm 11

M elanephel­
i n i t e < 35ppm 350-580ppm < § -25ppm 3

N e p h e l in i te 240- 500ppm 3OO-11OOppm 7-45ppm 3
P h o n o l i t i c

n e p h e l i n i t e 155- 500ppm 600- 1100ppm 9-38ppm 4

Analcime-
p h o n o l i te 300-7OOppm < 50- 1300ppm 7- 270ppm 7

C a n c r in i te -
p h o n o l i te 300ppra < 50ppm 19ppm 1

S y e n i t i c  f e n i t e
w ith  n e p h e l in e  550- 450ppm

S y e n i t i c
f e n i t e

R egional
f e n i t e

< 50ppm < 5-40ppm 

5 0 -1 5 5 0 p p m  < 50- 950ppm < 5-57ppiQ

170-l600ppm 880-27OOppm 5-65pp°i

Table  2 .2 . Ranges o f  c o n c e n t r a t io n  o f  La, Ce, and Y 

i n  p e r a l k a l i n e  s i l i c a t e  ro c k s  and f e n i t e s  
o f  W, Kenya and E.Uganda.

N = number o f  a n a ly s e s .

In  th e  p e r a lk a l i n e  i n t r u s i v e  ro c k s ,  Ce, La, and Y a re  

more abundant g e n e r a l ly  i n  th e  n e p h e l i n e - s y e n i t e s ,  w h i l s t  

La i s  c o n s i s t e n t ly  more abundant i n  u r t i t e  th a n  Ce and Y. 

The m e la n i te  i j o l i t e s  a r e  n o ta b ly  en r ic h ed  i n  Y ttr iu m  

r e l a t i v e  to  th e  o th e r  ro c k s .  In  g e n e r a l .  Ce > La >> Y
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except in  the  n e p h e l in e - s y e n i te s  where La tends to  exceed the  
c o n c e n tra t io n  of Ge, w ith  ag a in  Y be ing  su b o rd in a te .

Amongst the  f i n e  g ra ined  p e r a lk a l in e  ro ck s ,  the  melane- 
p h e l i n i t e s  c o n ta in  th e  l e a s t  Ce, La and Y, and the  analcim e 
p h o n o li te s  c o n ta in  th e  g r e a t e s t  c o n ce n tra t io n s  of these  
e lem ents .

The f e n i t e s  c o n ta in  g r e a t e r  c o n ce n tra t io n s  o f th ese  
elements in  the  re g io n a l  f e n i t e s ,  a lthough  a l l  f e n i t e s  co n ta in  
g r e a t e r  c o n c e n tra t io n s  o f  La, Ce and Y than  u n fe n i t i s e d  
basement.

V a r ia t io n  in  c o n c e n tra t io n  o f  the  r a r e - e a r t h  elements 

i s  shown g ra p h ic a l ly  in  F igure  2 .5 ,  where La and Y have been 
p lo t t e d  fo r  a l l  s i l i c a t e  ro ck s .  These two elem ents , g e n e ra l ly  
found to  be d e te c ta b le  in  th e  s i l i c a t e  rocks o f  the  c a r b o n a t i t e  
complexes, were tak en  as be ing  r e p r e s e n ta t iv e  o f  r e l a t i v e  
enrichment in  cerium - o r y t t r iu m - e a r th  elem ents, (A leksiyev,
1966) .

Three g en era l  o b se rv a tio n s  can be made from F igure  2 .5 ,  
namely the  c e r iu m -ea r th  enrichment ( in  La e s p e c ia l ly )  o f  the  
u r t i t e s ,  th e  pronounced Y -earth  enrichment o f  the  m elan ite  
i j o l i t e s ,  and th e  in c re a se  in  c o n ce n tra t io n  of both La and 
Y in  th e  f e n i t e s ,  p h o n o li te s  and n e p h e l in e - s y e n i te s .

(b) The r e l a t i o n s h ip  between the mineralogy of the
s i l i c a t e  rocks and th e  c o n c e n tra t io n  o f  Ce. La and Y.

A survey of the  l i t e r a t u r e  re v e a ls  th a t  r a r e - e a r t h  m inera ls  
a re  seldom found in  p e r a lk a l in e  s i l i c a t e  rocks and f e n i t e s .  
H e in rich  and Deane, ( I 962) however, noted a r a r e  case of 
b a s tn a e s i t e  from f e n i t e  a t  Seal Lake w h i ls t  Parsons, (1957), 
noted th e  presence  o f r a r e - e a r t h  m inera ls  in  f e n i t e  a s s o c ia te d  
w ith  c a rb o n a t i s a t io n  a t  Neraegosenda Lake. No such m inera ls  
have been re p o r te d  from the  s i l i c a t e  rocks of c a r b o n a t i t e  
c e n tre s  in  Western Kenya and E a s te rn  Uganda. More commonly 
the  r a r e - e a r t h  elem ents a re  found as isomorphous im p u r i t ie s  
in  C a-r ich  m inera ls  o f  the  s i l i c a t e  rocks (V la so v ,I966 p . 240; 

van Wambeke, I 964 ; E rikson and Blade, I 963) .  Q u a n t i ta t iv e
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and se m iq u a n ta t iv e  e s t im a te s  o f th e  m ineralogy o f  the  i j o l i t i c  

ro c k s ,  p h o n o l i t i c  ro ck s  and f e n i t i c  rocks  (Appendix Table 

2 (b) ( i )  -  ( i i i ) ) , showed t h a t  th e  C a - r ic h  m in e ra ls  sphene, 

m e la n i te ,  and pyroxene a re  abundant in  some i j o l i t e s ,  w h i l s t  

a p a t i t e  i s  a u b iq u i to u s  a cc e sso ry  m inera l  i n  th e s e  ro c k s .
S ev e ra l  c r y s t a l s  o f  a p a t i t e  from i j o l i t e  and n e p h e l in e -  

s y e n i t e  and f e n i t e  were an a ly sed  f o r  Ce and La u s in g  an 

A .E .I .  SEÎvI2 e l e c t r o n  m icroprobe, i n  o rd e r  to  i n v e s t i g a t e  

th e  c o n c e n t r a t io n  of th e s e  e lem ents  i n  th e  i n t r u s i v e  

s i l i c a t e  rocks  and f e n i t e s .  The same te ch n iq u es  were used 

in  t h i s  case , as  were used f o r  a p a t i t e s  from c a r b o n a t i t e s .
The r e s u l t s ,  c o r r e c t e d  f o r  mass a b s o r p t io n  and atomic number 

a r e  g iv en  in  Appendix Table 8 (b ) .

D esp ite  th e  r e l a t i v e l y  l a r g e  e r r o r s  in v o lv ed  i n  th e  

a n a l y s i s ,  th e  c o n c e n t r a t io n  o f  Ce, and to  a l e s s e r  e x te n t  
La, a r e  s i g n i f i c a n t l y  h ig h e r  i n  th e  a p a t i t e  from n e p h e l in e -  

s y e n i t e  th a n  in  a p a t i t e  from i j o l i t e .  F e n i t i c  a p a t i t e  
co n ta in ed  s i m i l a r  c o n c e n t r a t io n  o f  Ce and La to  t h a t  o f  

th e  n e p h e l in e - s y e n i t e ,  excep t f o r  th e  s l i g h t l y  f e n i t i s e d  
g r a n i t e  which co n ta in ed  r e l a t i v e l y  low c o n c e n t r a t io n s  o f  

b o th  e lem en ts .
Thus, th e  in c re a s e d  c o n c e n t ra t io n s  o f  r a r e - e a r t h  

e lem ents  i n  n e p h e l in e - s y e n i t e  and s y e n i t i c  f e n i t e  a re  

r e f l e c t e d  i n  in c re a s e d  c o n c e n t ra t io n s  o f  Ce and La i n  th e  
a p a t i t e  o f  th e s e  ro c k s ,

Khomyakov ( 1963) s t a t e d  t h a t  b o th  g a rn e t  and sphene 

had a g r e a t e r  c a p a c i ty  f o r  th e  up take  o f  Y -e a r th  e lem ents 

th a n  C e -e a r th  e lem en ts .  Analyses o f  g a rn e t  and sphene 

from Magnet Cove, A rk a n sa s ,(E r ik so n  and B lade, I 963) would 

su p p o rt  t h i s  s ta te m e n t .

The m e la n i te  i j o l i t e s  and sphene r i c h  rocks  from W.Kenya 

and E. Uganda a r e  more en r ich ed  i n  Y r e l a t i v e  to  La th a n  

any o th e r  i j o l i t i c  ro c k  (F ig u re  2 . 5 ) ,  a l th o u g h  th e  

c o n c e n t r a t io n  o f  Y does no t exceed t h a t  o f  Ce, i n  th e s e  
ro c k s .  This would su g g es t  t h a t  Y i s  c o n c e n tra te d  to  a
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l a r g e  e x te n t  i n  g a rn e t  and sphene, a l th o u g h  th e  Y -e a r th  

enrichm ent o f  th e s e  m in e ra ls  i s  l im i t e d  by th e  C e -ea r th  

e n r ic h ed  environment i n  which th e  m in e ra ls  formed.

The p re sen ce  o f  C a - r ic h  m in e ra ls  sphene, p e r o v s k i te  

and a p a t i t e  i n  th e  p h o n o l i t i c  ro ck s  was a l s o  no ted ,

(Appendix Table 2 (b) ( i i i )  ) .  Analyses o f  sphene and 
p e r o v s k i t e  from p e r a l k a l i n e  la v a s  from E as t  A f r ic a  (Sm ith,

1970)» showed b o th  sphene and p e r o v s k i t e  to  c o n ta in  abundant 

r a r e - e a r t h  e lem en ts ,  p e r o v s k i te  more so th a n  sphene.

(c )  Evidence f o r  th e  d e r i v a t i o n  o f  th e  p e r a l k a l i n e  rocks  

and f e n i t e s .

The a n a ly se s  f o r  Ce, La and Y i n  t h e  p e r a l k a l i n e  s i l i c a t e  

ro ck s  and f e n i t e s  show th r e e  d iv e rg e n t  t r e n d s ,  a l l  o f  which 

a r e  found i n  th e  i n t r u s i v e  ro ck s  ( p lu to n ic  s e r i e s ) ,  w h i l s t  

only  one such t r e n d  i s  shown by th e  v o lc a n ic  ( p h o n o l i t i c  ro ck )  

s e r i e s ,  (F ig u re  2 .5 ) .
Two opposing  t r e n d s  a re  found i n  th e  i n t r u s i v e  s e r i e s ,  namely 

th e  Y -e a r th  enrichm ent o f  th e  m e la n i te  i j o l i t e s ,  and th e  La 

enrichm ent o f  th e  u r t i t e s  and i j o l i t e s  r e l a t i v e  to  th e  
p y ro x e n i te s .  The c o n c e n t r a t io n  o f  Y i n  th e  m e la n i te  i j o l i t e s  
i s  undoubtedly  r e l a t e d  to  th e  c o n c e n t r a t io n  o f  t h i s  e lem ent 

i n  th e  abundant m e la n i te  g a rn e t  i n  th e s e  ro c k s .
The La enrichm ent o f  th e  more l e u c o c r a t i c  u r t i t e s  and 

i j o l i t e s  compared to  th e  m e la n o c ra t ic  p y ro x e n i te s  i n  r e l a t i o n  

to  th e  m inera logy o f  th e s e  ro ck s  i s  no t im m ediate ly  a p p a r e n t .  

However, th e  p o s i t i o n  o f  th e  i j o l i t i c  ro ck s  in te rm e d ia te  between 

th e  L a - r ic h  u r t i t e s  and more Y e n r ic h ed  p y ro x e n i te s  s u g g e s ts  a  

r e l a t i o n s h i p  betw een La enrichm ent and i n c r e a s in g  l e o c o c r a t i c  

m in e ra l  co n ten t  i n  th e  i j o l i t i c  ro c k s ,  (F ig u re  2 .5 ) .

The p lu to n ic  n e p h e l in e - s y e n i t e s  d i s p la y  a  t h i r d  t r e n d ,  

t h a t  o f  in c r e a s in g  c o n c e n t r a t io n  o f  b o th  La and Y r e l a t i v e  

to  c o n c e n t r a t io n  o f  th e s e  e lem ents  i n  i j o l i t e .  This in c r e a s e  

i n  c o n c e n t r a t io n  compares w e l l  w i th  th e  r a r e - e a r t h  d i s t r i b u t i o n  

i n  th e  s y e n i t i c  f e n i t e s .  The s i m i l a r i t y  o f  th e  r a r e - e a r t h
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d i s t r i b u t i o n  between th e se  two ro ck  ty p es  em phasises th e  

r e l a t i o n s h i p  between n e p h e l in e - s y e n i te  and s y e n i t i c  f e n i t e  

no ted  from f i e l d  and p é t ro g ra p h ie  s tu d y ,  (King and S u th e r la n d ,

1966) .
The g r e a t e r  c o n c e n t r a t io n  o f  r a r e - e a r t h  e lem ents i n  

f e n i t i c  rocks  compared to  u n f e n i t i s e d  basement rocks  

i n d i c a t e s  t h a t  th e s e  e lem ents a re  in tro d u ce d  in to  coun try  
ro ck  by f e n i t i s i n g  s o lu t i o n s .  The abundant a l k a l i  and 

ca rb o n a te  ions  i n  th e  p e r a lk a l i n e  l iq u id s  would undoubted ly  
a id  m ig ra t io n  o f  th e  r a r e - e a r t h s  as complex io n s  in  f e n i t i s i n g  

s o lu t i o n s  emanating from p e r a l k a l i n e  l i q u i d s ,  ( K a p u s t in , I 967 î 

Sinkova and Turanskaya, I 968) .

The P h o n o l i t i c  ro c k s ,  p a r t i c u l a r l y  th e  a n a lc im e -p h o n o l i t e s ,  

c o n ta in  g r e a t e r  c o n c e n t ra t io n s  o f  b o th  La and Y compared to  

th e  m e la n e p h e l in i t i c  ro ck s .  King and S u th e r la n d  ( 1966) 
co n s id e red  th e  p h o n o l i t i c  rocks  to  have formed by c i y s t a l l i s a t i o n  

d i f f e r e n t i a t i o n  o f  n e p h e l i n i t i c  magma i n  E. Uganda. The 
low c o n c e n t r a t io n  o f  r a r e - e a r t h  e lem ents  i n  th e  m in e ra ls  

pyroxene, n e p h e l in e ,  f e ld s p a r ,  o l i v i n e  and i r o n  o re  m in e ra ls  
(E r ik so n  and B lade, I 963) which c r y s t a l l i s e d  from n e p h e l i n i t i c  
l i q u i d s ,  would c o n c e n t ra te  th e  r a r e - e a r t h s  i n  l a t e r  r e s i d u a l  
l i q u i d s .  The c o n c e n t r a t io n  o f  th e s e  e lem ents  i n  th e  l a t e r  

analc im e p h o n o l i t e s  would su p p o rt  th e  d e r i v a t i o n  o f  th e s e  
rocks  by f r a c t i o n a t i o n a l  c r y s t a l l i s a t i o n  o f  n e p h e l i n i t i c  

l i q u i d s .

2 .6  The r e l a t i o n s h i p  between r a r e - e a r t h  d i s t r i b u t i o n  i n

c a r b o n a t i t e s  and i n  t h e i r  a s s o c ia te d  s i l i c a t e  ro c k s .
The r e l a t i o n s h i p  between th e  c a r b o n a t i t e s  and t h e i r  

a s s o c ia te d  s i l i c a t e  rocks  has been  d is c u s s e d  a t  l e n g th  in  

th e  l i t e r a t u r e ,  and remains c o n t r o v e r s i a l .

From th e  d i s t r i b u t i o n  o f  th e  r a r e - e a r t h  e lem ents i n  th e  

p e r a lk a l i n e  rocks  and c a r b o n a t i t e s ,  shown g r a p h ic a l l y  i n  

F ig u re  2 .6 ,  s e v e r a l  p o in ts  emerge.

1. The c e r iu m -e a r th  enrichm ent o f  th e  i j o l i t e  ro c k s ,  

p h o n o l i t i c  rocks  and f e n i t e  ro c k s ,  em phasises a  g e n e t i c
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r e l a t i o n s h ip  between th e se  rocks and c a r b o n a t i t e s ,
2. These e lem ents a re  on th e  whole more con cen tra ted  

in  th e  c a r b o n a t i t e s  th an  in  th e  a s s o c ia te d  s i l i c a t e  rocks 

a t  most complexes, (V a in sh te in  e t  a l . ,  19^1; van Wambeke, 

1966; Balashov and P o z h a r i tsk ay a ,  I 966) .  This to  a l a r g e  

e x te n t  r e f l e c t s  th e  g r e a te r  scope f o r  isomorphic replacem ent 
of Ca by th e  r a r e - e a r t h  elements in  c a r b o n a t i t e s  (see  

F igure  2 .6 ) .
3. The c o n c e n t ra t io n  of th e  r a r e - e a r t h  elements in  

th e  l a t e r  c a r b o n a t i t e s  g r e a t ly  exceeds t h a t  in  any o f  the  
s i l i c a t e  rocks an a ly sed  (F igure  2 .6 ) ,  and re p re s e n ts  th e
"iBrm irt<xV'Or\
eu lm in a tio n  of igneous a c t i v i t y  a t  the  v a r io u s  complexes.

4 . The d i s t r i b u t i o n  o f the  r a r e - e a r t h  elements in  
p e r a lk a l in e  s i l i c a t e  rocks and c a r b o n a t i t e s  i s  in  p a r t  a 

fu n c t io n  of the  chemical p r o p e r t i e s  of th e se  elem ents , in  

t h a t  they  a re  r e t a in e d  in  the  l i q u i d  throughout much of 

th e  sequence o f c r y s t a l l i s a t i o n  of s i l i c a t e  and carbonate  
l i q u id s .

M igra tion  of th e  r a r e - e a r t h  elements i s  thought to  
be due to  th e  a b i l i t y  o f th e se  elements to  form complex 
ions in  hyrous a lk a l i - c a r b o n a te  r i c h  f l u i d s .  The p resence  
of such complexes in  s o lu t io n  i s  thought to  have been 
im portan t in  the  m ig ra t io n  of th e  elements in  f e n i t i s i n g  
s o lu t io n s ,  and in  th e  f i n a l  "hydro therm al” c a r b o n a t i t i c  
s ta g e .

5 . The r a r e - e a r t h  elements a re  p re s e n t  in  C a-bearing  
m inera ls  as isom orphic im p u r i t ie s .  The n a tu re  of th e  Ca 
l a t t i c e  s i t e  in  th e  m ineral has a d e f i n i t e  e f f e c t  on th e  
com position of th e  r a r e - e a r t h  elem ents in c o rp o ra ted  in  th e  
m in e ra l .  Garnet, sphene, and c a l c i t e  were shown to  have a 
p re fe re n ce  fo r  Y -e a r th  elem ents, w h i l s t  py ro ch lo re ,  a p a t i t e  

and th e  r a r e  e a r th  m inera ls  p r e f e r r e d  th e  C e-ea rth  e lem ents , 
g iv in g  r i s e  to  v a r i a t i o n  in  the  c o n c e n tra t io n  of in d iv id u a l  

r a r e - e a r t h  elem ents in  the  rocks w ith  v a r i a t i o n  in  
m ineralogy.
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C H A P T E R  T H R E E .

The D i s t r i b u t i o n  o f  some t r a c e  and minor elem ents  i n

c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c ia s  from W estern

Kenya and E a s te r n  Uganda.

3. 1 . I n t r o d u c t io n .
This work i s  p a r t  o f  a  geochem ical i n v e s t i g a t i o n  o f  

c a r b o n a t i t e s  and r e l a t e d  s i l i c a t e  rocks  and in v o lv e s  th e  

a n a ly s i s  o f  c a r b o n a t i t e s  from W. Kenya and E. Uganda f o r  

t r a c e  and minor e lem ents .

C a rb o n a t i te s  and t h e i r  a s s o c ia te d  ro ck s  c o n ta in  a 

c h a r a c t e r i s t i c  assem blage o f  t r a c e  e lem ents , which a re  

o f t e n  found i n  e x c e p t io n a l  c o n c e n t r a t io n ,  (H e in r ic h ,  1966). 

The p re sen ce  o f  l a r g e  c o n c e n t r a t io n  o f  p a r t i c u l a r l y  Ba,
S r ,  Hb and C e -e a r th  e lem ents i s  a  c h a r a c t e r i s t i c  o f  

c a r b o n a t i t i c  ro ck s  i n  g e n e r a l .  P ecora  (1956) showed th e  
c o n c e n t r a t io n  o f  th e s e  e lem ents  i n  c a r b o n a t i t e s  to  be g r e a t e r  

th an  in  o th e r  igneous ro c k s .  In  a d d i t i o n  to  th e s e  
" c h a r a c t e r i s t i c "  e lem ents  o f  c a r b o n a t i t e s ,  l a r g e  

c o n c e n t r a t io n  o f  copper, l e a d ,  z in c  and o th e r  ba se  m eta ls  

a r e  o c c a s io n a l ly  found as  su lp h id e s  such as  a t  Phalaborwa 

( P o r s t e r ,  1958), A f r ic a .
I n  t h i s  c h a p te r ,  t h e  d i s t r i b u t i o n s  o f  Ba, Be, B i, Cr, 

du, Co, L i ,  Mo, Ni, Pb,Sn, S r , Ga, Ge, V, Zn, Zr, Mn 

(as  MnO), Ti (a s  TiO^) and Fe (as  Fe^O^) were i n v e s t i g a t e d  

i n  a  number o f  c a r b o n a t i t e s ,  c a r b o n a t i t i c  b r e c c i a s ,  and 

f e ld s p a th i s e d  co u n try  ro c k s .

The d s i t r i b u t i o n s  o f  th e  r a r e - e a r t h  e lem ents  La, Ce 

and Nd, and Y i n  th e s e  rocks  and r e l a t e d  s i l i c a t e  rocks  

were d is c u s se d  i n  C hapter 2.

3. 2 . Choice o f  specimens f o r  a n a l y s i s .

Samples were s e l e c t e d  f o r  a n a ly s i s  from e x i s t i n g
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c o l l e c t i o n s  o f  p e r a l k a l i n e  ro ck s  and c a r b o n a t i t e s  a t  

L e i c e s t e r  U n iv e r s i ty  and Bedford C o llege , London.

Specimens were chosen from th e  fo l lo w in g  c a r b o n a t i t i c  

c e n t r e s ,  ( s e e  F ig u re  1 ( i ) ,  which a re  d e sc r ib e d  b r i e f l y  

i n  C hap ter  1.
W estern  Kenya.

( i )  Homa Mountain.

( i i )  North R u r i .

( i i i )  Wasaki c e n t r e s  in c lu d in g  Usaki and Sokolo.

E a s te r n  Uisçanda.

( i )  Budeda.

( i i )  Tororo .
( i i i )  Toror.
( iv )  Napak.

R e p r e s e n ta t iv e  samples o f  th e  main c a r b o n a t i t e  types  
exposed a t  each complex, were s e l e c t e d  f o r  a n a ly s i s  g iv in g  

a t o t a l  range  o f  c a r b o n a t i t i c  ro ck s  from e a r ly  s o v i t i c  

c a r b o n a t i t e  to  l a t e  r a r e - e a r t h  b e a r in g  f e r ru g in o u s  c a r b o n a t i t e  

from th e  v a r i e d  complexes.
The c a r b o n a t i t e s  have been  sub d iv id ed  p e t r o g r a p h ic a l l y  

i n to  f i v e  main g ro u p s ,  namely, s o v i t e ,  a l v i k i t e ,  fe r ru g in o u s  
a l v i k i t e ,  m e l i l i te -p seu d o m o rp h  c a r b o n a t i t e  and i n t r u s i v e  
c a r b o n a t i t i c  b r e c c i a .  A b r i e f  d e s c r i p t i o n  o f  each p é t ro g ra p h ie  

c a r b o n a t i t e  group i s  g iv en  i n  C hapter 1, w i th  p a r t i c u l a r  
emphasis on th e  assem blage o f  a c c e sso ry  m in e ra ls  i n  each group. 

The m inera logy  o f  each  an a ly sed  ro c k  sample, as determ ined  

from t h i n  s e c t i o n  s tu d y ,  i s  g iv e n  i n  Appendix Table 2 ( a ) .

3 .3  Method o f  a n a l y s i s .
Rock powders used  i n  t h i s  s tudy  were p re p a red  by c ru sh in g  

unw eathered  ro c k  samples to  m inus-200-mesh, i n  a  s t e e l  Tema 

m i l l .  M ineral samples were s e p a ra te d  from a 60 to  150-mesh 

f r a c t i o n  o f  crushed  c a r b o n a t i t e  ro c k  by m agnetic  s e p a r a t io n  

te c h n iq u e s ,  and were f i n a l l y  p u r i f i e d  by hand p ic k in g  under 
a  b in o c u la r  m icroscope.

The m ine ra l  e x t r a c t s  were c rushed  to  m in u s-200 mesh in
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an a g a te  m o r ta r .
A ll  powders were d r ie d  a t  110°C b e fo re  a n a ly s i s .

Rock samples were an a ly sed  s p e c t r o m e t r i c a l ly  u s in g  an 

A.R.L. 29OOÛ D ire c t  Reading S p ec tro m ete r .  L ines  were s e t  
on t h i s  in s t ru m e n t  f o r  th e  d e te rm in a t io n  o f  Ba, Be, Cr,

Ni, Pb, Nb, Sn, Sr, B i, Ga,V, Ge, Zn, Zr i n  c o n c e n t ra t io n s  

up to  lOOOppm ap p ro x im a te ly .  In  a d d i t io n ,  l i n e s  s e t  f o r  

m ajor e lem ents  Mn, T i ,  Iilg, Fe, S i ,  Al, and K allow ed a 

s e m i q u a n t i t a t iv e  e s t im a te  o f  th e  c o n c e n t r a t io n  o f  th e se  

e lem ents  i n  th e  c a r b o n a t i t e s .  R e s u l ts  o f  r e p l i c a t e  a n a ly se s  

on a c a r b o n a t i t e  sample gave a r e l a t i v e  e r r o r  f o r  d e te rm in a t io n  

o f  t r a c e  and minor e lem ents o f  g e n e r a l ly  b e t t e r  th an  10^,

(s e e  Appendix l ) .  In  th e  case  o f  major elem ent an a ly se s  

f o r  f i v e  e lem ents  (Fe, Mg, Mn, T i ,  A l) ,  th e  r e l a t i v e  e r r o r  

was g e n e r a l ly  b e t t e r  th an  25^.
C a l i b r a t i o n  o f  th e  in s tru m e n t  d u r in g  a n a ly s i s  was 

o b ta in e d  by a n a ly s in g  a s e r i e s  o f  s y n th e t i c  s ta n d a rd s ,  

which were p rep a red  and ru n  in  th e  same v;ay as th e  sam ples.
Due to  th e  h ig h  ca rb o n a te  c o n te n t  o f  th e  sam ples, each 
sample and s ta n d a rd  was d i l u t e d  w i th  specpure  s i l i c a ,  to  
avo id  e j e c t i o n  o f  m a te r ia l  from th e  e le c t r o d e  d u r in g  a rc in g .  

Sodium f l u o r i d e  b u f f e r ,  and carbon  powder were added to  th e  

s a m p l e / s i l i c a  mixes i n  th e  r a t i o  1 :2 :2 ,  and th e  whole was 
th o ro u g h ly  mixed b e fo re  b e in g  packed in to  g r a p h i t e  e l e c t r o d e s  

ready  f o r  a n a l y s i s .
D e ta i l s  o f  th e  a n a l y t i c a l  p ro ced u res  a re  g iven  in  

Appendix 1.
The samples o f  c a l c i t e  were an a ly sed  in  th e  same way as 

th e  c a r b o n a t i t e  u s in g  th e  same s ta n d a rd s  f o r  c a l i b r a t i o n .

During th e  a n a ly s i s  o f  m a g n e t i te ,  pyroxene and mica, 

in s tru m e n t  c a l i b r a t i o n  was o b ta in e d  u s in g  s y n th e t i c  b a se s  

c o rre sp o n d in g  app rox im ate ly  to  th e  com position  o f  each of 

th e s e  m in e ra ls .

3 .4  R e s u l t s  o f  a n a ly s e s .
The r e s u l t s  o f  th e  a n a ly se s  f o r  major e lem ents ,  t r a c e



F I G U R E  3 . 1  (a)  t o (m).

Analyses below th e  d e te c t io n  l i m i t  f o r  each element, and 

th o se  c o n c e n tra t io n s  which were above th e  upper l im i t  of 
s e n s i t i v i t y  f o r  each a n a ly s i s ,  a re  not shown in  Fig . 3*1 (a) to  
(m).

The number o f  ana lyses  l e s s  than  d e te c t io n  l im i t ,  and g r e a te r  

th a n  th e  upper l i m i t  o f  s e n s i t i v i t y  f o r  each element in  the  

v a r io u s  c a r b o n a t i t e s  a re  shown below.

S ov ite A lv ik i te Ferruginous î>ct<a,cV>on

>
A lv ik i te L offers

< > < < >

Nb 4 - 4 5 7 - 1OOO

MnO - - - 4 - 9 0 1^

F*2°3 1 - - 1 - 5 0- (^

TiOg 12 - 13 - 10 - o-

Zn 4 - 1 - - 2 2ciOO

Zr 4 - 7 - 6 - \o t ooo

Li - - 7 - 5 - \Q I ooo

MgO 15 - 7 - 7 - o - \ ^ I o to

Mo - - 9 - 2 - \ Û \000 pp/~̂

Ba - - - 1 - 10 IK) ooo
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and minor e lem en ts ,an d  q u a l i t a t i v e  a n a ly s i s  o f  th e  

m inera logy o f  th e  c a r b o n a t i t e s  a r e  g iven  in  Appendix Table 

5 (a )  and 2 (a )  r e s p e c t i v e l y .
The a n a ly se s  o f  th e  m in e ra ls  c a l c i t e ,  m a g n e t i te ,  and 

pyroxene and mica a r e  g iven  i n  Appendix Tables 5 (b) ( i )  -

( i i i )  r e s p e c t i v e l y .

3* 5 D iscu ss io n .
( i )  S tron tium  and Barium.

Both Sr and Ba a re  c h a r a c t e r i s t i c  minor e lem ents o f  

c a r b o n a t i t e s  and r e l a t e d  ro c k s ,  (H e in r ic h ,  I 966 , p . 222).

The d i s t r i b u t i o n  o f  th e se  e lem ents  i n  th e  s o v i t e s ,  a l v i k i t e s ,  

and fe r ru g in o u s  a l v i k i t e s  from W, Kenya and E. Uganda a re  

shown i n  F ig u res  5*1 (a.) and 3*1 (b ) .  Geometric means and 
ran g es  o f  c o n c e n t r a t io n  o f  Sr and Ba i n  th e  v a r io u s  

c a r b o n a t i t e  groups a r e  g iv en  i n  Table 3*1 below.

Rock
Type
S o v ite

A lv ik i te
F errug inous

A lv ik i t e

M e l i l i t e -
pseudomorph
c a r b o n a t i t e

C a r b o n a t i t i c
B re cc ia

S tron tium  
Mean Range

1200ppra 70- 235PPpm
930ppm 545-1820ppm

SlOppm 230-1880ppm

66lppm 380-1175ppm 

297ppm 65-1015ppm

Barium
Mean

620ppm
+1850ppm

Range 
260-5280ppm 

355“^^ 40000ppm

1220-> 40000ppm

4510pp# 2480-7600ppm

2130ppm 66O-5360ppm

Table 5 .1 . Geometric means and ranges  o f  c o n c e n t ra t io n
o f  S r  and Ba in  c a r b o n a t i t e s  and c a r b o n a t i t i c  

b r e c c i a s .
+ s i g n i f i e s  t h a t  th e  mean i s  approxim ate  due 

to  some a n a ly se s  b e in g  above th e  upper l i m i t  

o f  s e n s i t i v i t y .

The s o v i t e s  c o n ta in  th e  lo w es t  c o n c e n t ra t io n s  o f  Ba and
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th e  h ig h e s t  c o n c e n t r a t io n s  o f  S r i n  r e l a t i o n  to  a l l  th e  

l a t e r  c a r b o n a t i t e s .  The r a t i o  S r/Ba i s  thus  h ig h e s t  

(g e n e ra l ly  g r e a t e r  th a n  l )  i n  th e  s o v i t e s ,  and i s  l e a s t  

i n  th e  B a-en r iched  fe r ru g in o u s  a l v i k i t e s .  The t r e n d  o f  

i n c r e a s in g  c o n c e n t r a t io n  o f  Ba and d e c re a s in g  c o n c e n t r a t io n  

o f  Sr c o in c id es  w i th  the  o rd e r  o f  emplacement o f  th e  v a r io u s  

c a r b o n a t i t e s  a t  most complexes.
S im ila r  r e s u l t s  were o b ta in e d  f o r  th e  K a is e r s tu h l  

c a r b o n a t i t e s ,  which were n o tab ly  en rich ed  in  Ba in  th e  

l a t e r  i n s t r u s i v e  brown c a r b o n a t i t e s  ( l e s  c a r b o n a t i t e  b ru n e s ) ,  

w h i l s t  Sr was im poverished  i n  th e s e  ro c k s .  The Sr/Ba r a t i o  

dec rea sed  from a  maximum i n  s o v i t e  to  a minimum i n  th e  l a t e  

d o lo m it ic  c a r b o n a t i t e s ,  (van Wambeke, 1964)* The Sr and Ba 
c o n te n t  o f  th e  Alno c a r b o n a t i t e s  however showed th e  p re sen c e  

o f  a  Sr and Ba en r ic h ed  s o v i t e ,  and a s o v i t e  en r ich ed  i n  Ba 

and im poverished in  Sr, (von Eckermann, I 966) .

The d i s t r i b u t i o n s  o f  Sr and Ba in  th e  c a r b o n a t i t e s  a r e  
r e l a t e d  i n  th e  main to  th e  c o n c e n t r a t io n  o f  th e s e  e lem ents 
i n  th e  m inera l  c a l c i t e ,  and to  a  l e s s e r  e x te n t  a p a t i t e  and 
p y ro c h lo re .

As shown in  Appendix Table 5 (b) ( i ) ,  Sr was found to  be 
more abundant i n  s o v i t i c  c a l c i t e  than  in  th e  a l v i k i t i c  

c a l c i t e ,  w h i l s t  Ba v a r i e d  a n t i p a t h e t i c a l l y  to  Sr and was 

more abundant i n  th e  l a t e r  a l v i k i t i c  c a l c i t e .  As i n  th e  

c a r b o n a t i t i c  ro ck s  th e  Sr/Ba r a t i o  decreased  from a 
maximum i n  s o v i t e  and was l e a s t  i n  th e  B a-en r ich ed  

a l v i k i t i c  c a l c i t e .

Small amounts o f  Ba and Sr were found in  a cm it ic  

pyroxene (Appendix Table 3 (b) ( i i i ) ,  w h i l s t  mica and 

f e ld s p a r  from c a r b o n a t i t e  were n o ta b ly  en r ic h ed  i n  Ba, 
presum ably s u b s t i t u t i n g  f o r  K"*" in  th e  l a t t i c e s  o f  th e  

p o ta s s iu m - r ic h  f e ld s p a r  and mica.

The l a r g e  c o n c e n t ra t io n s  o f  Ba i n  th e  l a t e r  
f e r ru g in o u s  a l v i k i t e s  were due to  th e  p re sen ce  o f  b a r i t e  
i n  th e s e  ro c k s .
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(ii) Niobium.
Although the distribution of Nb was found to be sporadic 

throughout the carbonatites, generally greater concentrations 
of this element were found in the alvikites, (Figure 3.1(c)). 
The variation in concentration of this element in the various 
carbonatite groups is shown in Table 3*2 below. The sovites 
are seen to contain the least Nb generally.

The variability in the Nb concentration is undoubtedly 
related to the sporadic occurence of pyrochlore (CaNaNb^O^F) 
in the carbonatites. Pyrochlore v/as noted as being more 
abundant in the alvikites than in the other carbonatite groups, 
(Flegg, 1969), and v/as the only niobate reported from the 
carbonatites in W.Kenya and E .Uganda. Little Nb was found in 
the analysed minerals from the carbonatites, (See Appendix 
Table 3 (b)). Heinrich (1966) noted small amounts of this 
element in magnetite from carbonatite, whilst minor amounts 
were present in sphene, garnet, and aegirine. The presence 
of Nb in garnet has been noted in the ijolitic rocks from 
carbonatitic complexes (see Chapter 4» this study), and has 
been noted to occur in the minerals fersmite and columbite 
in carbonatites, although pyrochlore is by far the most 
abundant Nb-bearing mineral found in carbonatites, (Heinrich,
1966). Niobium

Rock
Type

Sovite
Alvikite
Ferruginous
Alvikite

Melilite- 
pseudomorph 
carbonatite

Carbonatitic
breccia

Geometric mean

69ppm
290ppm

87 ppm

698ppm

Range

< 50-700ppm
<30-1000ppm

<50-1000ppm

625-840ppm

<30-480ppm

No.Analyses

16

35

14

3

6

Table 5.2. The distribution of Nb in the analysed carbonatitic 
rocks of W. Kenya and E. Uganda.

% signifies that the mean is only approximate due to 
analyses being above the upper limit of sensitivity.
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(iii) Manganese and Iron.
The distribution of IiÆn (as MnO) and Fe (as total Fe
expressed as Fe^O^) in sovite, alvikite, and ferruginous 
alvikite, are shown (as frequency histograms plotted on 
a logarithmic scale) in Figures 3»1 (d) and 3*1 (ë) 
respectively. Geometric means and ranges of concentration 
of MnO and in the various carbonatite types are given
in Table 3*3 below.

Mn is generally more abundant in the ferruginous 
alvikites, and least abundant in the sovites at the complexes 
studied. FegO^ shows a similar distribution to MnO, although 
the ferruginous alvikites show great variability in the 
content of Fe^O^# The carbonatitic breccias, thought to 
have been intruded with the alvikites, also contain large 
concentration of Fe^O^ relative to the sovites and alvikites.

Bock ^
Type Mean Range Mean Range
Sovite 0.33^^ 0 .1  -  O.dfo 1 .4 4 ^  0 .1  -  6 . ? ^

Alvikite <).92‘/  0 .3 3 -  3 .2 ^  ^ 5 -01^  0 .8 -  30^
Ferruginous
Alvikite 2.5^ 1.6- 3^ * 8.5^ 2.0- 30^

Melilite-
pseudomorph
carbonatite 0.?6^ 0.25- 2.0^ 3»43^ 3.1 - 3.6?&

Carbonatitic
breccia O.QSfo O.56- 2.32# 8.77# 5.6- 13.9#

Table 3.5. Geometric means and ranges of concentration of 
MnO and Fe^O^ in carbonatitic rocks from 
W. Kenya and E. Uganda.

3fe s i g n i f i e s  t h a t  th e  mean i s  approx im ate  due to  

a n a ly s e s  b e in g  above th e  upper l i m i t  o f  
s e n s i t i v i t y .

Both Mn and Fe are present to a large extent in oxide 
minerals (magnetite, hematite, goethite) in the carbonatites.
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Spectrometric analyses of magnetite (Appendix Table 3 (b) 
(ii)) showed from 0.42-1.5# in this mineral whilst 
electron microprobe analyses of magnetite grains in 
carbonatite showed 0.7-1.4# IvlnO. The unusually high 
concentrations of I-înO in the ferruginous alvikites could 
not be traced to any mineral of Mn, and probably are 
present in the abundant magnetite and hematite in these 
rocks.

In addition to the abundant oxide minerals, iron was 
found to be a major component of pyroxene (acmite) from 
carbonatite, mica, and also present in orthoclase feldspar 
(greater than 1#). Both Mn and Fe were present in 
generally small amounts in the carbonate (calcite) minerals 
of carbonatites. The earlier sovitic calcite contained 
less Mn and Fe than the later alvikitic calcites, greater 
concentration of Fe corresponding generally to greater 
concentrations of Mn, (see Appendix Table 3 (b) (i)).

The large amount of iron found in the intrusive 
carbonatitic breccias was present in the abundant iron 
ore minerals magnetite, hematite and goethite in these 
rocks. The source of the iron may stem from the breakdown 
of, and feldspathisation of breccia fragments within these 
intrusive bodies.

( iv )  T itan ium , Vanadium, Chromium, C o b a l t ,  and Copper.

In Appendix Table 3 (a), and analyses of Cr, Co and Ni 
are generally below the limit of detection for these 
elements (generally less than ICppm), Nickel and Chromium 
were undetected in magnetite from carbonatite (Appendix 
Table 3 (b) (iii), whilst small amounts of Co (5-35pi^i0> 
and Cu (5-25pp^) were found in this mineral.

The concentrations of Titanium and Vanadium greatly 
exceed those of Cr, Ni, Cu and Co in the carbonatitic rocks 
The distributions of these elements in sovite, alvikite, 
and ferruginous alvikite are shown in Figures 3*1 ( f a n d
3.1 (g). Geometric means and ranges of concentration of
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t h e s e  e lem en ts  i n  th e  v a r io u s  c a r b o n a t i t e  groups a r e  g iven  

i n  T able  3*4 below.
Rock
Type

Mean

Vanadium

S o v i te

A lv ik i t e
F e rru g in o u s

a l v i k i t e

M e l i l i t e -
pseudomorph
c a r b o n a t i t e s

C a r b o n a t i t i c
b r e c c i a

Range

< 0.1 -  0. 35#  
< 0.1 -  0. 96#  

< 0 .1  -  0 . 8#

1.02# 0 .4  -  1 .9 #

Mean

40ppm 

87ppm

140ppm

82ppm

127ppm

Range

10 -  80ppm 

30 -  450ppm

60 -  940ppm

50- 140ppm

70 -  180ppm

T able  5 . 4 . Geometric means and ranges  o f  c o n c e n t r a t io n  o f  

TiOg and Vanadium i n  c a r b o n a t i t e s  from W, Kenya 
and £ • Uganda.

T itan ium  was more c o n s i s t e n t l y  found i n  th e  a l v i k i t e s  th a n  
i n  th e  o th e r  c a r b o n a t i t e s  p ro p e r .  The i n t r u s i v e  c a r b o n a t i t i c  

b r e c c i a s ,  however, c o n ta in ed  much g r e a t e r  c o n c e n t r a t io n s  o f  

TiOg th a n  ai%r o f  th e  c a r b o n a t i t e s ,  which su g g e s ts  t h a t  th e  
c o n c e n t r a t io n  o f  T i i n  th e s e  ro ck s  may, as  w itj i  th e  i r o n ,  be 

r e l a t e d  to  th e  breakdown o f  b r e c c i a  fragm ents  w i th in  th e  
i n t r u s i o n .  Vanadium i s  l e s s  c o n c e n tra te d  i n  th e  c a r b o n a t i t i c  
b r e c c i a s ,  and shows a  g e n e ra l  in c r e a s e  i n  c o n c e n t r a t io n  from 

s o v i t e  t o  a l v i k i t e  to  f e r ru g in o u s  a l v i k i t e ,  (T ab le  3 .4  and 

F ig u re  3. I  (g) ) .
Both th e s e  e lem en ts  were found to  be n o ta b ly  c o n c e n tra te d  

i n  m a g n e t i te  (Appendix T able  3 (b) ( i i ) ) ,  and (Appendix T able  
8 (c )  ) ,  w h i l s t  sm all  b le b s  o f  i lm e n i t e  were found i n  m a g n e t i te  

g r a in s  i n  some a l v i k i t e s ,  u s in g  an  e l e c t r o n  m icroprobe. The 

g r a in s  were u n f o r tu n a t e ly  too  sm all  f o r  a n a l y s i s .  L i t t l e  

r e l a t i o n s h i p  betw een  c a r b o n a t i t e  group and c o n c e n t r a t io n  o f  

Ti and V i n  c a r b o n a t i t e  ro ck s  and m in e ra ls  was found i n  th e  

d a ta .
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T itan ium  was found to  be p r e s e n t  as a  m ajor c o n s t i t u e n t  

o f  P y ro c h lo re  (Appendix Table 8 (c )  ) ,  v a ry in g  from 3 .99#  to  

6 . 53#  TiOg, and was a l s o  found i n  pyroxene ( 0 .7  -  1 .3 3 #  TiO^) 

and mica (1 .5  -  2 .4 #  TiOg), from c a r b o n a t i t e s ,  (Appendix Table  
3 (b) ( i i i )  ) .  Vanadium fo l lo w s  T itan ium  to  a  l a r g e  e x te n t  i n  

th e  c a r b o n a t i t i c  m in e ra ls .  Pyroxene was n o ta b ly  e n r ich ed  i n  

V ( g r e a t e r  th a n  2000ppm), w h i l s t  mica from c a r b o n a t i t e  

c o n ta in e d  from 480-1200ppm V.

(v) Zinc and Lead.
Zinc and Lead were found i n  g r e a t e r  c o n c e n t r a t io n  i n  th e  

f e r ru g in o u s  a l v i k i t e s  th a n  i n  th e  o th e r  c a r b o n a t i t e s  and 

c a r b o n a t i t i c  b r e c c i a s .  The ra n g e s  o f  c o n c e n t r a t io n  o f  Lead, 

and ran g es  o f  c o n c e n t r a t io n  o f  Zinc i n  th e  c a r b o n a t i t e s  and 

b r e c c i a s  a re  g iv e n  i n  Table  3 .5  below. The d i s t r i b u t i o n  o f  
Zn i n  th e  s o v i t e s ,  a l v i k i t e s  and fe r ru g in o u s  a l v i k i t e s  i s  

shown i n  F ig u re  3 .1  (h ) .  Zinc i s  seen  to  in c r e a s e  i n  
c o n c e n t r a t io n  from th e  s o v i t e s  to  th e  a l v i k i t e s  to  th e  
fe r ru g in o u s  a l v i k i t e s ,  w h i l s t  Pb i s  more s p o r a d ic a l ly  
found i n  a l v i k i t e s ,  r a r e l y  d e t e c t a b l e  i n  s o v i t e ,  and 

shows g r e a t e s t  c o n c e n t r a t io n  i n  th e  f e r ru g in o u s  a l v i k i t e s .

Rock
Type

S o v i te

A lv ik i t e
F e rru g in o u s

A l v ik i t e

M e l i i i t e -  
pseudomorph 
c a r b o n a t i t e

C a r b o n a t i t i c
b r e c c i a

Zinc Range

< 10-180ppm

< 10-2000ppm

110-2000ppm

115-240ppm 

. 110-255ppm

Lead Range

<10-45ppm 
<10- 170ppm

20-460ppm

15- 90ppm

10- 40ppm

Table 3 .5 .  The d i s t r i b u t i o n s  o f  Zinc and Lead i n  th e

c a r b o n a t i t i c  rocks  and c a r b o n a t i t i c  i n t r u s i v e  

b r e c c ia s  o f  W. Kenya and E. Uganda.
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The c o n c e n t r a t io n  o f  Zn in  th e  c a r b o n a t i t e s  i s  r e l a t e d  

p red o m in an tly  to  th e  p re sen ce  o f  m ag n e t i te  i n  th e  ro c k s .  

A nalyses o f  m a g n e t i te  from c a r b o n a t i t e  showed from 

780-1940ppm Zn, (Appendix Table 3 (b) ( i i ) ) .  Small amounts 

o f  Zn were a l s o  found in  c a l c i t e  (Appendix Table 3 (b) ( i ) ) .  

U nusua lly  h ig h  c o n c e n t r a t io n s  o f  b o th  Zn and Pb in  o th e r  

c a r b o n a t i t e s  were a s s o c ia te d  w i th  th e  occurence  o f  

s p h a l e r i t e  and g a le n a ,  as l a t e  s ta g e  rep lacem en t v e in s  and 

c a r b o n a t i t i c  p h a se s ,  (H e in r ic h ,  1966, p . 2 4 l ) .  Few s u lp h id e  
m in e ra ls  have been  re p o r te d  from th e  c a r b o n a t i t e s  o f  W.Kenya 

and E. Uganda.

( v i )  Zirconium.

Zirconium  r a r e l y  exceeds lOOppm in  th e  ana ly sed  

c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c i a s .  The g r e a t e s t  

c o n c e n t r a t io n s  o f  Zr a re  found in  th e  a l v i k i t e s ,  (F ig u re
3 .1  ( j ) ) , w h i l s t  th e  s o v i t e s  c o n ta in  th e  l e a s t  c o n c e n t r a t io n s .  
The d i s t r i b u t i o n  o f  Zr in  th e  v a r io u s  c a r b o n a t i t e s  and 
i n t r u s i v e  c a r b o n a t i t i c  b r e c c ia s  a r e  g iven  i n  Table 3*6 below, 

as ran g es  o f  c o n c e n t r a t io n  w i th in  th e  p é t ro g ra p h ie  g roups .

Rock Zirconium Range
Type

S o v i te  <10-50ppra
A lv ik i t e  <10-240ppm

F erru g in o u s  a l v i k i t e  <10- 90ppm
M eli l i te -p seu d o m o rp h  

c a r b o n a t i t e  30-60ppm

C a r b o n a t i t i c  b r e c c i a  40-lOOppm

Table 5 . 6 . Ranges o f  c o n c e n t r a t io n  o f  Zr i n

c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c ia s  

o f  W. Kenya and E. Uganda.

A nalyses o f  c a r b o n a t i t i c  p y ro c h lo re  p re s e n te d  i n  th e  
l i t e r a t u r e  show Zr to  be p re s e n t  i n  t h i s  m in e ra l  in  amounts
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up to 4.6# ZrOg, (van der Veen, 1965î van V/ambeke, I966). 
The variability of the concentration of Zr in the 
carbonatites will thus, like Nb, be related to the 
sporadic occurence of pyrochlore. In addition, Zr was 
found in minor concentration in pyroxene from carbonatite 
(l450-2500ppm), and in much smaller concentration in 
magnetite, (l0-70ppm). Zr enriched pyroxene was noted 
from carbonatite at Magnet Cove, Arkansas, (Erikson and 
Blade, I963).

No minerals containing Zr as a major element have been 
reported in the carbonatites from T/. Kenya or E. Uganda 
complexes studied here. Baldock (1968), however, noted 
calzirtite (CaZr^TiO^) from the Bukusu complex, E. Uganda, 
and Zr has also been found in large amounts in zircon, 
Zr-garnet (kimzeyite), baddeleyite and zirkelite from 
carbonatite, (Heinrich, I9 6 6, p.235).

( v i i )  L ith ium  and Molybdenum.
The distributions of Li and Mo are shown in Figures 

3»l(k) and 3.l(l), in sovite, alvikite, and ferruginous 
alvikite. Little variation is apparent between the 
distributions of both elements between the carbonatite 
types. However, unusual concentrations of Mo were found 
in three ferruginous alvikites (l00-680ppm). The tendency 
for Mo to concentrate to late stages in carbonatitic rocks, 
and to occur as molybdenite was noted by Heinrich, (1966, 
p.241). Neither Mo or Li were found in appreciable 
concentration in the analysed minerals from carbonatite.

( v i i i )  Magnesium.

Magnesium is surprisingly low in all analysed 
carbonatites, (Appendix, Table 3 (a)). The absence of 
dolomitic carbonatites reflecting the pressure/temperature 
conditions under which the carbonatites were formed.

Relatively small amounts of Mg were found in ankeritic 
calcite (Appendix Table 3 (h) (i)),and also magnetite
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(Appendix Table 3 (b) ( i i ) ) .  Pyroxene and mica contained  

v a ry in g  amounts o f  Mg.

( ix )  Aluminium.
Alumina was u nde tec ted  in  most analysed  c a r b o n a t i t e s ,  

which r e f l e c t s  th e  p au c ity  o f  a lu m in o - s i l i c a te  m inera ls  in  
th e  analysed  c a r b o n a t i t e s ,  (compare c a r b o n a t i t e  mineralogy, 
Appendix Table 2 ( a ) ) .  In  th e  c a r b o n a t i t i c  b re c c ia s ,  where 
b r e c c i a  fragments and m atr ix  have been fe ld s p a th i s e d ,  the  
c o n c e n t ra t io n  o f  alumina i s  co n s id e rab ly  more than in  the  

c a r b o n a t i t e s .
The ranges o f co n ce n tra t io n  of  alumina in  the  v a r io u s  

c a r b o n a t i t e s  and c a r b o n a t i t i c  b re c c ia s  a re  g iven  in  Table 
3.7  below.

Rock Tyne Al^O?

Ran; e

S o v ite  0 . 1- 0 . 93#
A lv ik i te  0 .1 -1 .2 5 #
Ferrug inous  A lv ik i te  0 .1 - 0 ,7 #
M elilite -pseudom orph  

c a r b o n a t i t e  O .I -O .I5#
C a r b o n a t i t ic  b r e c c ia  5»35-10*2#

Table 5. 7 . Ranges of c o n c e n tra t io n  of -̂ 12^3
c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c ia s ,  
from W, Kenya and E.Uganda.

3.6 The distribution trace elements in feldspathised country 
rock adjacent to carbonatite instrusions.

Analyses o f s e v e ra l  samples o f  f e ld s p a th i s e d  country 
ro ck  from Homa Mountain and Toror and Napak a re  shown in  
Appendix Table 5 ( c ) .  A ll th e  rocks a re  en riched  in  Ba 
e s p e c ia l l y ,  and c o n ta in  g e n e r a l ly  g r e a te r  amounts o f  Zr, 
Nb, 7 , Zn, Pb, Ga, and Be compared w ith  th e  s o v i t i c  rocks 
w ith  which th e se  a re  a s s o c ia te d .



43.

The rocks into which the carbonatites were intruded were 
varied, (Chapter l), and must have varied in minor element 
content from place to place. The abundance of such elements 
as Ba, Zr, Nb, Ga, etc., in all feldspathised rocks would 
thus suggest that these minor elements have been introduced 
into the country rock by feldspathising solutions and/or 
carbonatitic fluids. The source of the feldspathising 
solutions must lie in the carbonatitic intrusions, and are 
probably derived from vapour phases, enriched in minor 
elements, emanating from crystallising carbonatite.

Analyses of feldspar from these rocks (Appendix Table 
5 (c)),showed considerable concentrations of Ba, Ga, present 
in this metasomatic mineral, whilst Sr and Pb were also 
detected in this mineral.

The presence of pyrochlore and magnetite in these rocks 
emphasises the relationship with carbonatites, and account 
for the concentrations of Nb, and Zr (in pyrochlore), and 
Fe, Mn, Ti, V, and Zn (in magnetite). The small amounts 
of calcite introduced with these minerals would contain 
probably Sr, and some Ba.

3.7 Multivariate Statistical Analysis of trace and major element 
data in carbonatites and carbonatitic breccias.

General geochemical trends concerning series of intruded 
carbonatites have been described in the literature from a 
number of complexes, (e.g. Kaiserstuhl complex, (van Wambeke, 
1964)» îvîagnet Cove complex, Arkansas (Erikson and Blade,I 963) ) .  
Similar trends have been noted for the complexes investigated 
in this study. In order to aid explanation of the variation 
in trace, minor and major element concentrations in the 
carbonatitic rocks, the data has been treated statistically, 
using product-moment correlation analysis, and principal 
factor analysis techniques. Data for the concentration of 
the rare-earth elements La, Ce, and Nd and Y (Chapter 2) 
in carbonatites have been included with the spectrometric



44.

analyses of the carbonatites for the multivariate 
statistical analysis, in order to represent the chemical 
variation within the carbonatites more fully.

( i )  C o r r e l a t i o n  a n a ly s i s  o f  c a r b o n a t i t i c  d a ta .

A Pearson product-moment correlation coefficient (r )
xy

was computed for all possible pairs of elements represented
in the data, (see Harbaugh and Merriam, I9 6 8, p.l60).

The value of a correlation coefficient, r , for two
xy

variables (elements) x and y with mean values x and y for
a series of samples (total number N) is given by

^ _ 2 , ( x  -  x) (y -  y )
xy

N -  1 )*
and will vary between 1 and -1.

This effectively gives a measure of linear variation 
between two variables or elements. Values of r close to

xy
1 indicate a positive linear correlation between two 
variables (the tv/o elements vary sympathetically). Values 
of r close to -1 indicate negative linear correlation

xy
(antipathetic behaviour between the two variables). A
correlation matrix is made up of values of r for eachxy
variable correlated with all other variables in the data.

The product moment correlation coefficient is used 
ideally for data which is normally distributed. Ahrens 
(1954» I963&, b, c, 1964, 1966) has shown that geochemical 
data is often distributed lognormally, although criticism 
of this assumption has been noted (Butler, I964). The 
data for element concentrations in carbonatites would 
seem to fit lognormal rather than normal distributions 
(Figures 3.Ï&-I). In order to represent correlations 
between the elements more ideally, the data was transformed 
to logarithmic values before computation of the correlation 
coeffients. The product moment correlation coeffient matrix 
is reproduced in Appendix Table 9 (a).

The correlations between major elements, (as oxides) and
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minor elements are summarised below in Table 3.8.

Variable Correlated variables in order

Fe^Oj V, Zn, MnO, MgO, TiO .

MnO Ce, Ba, Zn, Nd, La, Pe^O

MgO Fe^Oj

TiOg Fe^Oj

Ba MnO, Ce, Zn.

Ce La, Nd, MnO, Ba, Zn.

Li Mo.

Mo. Li.

Nb Zr.

Nd Ce, La, IvînO.

Sr -

V Zn, FegO

Zn Fe 0 , MnO, V, Ba, Ce.

Y -

Zr Nb.

Table 3.8. Summary of Pearson product-moment correlation 
coefficient matrix.

The lack of correlation between Ba and Sr in the 
carbonatites, noted in the Alno carbonatite, Sweden (von 
Eckermann 1952, 1966), is also a feature of the rocks from 
W. Kenya and E. Uganda. Correlations between Nb and Zr; 
Pe^O^ and V, Zn, MnO, tIgO, TiO^J and Ce, La and Nd are 
related to the concentration of these elements and oxides 
in pyrochlore, magnetite, and Ca and Ce-earth minerals 
respectively.
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The in fo rm a t io n  exp ressed  in  a c o r r e l a t i o n  m a tr ix  can 

be made more u n d e rs ta n d a b le  by f u r t h e r  m a n ip u la t io n  o f  th e  

CO-e f f i c i e n t s  i n  p ro ced u res  such  as f a c t o r  a n a l y s i s ,  (Harbaugh 

and Merriam, I 968 , p . l 6 2 ) ,  i n  which th e  c o n t r i b u t io n s  o f  

d i f f e r e n t  c o e f f i c i e n t s  a r e  merged.

P r i n c i p a l  components a n a ly s i s  i s  s i m i l a r  to  f a c t o r  

a n a l y s i s ,  b e in g  a s im p le r  p ro ced u re  n o t  based  on an e l a b o r a t e  

s e t  o f  assum ptions  invo lved  i n  f a c t o r  a n a ly s i s  (W ahlsted t 

and D av is) ,  1968).

(ii) Principal Components analysis.
The m athem atica l  background to  p r i n c i p a l  components 

a n a ly s i s  i s  t r e a t e d  f u l l y  in  M orrison , 196?; Harman, I 96O; 

and W ahls ted t and D avis, 1963, and w i l l  n o t  be d e a l t  w ith  

h e re .
The p ro ced u re  c o n s i s t s  o f  a s e r i e s  o f  o p e ra t io n s  on a 

d a ta  m a tr ix ,  in  t h i s  case a product-mom ent c o r r e l a t i o n  

m a tr ix ,  shown in  Appendix Table  9a.

From th e  c o r r e l a t i o n  m a tr ix ,  which r e p r e s e n t s  
c o r r e l a t i o n s  betw een elem ents and ox id es  p r e s e n t  in  th e  

a n a l y t i c a l  d a ta ,  a s e r i e s  o f  new v a r i a b l e s  o r  p r i n c i p a l  
components a re  computed, which account s u c c e s s iv e ly  f o r  

th e  most p o s s ib le  c o r r e l a t i o n  i n  th e  m a tr ix .  A sso c ia ted  

w i th  each p r i n c i p a l  component i s  an e ig e n v a lu e  and a  s e r i e s  

o f  e ig e n v e c to r s .  Each o f  th e  e ig e n v e c to r s  f o r  each 

p r i n c i p a l  component r e f e r s  to  one e lem ent o r  ox ide  i n  th e  

o r i g i n a l  d a ta .  The v a lu e  o f  each p r i n c i p a l  component f o r  

each sample i s  g iv en  by summing th e  p ro d u c t  o f  th e  

e ig e n v e c to r s  and v a lu e s  o f  th e  e lem ents  o r  ox ides  to  

which th ey  r e f e r ,  f o r  each sample.

The c o n t r ib u t io n  o f  each elem ent to  a g iv en  p r i n c i p a l  

component may be r e a d i l y  o b ta in e d  by s q u a r in g  th e  v a lu e s  

o f  th e  terms o f  each  e ig e n v e c to r  f o r  t h a t  component, and 

d iv id in g  th e  in d iv id u a l  terms by th e  t o t a l  (V /ahlstedt and 

D avis, 1968) .  I f  only  a few o f  th e  o r i g i n a l  e lem ents  o r  
ox id es  account f o r  most o f  a p r i n c i p a l  component, t h a t
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component may be regarded as a combination of these 
(related) elements and oxides, ignoring the contribution 
of the other original variables.

The approx im ate  p e rc en ta g e  o f  th e  c o r r e l a t i o n  accounted  

f o r  by each p r i n c i p a l  component i s  g iven  by d iv id in g  th e  

e ig en v a lu e  f o r  each component by th e  sura o f  a l l  th e  

e ig en v a lu e s .  I f  th e  f i r s t  few p r i n c i p a l  components account 

f o r  an a c c e p ta b le  amount o f  th e  c o r r e l a t i o n ,  th e  rem ain ing  

components may be d is c a rd e d ,  th u s  red u c in g  th e  problem in  
d im e n s io n a l i ty .

The principal components thus give an indication of 
the variation of an association of related elements or 
oxides in the analysed carbonatite rocks.

The e ig en v a lu e s ,  e ig e n v e c to r s ,  and p e rc e n ta g e  c o n t r ib u t io n  
o f  each e ig en v a lu e  to  the  t o t a l  c o r r e l a t i o n  a r e  shown in  
Appendix Table 10 ( a ) .

The distribution of eight principal components in the 
carbonatites, accounting for 90# of the correlation are shown 
graphically in Figures 3.2 as frequency histograms for sovite, 
alvikite and ferruginous alvikite carbonatites. The 
eigenvectors referring to each of the sixteen elements and 
oxides are shown in Table 3*9 for each of the eight principal 
components.

The first principal component, accounting for the most 
correlation, is a "general component", and is not related to 
any distinct group of elements. The carbonatite groups in 
Figure 3.2(a) are not distinguished by this component.

Components 2 and 3» however, show a gradual variation 
from sovite through alvikite to ferruginous alvikite, (Figure 
3.2(b)). From Table 3.9» component 2 represents an association 
of Fe^Oy MnO, Ba and Zn (positive values) which are seen to 
increase from sovite to late ferruginous alvikite. Component 
3 represents a bipolar association of Ce, La, Zn and V, 
(negative values of eigenvectors) and Sr (positive eigenvector 
values), which decreases in value from sovite to alvikite to
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f e r r u g in o u s  a l v i k i t e .  This would i n d i c a t e  t h a t  th e  

a s s o c i a t i o n  o f  e lem ents  Ce, La, Zn, and V in c re a s e d  i n  

c o n c e n t r a t io n  from s o v i t e  to  fe r ru g in o u s  a l v i k i t e ,  w h i l s t  

t h a t  o f  S r d e c r e a s e s .  These would su p p o r t  th e  view t h a t  

th e  s e r i e s  s o v i t e - a l v i k i t e - f e r r u g i n o u s  a l v i k i t e  i s  

c h a r a c t e r i s e d  by in c r e a s in g  c o n c e n t r a t io n  o f  Ce, La,

Zn and V (component ) ) ,  and Fe, Mn and Ba (component 2 ) ,  

i n  th e  l a t e r  i n t r u s i v e  ro c k s .  Of th e  rem a in in g  components, 
a cc o u n t in g  f o r  s i g n i f i c a n t l y  l e s s  c o r r e l a t i o n  th an  th e  f i r s t  

t h r e e  components, component 4 (& b i p o l a r  a s s o c i a t i o n  o f  Ce, 

TiOg, Zr, and Kb (n e g a t iv e  v a l u e s ) ,  and L i ,  Y, and Zn 

( p o s i t i v e  v a lu e s  i n  Table 519)» component 7 (Kd and Ba 
a s s o c i a t i o n ) ; and component 8 ( b i p o l a r  a s s o c i a t i o n  o f  Mn 

( p o s i t i v e )  and i r o n ( n e g a t i v e ) ; a l l  show markedly d i f f e r e n t  

v a lu e s  i n  th e  a l v i k i t e s  th an  i n  th e  o th e r  c a r b o n a t i t e  

g ro u p s .  Components 5 and 6 show l i t t l e  r e l a t i o n s h i p  to  

c a r b o n a t i t e  g roups .
The a s s o c i a t i o n s  r e p re s e n te d  by components 4 and 6 can 

be  r e l a t e d  to  th e  m inera logy  o f  th e  c a r b o n a t i t e s .  For 

example, th e  sp o ra d ic  o c cu rren ce  o f  p y ro c h lo re ,  b u t 
g e n e r a l ly  g r e a t e r  abundance i n  a l v i k i t e s  i s  r e f l e c t e d  i n  

th e  appea rance  o f  Ce, Kb, Zr and TiO^ i n  component 4* 

S im i l a r ly  th e  a s s o c i a t i o n  o f  V, TiO^» and to  a  l e s s e r  e x te n t  

FegO^ i n  component 6 i s  r e l a t e d  t o  th e  d i s t r i b u t i o n  o f  
m a g n e t i te  i n  th e  c a r b o n a t i t e s  which i s  more abundant i n  

th e  a l v i k i t e s  and f e r ru g in o u s  a l v i k i t e s .

5»8 . D isc u s s io n .

The d i s t r i b u t i o n  o f  m ajor, m inor and t r a c e  e lem ents  i n  

th e  c a r b o n a t i t i c  ro c k s  and m in e ra ls  from ¥ .  Kenya and E. 

Uganda show s e v e r a l  r e c o g n is a b le  geochem ical t r e n d s ,  which 

a r e  d is c u s s e d  below.

The e lem ents  Kb, T i ,  Ba and Ce-e a r th s  a r e  g e n e r a l ly
o

p r e s e n t  as i^morphous e lem ents  i n  th e  l a t t i c e s  o f  m in e ra ls  

i n  s o v i t e  and a l v i k i t e  ro ck s  (Kb and Ti i n  m a g n e t i te ;
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c e - e a r t h s  and Ba i n  c a l c i t e  and a p a t i t e ) .  C o n ce n tra t io n  

o f  th e s e  e lem ents  in  s u f f i c i e n t  q u a n t i ty  to  form t h e i r  own 

independen t m in e ra ls  occurred  d u r in g  c r y s t a l l i s a t i o n  o f  th e  

c a r b o n a t i t e s  which were s tu d ie d .  Fb and Ti c r y s t a l l i s e d  in  

th e  m ine ra l  p y ro c h lo re ,  (gen. fo rm ula  CaNa(FbTi)20^ P ) , a 

p a r t i a l  a n a ly s i s  o f  t h i s  m in e ra l  i s  g iv en  in  Appendix Table 

8 ( c ) ) , w h i l s t  Ti a l s o  i s  found i n  th e  m in e ra ls  T i -m a g n e t i te  

and i lm e n i te  (Appendix Table 8 ( c ) ) .B o th  p y ro c h lo re  and 

m ag n e t i te  a r e  more abundant i n  th e  a l v i k i t e s .  Ba i s  found 

in  b a r i t e ,  and th e  C e-ea rth s  in  m onazite , which a re  more 

abundant in  th e  fe r ru g in o u s  a l v i k i t e s  b u t  a r e  a l s o  found 

in  some a l v i k i t e s .
Of th e  e lem ents  which have no t been observed  to  form 

t h e i r  own independen t m in e ra ls  in  th e s e  c a r b o n a t i t i c  ro c k s ,

I.în, Î.Î0 , Y, Zn, and Pb a re  g e n e r a l ly  c o n c e n tra te d  in  th e  

fe r ru g in o u s  a l v i k i t e s ;  Sr i s  more abundant in  th e  s o v i t e s ;  
and Zr, fo l lo w in g  Nb, i s  g e n e r a l ly  more abundant in  th e  

a l v i k i t e s .
The o ccu r ren c e  o f  sm all amounts o f  p y r o l u s i t e ,  

m olybdenite , g a le n a ,  s p h a l e r i t e ,  s t r o n t i a n i t e ,  and 
b a d d e le y i te  a t  o t h e r  c a r b o n a t i t i c  complexes (H e in r ic h ,

1966) ,  a l l  a s s o c i a t e d  w ith  l a t e  s t a g e  c a r b o n a t i t e  a c t i v i t y  

i n d i c a t e s  t h a t  th e s e  elem ents a l s o  can form t h e i r  own 
m in e ra ls  when p r e s e n t  in  s u f f i c i e n t  c o n c e n t r a t io n .  The 

r e l a t i v e l y  h ig h  c o n c e n t r a t io n  o f  th e  e lem ents  lln, Zn, Pb,

Mo in  some fe r ru g in o u s  a l v i k i t e s  su g g es ts  t h a t  sm all amounts 

o f  th e s e  m in e ra ls  may be p re s e n t  i n  th e  fe r ru g in o u s  a l v i k i t e s .

Elements n o t c h a r a c t e r i s t i c a l l y  c o n c e n tra te d  in  th e  

c a r b o n a t i t e s ,  namely Ag, Be, Ga, L i ,  Ge, Sn, Cr, Ni, V/, B i, 

and Cu a re  r a r e l y  r e p o r te d  in  l a r g e  amounts from o th e r  

c a r b o n a t i t e s .  However, n a t iv e  g o ld ,  p e n t l a n d i t e ,  and 

v a r io u s  copper s u lp h id e s ,  have been r e p o r te d  from Phalaborwa, 

and Cu m i n e r a l i s a t i o n  was no ted  from c a r b o n a t i t i c  b o d ie s  a t  

A k jo u j i t ,  M a r i ta n ia  (H e in r ich ,  19^6, p . 550).
The geochem ical s i m i l a r i t y  o f  each c a r b o n a t i t e  group
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from th e  d i f f e r e n t  complexes i n  W. Kenya and E. Uganda i s  

no tew orthy . This would i n d i c a t e  a common p ro c e ss  i n  th e  

fo rm a tio n  o f  each c a r b o n a t i t e  group , no t only  i n  th e  

s p a t i a l l y  r e l a t e d  complexes o f  V/. Kenya, b u t  a l s o  i n  th e  

v a r i e d  complexes o f  E, Uganda. The d a ta  a l s o  su p p o r ts  

th e  f i e l d  and p é t ro g ra p h ie  d i s t i n c t i o n  o f  th e  c a r b o n a t i t e  

g ro u p s .
The a s s o c i a t i o n  o f  c h a r a c t e r i s t i c  minor e lem ents 

(S r ,  Kb, Ba, C e -e a r th s )  i n  a l l  th e  ana lysed  c a r b o n a t i t e s  

em phasises th e  r e l a t i o n s h i p  betw een th e  c a r b o n a t i t e s ,  

s o v i t e ,  a l v i k i t e  and fe r ru g in o u s  a l v i k i t e  and th e  

c a r b o n a t i t i c  b r e c c ia s  and r a r e r  m e li l i te -p seu d o m o rp h  

c a r b o n a t i t e s .  These c a r b o n a t i t e s  and c a r b o n a t i t i c  rocks  
can be c h a r a c te r i s e d  by th e  a s s o c i a t i o n  o f  minor e lem ents  

i n  u n u su a l ly  h igh  c o n c e n t ra t io n s  r e l a t i v e  to  o th e r  igneous 
ro ck s  and ca rb o n a te  ro ck s .

The s o v i t e s ,  re co g n ised  from f i e l d  ev idence  as th e  
e a r l i e s t  in t ru d e d  c a r b o n a t i t e s  a t  most complexes (F legg , 

1969 ; Dixon, 1968 ; S u th e r la n d ,  I 966) ,  c o n ta in  g e n e r a l ly  

h ig h e r  c o n c e n t ra t io n s  o f S r , and v a r i a b l e  c o n c e n t r a t io n s  

o f  Ba, Kb, Ce-e a r th  e lem en ts ,  Fe, lln, Zn, and V which a re  

s i g n i f i c a n t l y  l e s s  c o n c e n tra te d  i n  s o v i t e  th a n  in  th e  

l a t e r  c a r b o n a t i t e s .
The a l v i k i t e s  a re  much f i n e r  g ra in e d  rocks  compared 

to  th e  s o v i t e s ,  and were g e n e r a l ly  in t ru d e d  l a t e r  th a n  th e  

s o v i t e s  as dykes and cone s h e e t s ,  (Dixon, I 968 ; F legg, 

1969) .  C e -ea r th  e lem ents ( s e e  C hapter 2, t h i s  t h e s i s ) ,  

barium , Kb, T i, Fe, lin, Zn, and V a re  more c o n c e n tra te d  

in  th e  a l v i k i t e s  than  in  th e  s o v i t e s ,  w h i l s t  Sr i s  l e s s  

abundan t. The youngest i n t r u s i v e  phase , th e  fe r ru g in o u s  

a l v i k i t e s ,  c o n ta in  th e  g r e a t e s t  c o n c e n t r a t io n  o f  Ba, 

C e -e a r th  e lem en ts , and Mn and Fe, w h i l s t  Zn and V a re  

a l s o  abundant in  th e s e  ro c k s .
The v a r i a t i o n  i n  c o n c e n t r a t io n  o f  th e  v a r io u s  e lem ents  

i n  s o v i t e ,  a l v i k i t e s ,  f e r ru g in o u s  a l v i k i t e s ,  m e l i l i t e -
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pseudomorph c a r b o n a t i t e ,  and c a r b o n a t i t i c  b r e c c i a  a re  

summarised in  F ig u re  5*3*
The d i s t i n c t i o n ,  geochem ical and p é t r o g r a p h ie ,  between 

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

and th e  l a t e r  c a r b o n a t i t e s ,  (co m p ris in g  a l v i k i t e ,  fe r ru g in o u s  

a l v i k i t e ,  and m e li l i te -p se u d o m o rp h  c a r b o n a t i t e s ) ,  may d i f f e r  

i n  t h e i r  o r i g i n .  However, th e  c h a r a c t e r i s t i c  t r a c e  and minor 

e lem en ts  (S r ,  Ba, C e -e a r th s ,  e t c . )  a re  p r e s e n t  i n  a l l  

c a r b o n a t i t e  g ro u p s .  Also c o n s i s t e n t  geochem ical t r e n d s  

betw een th e  c a r b o n a t i t e  groups, c o in c id in g  w i th  th e  o rd e r  

o f  emplacement o f  th e  d i f f e r e n t  groups a t  each complex, 

would su g g es t  t h a t  th e  c a r b o n a t i t e s  a re  r e l a t e d  to  a 

c r y s t a l l i s a t i o n  s e r i e s  o f  a c a r b o n a t i t i c  l i q u i d ,  a t  each 

complex.

In  o rd e r  to  accoun t f o r  th e  accum ula tion  o f  minor 

e lem en ts  i n  th e  c a r b o n a t i t i c  ro c k s ,  and f o r  c o n c e n t r a t io n  

in  th e  l a t e r  in t r u d e d  c a r b o n a t i t e s ,  a s s i m i l a t i o n  and 

r e a c t i o n  o f  c o u n try  ro c k  a d ja c e n t  to  c a r b o n a t i t e  i n t r u s i o n s  

must be c o n s id e re d .

I t  has been  dem onstra ted  t h a t  i n  th e  c a r b o n a t i t i c  ro ck s  

o f  Homa M ountain, m a g n e t i te ,  pyroxene and f e l d s p a r  could  be 

a t t r i b u t e d  to  be o f  x e n o l i t h i c  o r i g i n  i n  a t  l e a s t  some 

c a r b o n a t i t e s  (F leg g , I 969) .  Dixon, ( I 968) co n s id e re d  some 

c r y s t a l s  o f  m a g n e t i te ,  a p a t i t e ,  pyroxene and f e l d s p a r  and 

p y ro c h lo re  to  be o f  x e n o l i t h i c  o r i g i n  a t  N orth  R uri,  

w h i l s t  pyroxene was a n o ta b le  x e n o l i t h i c  m in e ra l  a t  Budeda, 

(S u th e r la n d  I 966 ) .

A nalyses o f  f e ld s p a th i s e d  co u n try  ro c k ,  however, from 

Homa Mountain (Appendix Table 3 (c ;) ,sh o w ed  t h a t  th e  

e lem en ts  Ba, C e -e a r th s ,  Nb, Zr, Zn, 7 , Pb and Ga had been 

in t r o d u c e d  i n to  th e  coun try  ro c k  by f e l d s p a t h i s i n g  

s o l u t i o n s  em anating from c r y s t a l l i s i n g  c a r b o n a t i t e .
T h is ,  and th e  g e n e r a l l y  low er c o n c e n t r a t io n  o f  th e  minor 

e lem en ts  s tu d ie d ,  in  th e  c o u n try  rock , show t h a t  th e  

c o n c e n t r a t io n  o f  such  minor e lem en ts  i n  th e  c a r b o n a t i t e s
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by a s s i m i l a t i o n  and r e a c t io n  o f  coun try  ro ck  a d ja c e n t  to  

c a r b o n a t i t e  i n t r u s i o n s ,  i s  u n te n a b le .

The most likely mechanism for the concentration of the 
trace and minor elements in the later carbonatites is by 
fractional crystallisation of mainly carbonates from a 
carbonatitic liquid, which was initially enriched in the 
minor and trace elements which are characteristically 
concentrated in the carbonatitic rocks.

W yllie  ( 1966 , p . 324) ,  s t a t e d  th a t  th e  i n t r u s i v e  
sequences reco rd ed  a t  some c a r b o n a t i t e  complexes could be 

ex p la in ed  on th e  b a s i s  o f  d i f f e r e n t i a t i o n  p ro c e ss e s  o c c u r r in g  

d u r in g  c r y s t a l l i s a t i o n  o f  c a rb o n a te  magma. C r y s t a l l i s a t i o n  

o f  m ainly c a l c i t e  from such l i q u i d s  could co nce ivab ly  produce 
r e s i d u a l  l i q u i d s  en r ich ed  in  th o se  elem ents n o t  in c o rp o ra te d  
to  any g r e a t  e x te n t  in  th e  c r y s t a l l i s i n g  m in e ra ls .

The geochemical evidence presented here suggests that 
the alvikites represent crystallisation products of carbonatitic 
liquids which had undergone extreme fractionation before 
intrusion of alvikite, and after intrusion of sovite.

The fe r ru g in o u s  a l v i k i t e s ,  in t ru d e d  as  dykes and v e in s ,  
r e p r e s e n t  th e  cu lm in a t io n  o f  c a r b o n a t i t i c  a c t i v i t y  a t  th e  

complexes in  W. Kenya. These ro ck s  showed evidence o f  a 

hydro therm al o r ig i n ,  (F legg , I 969) .  Kuellmer, Visocky and 

T u t t l e  ( 1966) ,  showed t h a t  w i th  a d d i t io n  o f  a l k a l i s  to  
com positions  i n  th e  system c a l c i t e - b a r i t e - f l u o r i t e - H ^ O ,  

a l l  g r a d a t io n s  between c a r b o n a t i t i c  l i q u id s  and hydro therm al 

s o lu t i o n s  might be expec ted . Thus c r y s t a l l i s a t i o n  o f  l a t e r  

a l v i k i t i c  l i q u i d s  v/ould be expec ted  to  y i e l d  r e s i d u a l  f l u i d s  

which were hydro therm al (and a lk a l i - c a r b o n a te  r i c h )  i n  

c h a r a c t e r ,  and c o n ta in ed  an abundance o f  r a r e  e lem en ts ,  due 

to  f r a c t i o n a t i o n .  C r y s t a l l i s a t i o n  o f  c a l c i t e ,  b a r i t e ,  

f l u o r i t e ,  i r o n  o re s  (m a g n e ti te ,  h em at i te  and g o e th i t e )  

mica, f e ld s p a r ,  and r a r e r  m onazite  and b a s t n a e s i t e  (F legg ,
1969; Dixon, 1968) from such liquids gave rise to the typical 
geochemical character of these rocks.
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The r a r e r  m e l i l i t e  pseudomorph c a r b o n a t i t e s ,  in t ru d e d  

l a t e  i n  th e  h i s t o r y  o f  th e  Homa Mountain complex, a r e  

c h a r a c t e r i s t i c a l l y  en r ich ed  i n  Ba and REE, and d e p le te d  in  

S r .
Such c h a r a c t e r i s t i c s  i n d i c a t e  no t only  an  a f f i n i t y  w ith  

th e  c a r b o n a t i t i c  ro ck s  b u t  su p p o r t  th e  view t h a t  th e  l a t e r  

s ta g e s  o f  c a r b o n a t i t i c  a c t i v i t y  a t  Homa Mountain (and by 

com parison , th e  o th e r  complexes s tu d ie d  i n  t h i s  t h e s i s )  a re  

t y p i c a l l y  e n r ic h e d  i n  Ba, REE, and d e p le te d  i n  S r ,  w h i l s t  

th e  e lem ents  Mn, Fe, Zn, Pb and more r a r e l y  Mo a ls o  a r e  

e n r ic h e d  i n  most l a t e r  a l v i k i t e s  and fe r ru g in o u s  a l v i k i t e s .

3#9* C o n c lu s io n s .
The c a r b o n a t i t e s  an a ly sed  in  t h i s  s tudy  r e p r e s e n t  on ly  

a  sm all  p r o p o r t io n  o f  th o se  c a r b o n a t i t e s  in t r u d e d  a t  th e  
v a r io u s  complexes i n  W. Kenya and E, Uganda. The vefy  

h e te r o g e n u i ty  o f  th e  ro c k s ,  i n  th e  co n ten t  o f  a cc e sso ry  
m in e r a l s ,  a d v is e s  c a u t io n  i n  th e  i n t e r p r e t a t i o n  o f  th e  
d i s t r i b u t i o n s  o f  th e  v a r io u s  e lem ents  i n  th e s e  ro c k s .

However, d e s p i t e  t h i s  v a r i a b i l i t y ,  c h a r a c t e r i s t i c  

assem blages  o f  t r a c e  and minor e lem en ts ,  a s s o c ia te d  w i th  

th e  c a r b o n a t i t e s  as  a  whole, and w i th in  each c a r b o n a t i t e  
group have been  re c o g n ise d .  The d a ta  may be  summarised 

th u s
1. A ll  c a r b o n a t i t e s  and c a r b o n a t i t i c  b r e c c i a s  a re  

n o ta b ly  e n r ic h e d  i n  S r , Ba, Ce-e a r t h  e lem en ts ,  and co n ta in ed  

v a r i a b l e  c o n c e n t r a t io n s  o f  Fb, Zr, Fe, Mn, Zn, V, T i ,  and 

Pb.
2. The s o v i t e s  d i f f e r  from th e  o th e r  c a r b o n a t i t e s  i n  

c o n ta in in g  g e n e r a l ly  l e s s  Ba, C e -e a r th s ,  Hb, Zn, V, Fe, Mn,

T i and more S r .  The a l v i k i t e s  a r e  e n r ich ed  i n  Nb, REE, Fe,

T i ,  Zn, V, and Mn and Ba r e l a t i v e  to  th e  s o v i t e s ,  w h i l s t  

th e  g r e a t e s t  c o n c e n t r a t io n s  o f  Fe, Mn, C e -e a r th s ,  Ba (and F) 

a r e  c h a r a c t e r i s t i c  o f  th e  fe r ru g in o u s  a l v i k i t e s .

3* The in c r e a s i n g  c o n c e n t r a t io n  o f  Ba, Fe, Mn, C e -e a r th s ,
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Zn and V in  th e  s e r i e s  s o v i t e - a l v i k i t e - f e r r u g i n o u s  a l v i k i t e ,  

and th e  d e c re a s in g  c o n c e n t r a t io n  o f  S r , c o in c id e s  w ith  th e  

o rd e r  o f  emplacement o f  th e  v a r io u s  c a r b o n a t i t e  types  a t  

most complexes.

4 . The t r a c e  and minor e lem ents  a re  g e n e r a l ly  p re s e n t  as 

isomorphous s u b s t i t u t e d  e lem ents  i n  m in e ra ls  o f  th e  e a r l i e r  

c a r b o n a t i t e s ;  S r ,  Ba, REE, Fe, ISn i n  c a l c i t e ;  S r ,  Ba, REE in  

a p a t i t e  and p y ro c h lo re ;  Zr and Ti i n  p y ro c h lo re ;  Zn, V, Ti

in  m a g n e t i te ;  V, Zr, Ti i n  mica and pyroxene ( a e g i r i n e ) .

The l a t e r  c a r b o n a t i t e s  ( e s p e c i a l l y  th e  fe r ru g in o u s  
a l v i k i t e s )  c h a r a c t e r i s t i c a l l y  c o n ta in  m in e ra ls  i n  which r a r e  

elem ents  a re  p r e s e n t  as major components ( e .g .  Kb in  p y ro c h lo re ,  
Ba in  b a r i t e ,  C e -e a r th s  i n  m onazite , i n  th e  f e r ru g in o u s  

a l v i k i t e s ) .

5 . The most l i k e l y  mechanism f o r  c o n c e n t r a t io n  o f  t r a c e  

and minor e lem ents  to  the  l a t e r  s ta g e s  o f  c a r b o n a t i t i c  
a c t i v i t y ,  i s  by f r a c t i o n a t i o n  o f  m ainly c a rb o n a te s  from 
c a r b o n a t i t i c  l i q u i d s ,  which were en r ic h ed  in  th e s e  e lem en ts .
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C H A P T E R  F O U R .

The D i s t r i b u t i o n  of minor and t r a c e  e lem ents  in  

p e r a l k a l i n e  s i l i c a t e  ro c k s ,  p h o n o l i t i c  ro c k s ,  and 

f e n i t e s ,  a s s o c ia te d  w ith  c a r b o n a t i t e s  from V/. Kenya 

and E. Uganda.

4 . 1 . I n t r o d u c t i o n ,
The aim o f  th e  s tudy  i s  to  o b ta in  d e t a i l e d  in fo rm a t io n  

on th e  d i s t r i b u t i o n  o f  minor and t r a c e  e lem ents  in  th e  

p e r a l k a l i n e  i n t r u s i v e  rocks ( p y r o x e n i t e - i j o l i t e - u r t i t e -  
n e p h e l in e  s y e n i t e ) ,  p h o n o l i t i c  ro ck s  ( in c lu d in g  analcime-, 

p h o n o l i t e ,  p h o n o l i t i c  n e p h e l i n i t e ,  and m e la n e p h e l in i t e ) , 
and f e n i t e  ro ck s  from c a r b o n a t i t e  complexes in  Kenya 
and E, Uganda. Analyses o f  c a r b o n a t i t e s  f o r  minor and 

t r a c e  e lem ents  a t  th e  v a r io u s  complexes have a l re a d y  

been  de te rm ined  (C hap ter  3) ,  w h i l s t  C hapter 2 in v e s t ig a t e d  

th e  d i s t r i b u t i o n  o f  th e  r a r e  e a r t h  e lem ents  La, Ce, Nd, 

and Y i n  c a r b o n a t i t e s  and r e l a t e d  s i l i c a t e  i n t r u s i v e  rocks  

and f e n i t e s .

4 . 2 . Choice o f  specim ens.
Samples were s e l e c t e d  f o r  a n a ly s i s  from e x i s t i n g  

c o l l e c t i o n s  o f  p e r a l k a l i n e  ro ck s  and f e n i t e s  a t  L e ic e s te r  

U n iv e r s i ty  and Bedford C o llege , London, i n  a d d i t i o n  to  

ro ck s  p re v io u s ly  an a ly sed  f o r  th e  r a r e  e a r th  e lem ents .

R e p r e s e n ta t iv e  rocks  were s e l e c t e d  from Homa Mountain, 

F o r th  R u ri ,  and V/asaki i n  V/. Kenya, and from Tororo, T oror, 

Napak, and Budeda i n  E. Uganda. More d e t a i l e d  accoun ts  of
CKoLpVtc

each c e n t r e  a r e  g iv en  in  Appendix 1.
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4 .3  A n a ly t i c a l  method.
The samples were c ra shed  to  - I 30 mesh and a n a ly se d  

q u a n t i t a t i v e l y  f o r  t r a c e  e lem ents  Ag, Ba, Be, Co, Or,

Cu, Ga, Ge, L i ,  Fb, F i ,  Pb, Sn, S r ,  V, Zn, Zr, and sem i- 

q u a n t i t a t i v e l y  f o r  m ajor e lem ents  S i ,  Al, Ca, Fe, Mn, Mg,

Ti and K u s in g  an  A.R.L, 29OOOB d i r e c t  r e a d in g  s p e c tro m e te r .

I n  a d d i t i o n  Fa and K were d e te rm ined  i n  th e  ro ck s  u s in g  

an EEL flam e p ho tom ete r ,  and Fe, as  f e r r o u s  io n ,  de term ined  

by t i t r a t i o n  w i th  p o ta ss ium  d ich rom ate  a f t e r  f u s io n  w i th  

conc. H^SO^/ HP a c id  m ix tu re .  R e t a i l s  o f  a n a l y t i c a l  metjiods 

a r e  g iv e n  i h  Appendix 1.
In  a d d i t i o n  to  ro c k  a n a ly s e s ,  s e v e r a l  m in e ra ls  were 

s e p a r a te d  from th e  i n t r u s i v e  ro ck s  and f e n i t e s ,  stnd a n a ly se d  

f o r  m inor and t r a c e  e lem ents  u s in g  th e  d i r e c t  r e a d in g  

s p e c t ro m e te r .  I n  t h i s  way th e  m in e ra ls  pyroxene, n e p h e l in e  
f e l d s p a r ,  g a rn e t  and w o l l a s t o n i t e  were s e p a r a te d  and 

a n a ly s e d .  The m in e ra ls  a p a t i t e  and sphene, g e n e r a l ly  
p r e s e n t  i n  amounts to o  sm all f o r  s e p a r a t i o n  were an a ly se d  

f o r  S r  ( a p a t i t e  from i j o l i t e ,  n e p h e l i n e - s y e n i t e ,  and f e n i t e ) ,  
and T i ,  Al, Fe, S i ,  Mn, Mg, K (sphene from i j o l i t e )  u s in g  an 

AEI SEM2 e l e c t r o n  m icroprobe. Zoned and unzoned c r y s t a l s  o f  

g a rn e t  were a l s o  an a ly sed  u s in g  th e  e l e c t r o n  m icroprobe . 

D e ta i l s  o f  th e  method employed a r e  g iv en  i n  Appendix 1.

4 .4  R e s u l t s  o f  A na lyses .
The r e s u l t s  o f  s p e c t ro m e tr i c  a n a ly s e s  o f  m ajor and t r a c e  

e lem ents  i n  th e  i n t r u s i v e  s i l i c a t e  ro c k s ,  P h o n o l i t i c  ro ck s  

and f e n i t e  ro ck s  a r e  g iven  i n  Appendix T ables  4 ( c ) ,  5 (c )  

and 6 (c )  r e s p e c t i v e l y .

S e m i - q u a n t i t a t iv e  major e lem ent a n a ly s e s  o f  th e s e  ro ck s  

a r e  g iv en  i n  Appendix Tables 4 ( b ) ,  5 ( b ) ,  and 6 (b) 

r e s p e c t i v e l y .  C orresponding  chem ical a n a ly s e s  o f  th e s e
f r o .^  tjfW r' Soorce-Si .

rocks,y^where a v a i l a b l e ,  a r e  g iv e n  i n  Appendix T ab les  4 ( a ) ,

5 (a )  and 6 (a )  r e s p e c t i v e l y .

I n  Appendix T ab les  4 (a )  to  4 (c )  th e  i j o l i t i c  and 
n e p h e l i n e - s y e n i t e  ro ck s  have been  su b d iv id e d  i n t o  p é t ro g ra p h ie



F I G U R E  4 . 1 .  (a )  -  ( g ) .

Analyses below th e  d e t e c t i o n  l i m i t  f o r  th e  v a r io u s  

e lem ents  have been o m it te d  from F ig .  4*1 (a )  -  (g ) .

The number o f  such  a n a ly s e s  f o r  each  ro ck  ty p e ,  which 

were below th e  d e t e c t i o n  l i m i t s  a r e  shown below.

Zr Zn

P y ro x e n i te

I j o l i t e

U r t i t e

N epheline-
s y e n i t e

P h o n o l i te

F e n i t e
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type. The major mineralogy of each analysed rock powder was 
determined semi-quantitatively using X-ray diffraction 
techniques. This was carried out rather than thin section 
determination of mineralogy, due to the large variation in 
proportions of major minerals in these rocks, even within 
one specimen. The methods employed in the determination of 
weight percentage of the minerals nepheline, pyroxene 
(diopsidic and aegirine pyroxene), feldspar, and garnet 
are given in Chapter 1.

In a similar manner, the phonolitic rocks have been 
subdivided into analcirae and cancrinite phonolite, phonolitic 
nephelinite, nephelinite, and melanephelinite. The presence 
of analcime and cancrinite, nepheline and feldspar in the 
analysed rock powders was determined using qualitative 
X-ray diffraction techniques. The composition of the 
feldspar was also determined using X-ray diffraction 
procedures (Orville, 1967)» Subdivision into melanephelinite 
was based on thin section studies. These X-ray diffraction 
techniques are described in Chapter 1.

The results of the spectrometric analyses of pyroxene, 
nepheline, feldspar, and garnet and wollastonite are given 
in Appendix Tables 7 (a), 7 (b) and 7 (0) respectively.

Electron microprobe analyses of garnet, and sphene, are 
given in Table 0 (a).

4 .5* Discussion of results.

(i) Strontium and Barium.
The distributions of Sr and Ba in pyroxenite, ijolite, 

and urtite; phonolite and nepheline-syenite; and fenite are 
shown graphically in Figures 4»! (a) and 4*1 (b) respectively, 
as frequency histograms plotted on a logarithmic scale.

(a) V a r ia t io n  o f  Sr and Ba in  th e  i n t r u s i v e  p e r a l k a l i n e  

r o c k s .
The geometric means, and ranges of concentration
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o f  S r  and Ba a r e  g iv e n  i n  T ab le  4*1 below, f o r  th e s e  e lem ents  
i n  p y r o x e n i te ,  i j o l i t e ,  m e la n i te  i j o l i t e ,  f e l d s p a t h i c  i j o l i t e ,  

u r t i t e ,  n e p h e l i n e - s y e n i t e  and m i c r o - i j o l i t e .

Rock S tro n t iu m  
Tyne Mean Range

Barium
Mean Range

P y ro x e n i te 615 300-1550 550 150-1600

I j o l i t e 850 650-1680 1550 960-1500

M elan ite
I j o l i t e 550 300-1100 195 IOO-3O6O

F e ld s p a th ic
I j o l i t e 690 730-1090 720 410-1510

U r t i t e 415 210-690 260 160-380

N epheline
S y e n i te 625 215-1420 2450 1100-4600

Micro
I j o l i t e 690 530-1040 2100 960-5200

T able 4 .1 . Geometric means and ran g es  o f  c o n c e n t r a t io n  o f
S r and Ba i n  p e r a l k a l i n e  i n t r u s i v e  ro ck s  from 
W, Kenya and E. Uganda.

S tro n t iu m  i s  s e e n  to  v a ry  c o n s id e ra b ly  i n  a l l  ro c k  ty p e s ,  

b u t  i s  g e n e r a l ly  h ig h e r  i n  f e l d s p a t h i c  i j o l i t e ,  i j o l i t e  and 

n e p h e l i n e - s y e n i t e ,  and i s  l e a s t  c o n c e n tra te d  i n  th e  m e la n i te  
i j o l i t e s  and u r t i t e s .

Barium shows l e s s  v a r i a t i o n  th a n  S r , b e in g  c o n c e n tra te d  in  
n e p h e l i n e - s y e n i t e  and m i c r o - i j o l i t e ,  and l e a s t  c o n c e n tra te d  

i n  p y ro x e n i te ,  u r t i t e  and m e la n i te  i j o l i t e .

The r a t i o  o f  S r /B a  i s  g r e a t e s t  i n  th e  p y ro x e n i te s ,  

m e la n i te  i j o l i t e s ,  and u r t i t e  sam ples, and i s  l e a s t  i n  th e  

n e p h e l i n e - s y e n i t e s  and ( f e l d s p a t h i c )  m i c r o i j o l i t e s .  As a 

g e n e ra l  r u l e ,  t h e  low er r a t i o s  a r e  thus  found i n  th e  f e l d s p a r  

e n r ic h e d  ro c k s .

Both S r  and Ba were p r e s e n t  i n  v a ry in g  c o n c e n t r a t io n s  i n
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t h e  m ajor ro c k  form ing m in e ra ls  o f  the  p e r a l k a l i n e  ro c k s ,  

py ro x en e ,  n e p h e l in e ,  g a rn e t  and f e ld s p a r .

The d a ta  c o n ce rn in g  th e  c o n c e n t ra t io n s  o f  th e se  two 

e lem en ts  i n  th e  m in e ra ls  o f  th e  p e r a l k a l i n e  rocks  i s  

summarised i n  T ab le  4*2 below.

M ineral

Pyroxene

N epheline

F e ld sp a r

M elan ite
g a rn e t

Rock
Type

P y ro x e n i te

I j o l i t e

M i c r o i j o l i t e

N epheline -
s y e n i t e

I j o l i t e

U r t i t e

M i c r o i j o l i t e

N epheline -
s y e n i t e

M elan ite
i j o l i t e

U o l l a s t o n i t e  U r t i t e

Strontium
ppm
Range

520ppm

420-ll60ppm

370-750ppm

060-950ppm

670-3000ppm

250-580ppm

380-1250ppm

190- 1025ppm,

520-540ppm

1560ppm

Barium
ppm
Range

70ppm

110-500ppm

50-260ppm

300-350ppm

300-4000ppm

50-150ppm

6000ppm

6000ppm

100-380ppm 4

280ppm 1

Number of 
Analyses

1

4

4

Table  4 .2 .  Ranges of c o n c e n t r a t io n  o f  S r and Ba m in e ra ls  

o f  th e  p e r a l k a l i n e  s i l i c a t e  ro c k s .

I t  i s  a p p a ren t  from Table  4*2 t h a t  s i g n i f i c a n t l y  more Ba 

i s  c o n c e n tra te d  i n  f e l d s p a r  th an  i n  anj '̂ o th e r  m in e ra ls ,  w h i l s t  

n e p h e l in e ,  pyroxene and g a rn e t  g e n e r a l ly  c o n ta in  more Sr th a n  

Ba (Appendix Table  7 (a - ) - (d ) ) .  M e lan ite  g a rn e t  c o n ta in s  th e  

l e a s t  S r and Ba o f  th e s e  m in e ra ls .

Rankama and Sahama ( 1964 , p . 47l )  found t h a t  a l th o u g h  Sr 

and Ba resem ble  each o th e r  ch em ica l ly ,  t h e i r  manner o f

o c cu r ren c e  in  n a tu r e  showed c o n s id e ra b le  d i f f e r e n c e s .
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Sr was found to accompany Ca in minerals and rocks of 
igneous origin, whilst both elements were found to 
substitute for K in igneous minerals.

The results in Table 4»2 would indicate rather that
both elements substitute for Ca and K in the various
minerals. However, the Ca sites available showed greater

2+preference for the smaller Sr ion, whilst the larger
+ K—K sites of^feldspar favoured the greater incorporation 

of the larger Ba^^ ion. Substitution of both Sr and Ba 
in nepheline, with the concentration of Sr exceeding that 
of Ba, also shows a preference for the smaller ion for a 
relatively smaller lattice position than is available in 
feldspar.

Variation of the elements Sr and Ba in the peralkaline 
intrusive rocks are best seen by using the ratio of Ba/K^O 
and Sr/CaO, as in Figure 4*2, where the plutonic rocks 
have been compared with similar parameters for phonolitic 
rocks and fenitic rocks.

In Figure 4*2, there is a general increase in Ba/K^O 
and particularly Sr/CaO in the series pyroxenite-ijolite 
(compare the Sr contents of pyroxene from pyroxenite and 
ijolite), whilst the Ca-rich melanite-ijolites and urtites 
have low values for both ratios. This shows good agreement 
with the data concerning the Sr and Ba concentrations of 
minerals from the plutonic rocks, and indicates that there 
is greater substitution for Ca by Sr in the minerals of 
the ijolites (particularly pyroxene) relative to pyroxenite. 
On the other hand, the Ca-enriched melanite-ijolites and 
urtites show less substitution for Ca by Sr in the lattices 
of Ca-rich melanite and wollastonite in these rocks.

The nepheline-syenites show the highest values of both
K—ratios, due to the large concentrations of Ba in ̂ feldspar, 

and also of Sr in this Ca-poor mineral.
Thus, although the variation in concentrations of both 

Sr and Ba in the intrusive rocks is complicated by the
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v a r i e t y  o f  m in e ra ls  i n  which th e s e  e lem ents  a r e  found, 

s e v e r a l  f a c t o r s  s u g g e s t  t h a t  b o th  e lem ents  a r e  c o n c e n tra te d  

to  v a ry in g  e x t e n t s  i n  l a t e r  formed m in e ra ls  r e l a t i v e  to  

e a r ly  magmatic m in e ra ls ,  S r  i n  l a t e r  Ca poor pyroxene o f  

t h e  i j o l i t e s ,  and Ba i n  l a t e r  f e l d s p a r .  I n  c o n t r a s t  to  

t h i s ,  t h e  Ca r i c h  l a t e - s t a g e  m in e ra ls  m e la n i te  and 

w o l l a s t o n i t e  a r e  r e l a t i v e l y  d e p le te d  i n  S r r e l a t i v e  to  
Ca. The g e n e r a l l y  low c o n c e n t r a t io n  o f  Sr i n  Ca r i c h  

g a r n e t s  (Rankama and Sahama, I 964 , p . 473) would su g g es t  
t h a t  th e  c ry s ta l l o c h e m ic a l  p e c u l i a r i t i e s  o f  t h i s  m ine ra l  

d i s c r im in a t e s  a g a i n s t  th e  u p tak e  o f  Sr i n  to  th e  c r y s t a l  

l a t t i c e .

(h) V a r i a t i o n  o f  Sr and Ba i n  th e  p h o n o l i t i c  ro c k s .

The ran g es  o f  c o n c e n t r a t io n  o f  Sr and Ba i n  th e  

v a r io u s  n e p h e l i n i t e s  and p h o n o l i t e s  a r e  shown i n  Table 4* 3 
below.

Rock
Type

M elan ep h e lin i  t  e 

N e p h e l in i te

P h o n o l i t i c  n e p h e l i n i t e  

A na lc im e-phono lit e  

C a n c r in i t e - p h o n o l i t e

S tro n tiu m
Range

720-1700ppm

1000-1250ppm

88O-102Oppm

150-l650ppm

970ppm

Barium
Range

950-6000ppm

1000-7280ppm

870- 4000ppm

480-3400ppm

1150ppm

Table  4 .5 .  C o n c e n tra t io n  o f  Sr and Ba i n  th e  

p h o n o l i t i c  ro c k s .

A ll  th e  p h o n o l i t e s ,  a s  i n  th e  p lu to n ic  ro ck s  c o n ta in  

l a r g e  c o n c e n t r a t io n s  o f  b o th  Sr and Ba. However, th e  g r e a t e r  

c o n c e n t r a t io n s  o f  b o th  Ba and Sr i n  th e  m e la n e p h e l in i te s  

d i s t i n g u i s h  th e s e  ro c k s  from th e  i n t r u s i v e  e q u iv a le n ts  

( p y r o x e n i t e s ) ,  w h i l s t  th e  p h o n o l i t e s  c o n ta in  g r e a t e r  amounts
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o f  Sr th a n  t h e i r  p lu to n i c  e q u iv a le n ts  ( n e p h e l in e - s y e n i t e s ) .

The an a lc im e-an d  c a n c r i n i t e - p h o n o l i t e s  show g e n e r a l ly  

h ig h e r  v a lu e s  o f  S r/B a  compared to  the  m e la n e p h e l in i te s ,  

n e p h e l i n i t e s ,  and p h o n o l i t i c  n e p h e l i n i t e s  (Appendix Table  

5 (c).
A nalyses o f  c a n c r i n i t e  and analc im e from p e r a l k a l i n e  

complexes o u t s id e  E as t  A f r ic a  (Alno, von Eckermann 1952; 

llagnet Cove complex, A rkansas, E r ik so n  and B lade, I 963) 

have shown t h a t  th e  c o n c e n t r a t io n  of Sr exceeds t h a t  o f  

Ba i n  b o th  th e s e  m in e ra ls ,  which would accoun t f o r  the  

d a ta  on th e s e  ro c k s .

The abundance o f  K - fe ld s p a r  in  b o th  th e  p h o n o l i t i c  

n e p h e l i n i t e s  and i n  th e  analc im e p h o n o li te s ,h o w e v e r ,  su g g es t  

t h a t  to  a  l a r g e  e x te n t ,  th e  e a r l i e r  f e ld s p a r  o f  th e  

p h o n o l i t i c  n e p h e l i n i t e s  i s  more en r ich ed  i n  Ba th an  th e  

l a t e r  f e l d s p a r  o f  th e  analc im e p h o n o l i t e s .

P re v io u s  s t u d i e s  have shown t h a t  th e  Sr and Ba 

c o n c e n t r a t io n s  o f  K -fe ld s p a r  depend on th e  tem p e ra tu re  o f  

fo rm a tio n  o f  th e  f e l d s p a r  (N o ll ,  1934; von E n g e lh a rd t ,  1936) 
The K - fe ld s p a r  f i r s t  to  c r y s t a l l i s e  c o n ta in s  g r e a t e r  

c o n c e n t r a t io n s  o f  Ba and Sr, th a n  c r y s t a l s  o f  l a t e r  

g e n e r a t io n  (Rankama and Sahama I 964 , p . 472).
The d i s t r i b u t i o n s  o f Ba and Sr in  th e  p h o n o l i t i c  ro ck s  

would su g g es t  t h a t  th e s e  e lem ents  a re  removed from th e  

l i q u i d  w i th  c r y s t a l l i s a t i o n  o f  f e ld s p a r .  Also due to  th e  

low er te m p e ra tu re  o f  fo rm a tio n  o f  th e  analc irae  p h o n o l i t e s  

(o r  p o s s ib ly  due to  th e  low er c o n c e n t r a t io n  o f  Ba and Sr 

in  th e  l a t e r  l i q u i d s ,  due to  removal o f  th e s e  e lem en ts , 

p a r t i c u l a r l y  Ba i n  f e l d s p a r ) ,  th e  c o n c e n t r a t io n s  o f Ba 

and Sr a r e  r e l a t i v e l y  d e p le te d  in  l a t e r  formed f e ld s p a r  

i n  th e s e  ro c k s .  C onsequently , th e s e  e lem ents  tend  to  be 

l e s s  c o n c e n t ra te d  i n  th e  l a t e r  formed analc im e p h o n o l i t e s .  
Also r e l a t i v e l y  g r e a t e r  amounts o f  Sr th a n  Ba would be 

found in  th e s e  ro ck s  compared to  th e  e a r l i e r  p h o n o l i t e s ,  

due to  th e  h ig h  S r/B a  r a t i o  o f  c a n c r i n i t e  and analc im e.



64*

and th e  lower c o n c e n t ra t io n s  of  p a r t i c u l a r l y  Ba in  th e  

f e l d s p a r s  o f  th e s e  ro c k s .
The in c o r p o r a t io n  o f  l a r g e  c o n c e n t r a t io n s  o f  Ba in  th e  

m e la n e p h e l in i te s  and n e p h e l i n i t e s ,  rocks  which a re  l a c k in g  

i n  f e l d s p a r ,  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .

(c )  V a r ia t io n  o f  Sr and Ba i n  th e  f e n i t i c  ro c k s .

In  g e n e ra l  th e  h ig h e r  g rade  f e n i t e s  c o n ta in  more 
Sr and Ba th an  the  l e s s  s t r o n g ly  f e n i t i s e d  rocks  a t  each 

complex (Appendix Table  6 (b} ) .  Sr/Ba i s  l e s s  th an  1 i n  a l l  

b u t  one f e n i t e .  This may be ex p la in ed  by th e  g r e a t e r  
c o n c e n t r a t io n  o f  Ba th a n  Sr i n  th e  abundant f e ld s p a r  i n  th e  

f e n i t i c  ro c k s ,  w h i l s t  pyroxene and f e l d s p a r  from f e n i t e  

c o n ta in  r e l a t i v e l y  s m a l le r  amounts o f  Sr (Appendix Tables 

7 (a )  and ( c ) ) .
The c o n c e n t r a t io n  o f  th e s e  e lem ents  i n  th e  

f e n i t i c  rocks  r e l a t i v e  to  coun try  ro ck  a t  Homa Mountain 
i n d i c a t e s  t h a t  Sr and Ba a re  in tro d u c e d  in to  th e  coun try  
ro ck s  by f e n i t i s i n g  s o lu t io n s .

( i i )  Niobium and Zirconium.

The d i s t r i b u t i o n  o f  Zr in  th e  s i l i c a t e  rocks  o f  th e  

c a r b o n a t i t e  complexes o f  W. Kenya and E. Uganda i s  shown 

i n  F ig u re  4 « l ( c ) .  Zirconium i s  more abundant i n  th e  

f e n i t e s  and p h o n o l i te s  than  i n  th e  i n t r u s i v e  n e p h e l in e -  

s y e n i t e s  i j o l i t i c  ro c k s ,  p y ro x e n i te  and u r t i t e .

(a )  Niobium and Zirconium i n  th e  i n t r u s i v e  r o c k s .

Geometric means and ranges of concentration of 
Nb and Zr in the various intrusive rocks are given in 
Table 4*4 below.



65.

Rock
Type

P y ro x e n i te

I j o l i t e

M elan ite
I j o l i t e

F e ld s p a th ic
I j o l i t e

I j o l i t e
U r t i t e

N epheline
S y e n i te

Mean Niobium

M i c r o i j o l i t e

400ppm

530ppm

290ppm

155 ppni

< 50ppm

Range

185-860ppm

<50-1550ppm

220- 670ppm

< 50-850ppm

< 50ppm

Zirconium _ Mean---------------  Range

400ppm

680ppm

670ppm

87 Oppm

< lOppm

lOO-lOOOppm

170-840ppm

520-1550ppm

500-1280ppm

<10- 350ppm

< 5Oppm <50- 330ppm 510ppm

< 5Oppm < 50ppm 390ppm

T able  4 . 4 . Geometric means and ranges  o f  Nb and Zr in

p e r a l k a l i n e  s i l i c a t e  rocks  o f  V/. Kenya and E. Uganda.

110- 1900ppm

200- 510ppm

Niobium i s  p r e s e n t  in  h ig h e r  c o n c e n t r a t io n  in  p y ro x e n i te ,  

i j o l i t e  and m e la n i te  i j o l i t e ,  and to  be l e a s t  c o n c e n tra te d  in  
u r t i t e  and m i c r o i j o l i t e .  Zirconium, l i k e  Nb, i s  c o n c e n tra te d  

i n  p y ro x e n i te  i j o l i t e  and m e la n i te  i j o l i t e ,  and shows much 

s m a l le r  c o n c e n t r a t io n  in  th e  u r t i t e ,  b u t  d i f f e r s  from Nb in  

b e in g  c o n c e n tra te d  in  f e ld s p a th i s e d  i j o l i t e ,  n e p h e l in e -  

s y e n i t e ,  and m i c r o i j o l i t e .

Forms o f o ccu rren ce  o f  Nb and Zr i n  th e  p e r a l k a l i n e  i n t r u s i v e  

ro c k s .

The m in e ra l  a n a ly se s  i n  Appendix Tables 7(&) to  7 (d )  showed 
t h a t  pyroxene, f e l d s p a r  and n e p h e lin e  c o n ta in ed  g e n e r a l ly  no 

d e t e c t a b l e  Nb. G arnet, however, co n ta ined  Nb i n  amount g r e a t e r  

th a n  lOOOppm, Both sphene, and g a rn e t  were found to  c o n ta in  

Nb in  minor amounts a t  Magnet Cove (E rik son  and B lade, I 963) .
The d i s t r i b u t i o n  o f  Nb in  th e  p e r a lk a l i n e  i n t r u s i v e  ro ck s  

would th u s  be r e l a t e d  to  th e  c o n ten t  o f  a c c e sso ry  sphene and
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g a rn e t  i n  th e  ro c k s .  From t e x t u r a l  and m in e ra lo g ic a l  
s t u d i e s  b o th  g a rn e t  and sphene were cons ide red  to  be l a t e  

s t a g e  i j o l i t i c  m in e ra ls  (C la rk e ,  1969) .  Thus Nb i s  
c o n c e n t ra te d  to  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  o f i j o l i t i c  

l i q u i d s .
Z irconium  was p r e s e n t  i n  minor amounts in  g a rn e t ,  and 

i n  pyroxene from n e p h e l in e  s y e n i t e ,  m i c r o i j o l i t e  and to  a 

l e s s e r  e x te n t  i j o l i t i c  pyroxenes, more a c m i t ic  pyroxene 

from n e p h e l i n e - s y e n i t e  g e n e r a l ly  c o n ta in in g  more Zr (Table 

4 . 5) .  T race amounts o f  Zr were found in  f e l d s p a r  and 
n e p h e l in e  (Appendix Tables 7 (a) to  7 (à ))»  E r ik so n  and 

Blade ( 1963) no ted  Zr r i c h  sphene g a rn e t  and a cm it ic  
pyroxene from Magnet Cove, Arkansas, Q u a l i t a t i v e  a n a ly s i s  
o f  sphene and g a rn e t  from i j o l i t i c  rocks  by e l e c t r o n  

m icroprobe showed th e  p resen ce  of Zr in  th e s e  m in e ra ls  

from p e r a l k a l i n e  ro ck s  o f  V/. Kenya.

Rock Type Zr Range No. o f  A nalyses.

P y ro x e n i te 47Oppm 1

I j o l i t e 650-206Oppm 4

M i c r o i j o l i t e 280-1150ppm 4

N epheline  S y e n i te 1000- 1150ppm 2

M e la n e p h e l in i te 140-1140 5

P h o n o l i te 960-1460 2

Table  4 .5 . Ranges o f  c o n c e n t r a t io n  

from i j o l i t i c ,  n ep h e lin e  
p h o n o l i t i c  rocks  from W.

o f  Zr i n  pyroxenes 

- s y e n i t e  and 

Kenya and E. Uganda

The c o n c e n t r a t io n  o f  Zr i n  th e  l a t e r  s ta g e  m in e ra ls  

g a rn e t  and sphene, and in  a c m i t ic  pyroxene o f th e  n e p h e l in e -  
s y e n i t e s  and m i c r o i j o l i t e ,  su g g e s ts  t h a t  Zr, l i k e  Nb, i s  
c o n c e n tra te d  to  l a t e r  s ta g e s  o f  i j o l i t i c  l i q u i d s  w ith  
c r y s t a l l i s a t i o n .  The p resen ce  o f  Zr in  th e  major ro ck -fo rm in g
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a e g i r i n e - r i c h  pyroxenes o f  th e  n e p h e l in e - s y e n i te s  would 

i n d i c a t e  a c o n c e n t r a t io n  o f  Zr in  th e  l i q u i d  from which 

n e p h e l in e  s y e n i t i c  c r y s t a l l i s e d ,  and s u g g es ts  a t r e n d  

tow ards  Zr e n r ic h e d  ' a g p a i t i c ’ c r y s t a l l i s a t i o n  ( e .g .  Lovozero 

A lk a l in e  m a ss i f ,  Gerasimovsky e t  a l ,  I 966) .  The p re sen ce  o f  

e u d i a l y t e  i n  th e  n e p h e l in e - s y e n i t e  a t  North R uri (Dixon,

1968) encourages  t h i s  view,

(b) Nb and Zr in  th e  p h o n o l i t i c  rocks  and 

m e la n e p h e l in i te s .

C o n c e n tra t io n  o f  Nb and Zr i n  th e s e  rocks  v a r i e s  
c o n s id e ra b ly ,  ran g es  o f  c o n c e n t r a t io n  o f  th e s e  elem ents in  

th e  p h o n o l i t i c  ro ck s  i s  shown in  Table 4*6 below.

Rock IVpe Niobium Zirconium
Range

< 50- 400ppm 

300- 560ppm

< 50-95Oppm

< 50- 200ppm 

< 5Oppm

Table  4 .6 .  Niobium and Zr i n  p h o n o l i t i c  ro ck s .

In  Table  4*6, th e  c o n c e n t r a t io n  o f  Nb i s  seen  to  v a ry  to  

a g r e a t e r  e x te n t  th a n  Zr, which r e f l e c t s  th e  uneven d i s t r i b u t i o n  

o f  Nb b e a r in g  m in e ra ls  in  th e  p h o n o l i t i c  ro c k s .  Zr tends  to  

i n c r e a s e  i n  c o n c e n t r a t io n  from m e la n e p h e l in i te  to  analc im e 

and c a n c r i n i t e  p h o n o l i t e .

M e la n e p h e l in i te

N e p h e l in i te

P h o n o l i t i c  n e p h e l i n i t e  

Analc im e -p h o n o l i te  

C a n c r in i te  p h o n o l i t e

Range

500- 790ppm

590- 1500ppm

550- 1500ppm

800-1740ppm

l680ppm

Form o f  o c cu rren ce  o f  Nb and Zr in  th e  p h o n o l i t i c  ro c k s .  

Niobium was n o t d e te c te d  in  th e  p h o n o l i t i c  pyroxenes 

(Appendix Table  7 ( a ) )» however, Smith (l970)> no ted  th e  p re sen c e  
o f  Nb i n  sphene and p e r c ^ k i t e  from p e r a lk a l i n e  la v a s  from 
E a s t  A f r ic a .
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Zirconium was no ted  in  th e  sphene and p e ro v s k i te  o f  th e se  

la v a s ,  and was a ls o  found i n  th e  pyroxenes i n  th e  p h o n o l i te s  

(Table  4»5)* The m e la n e p h e l in i t i c  pyroxenes co n ta in ed  l e s s  
Zr th an  th e  more a c m i t ic  p h o n o l i t i c  pyroxenes, as i n  th e  

i n t r u s i v e  ro ck s .

Thus bo th  Nb and Zr a r e  r e l a t e d  to  th e  sp o ra d ic  o ccu rren ce  

o f  sphene and p e r o v s k i t e  i n  th e  p h o n o l i t e s ,  whereas Zr i s  a l s o  

r e l a t e d  to  th e  p re s e n c e o r  absence  o f  a c m i t ic  pyroxene.

(c) Nb and Zr i n  th e  F e n i t i c  ro c k s .

Both Nb and Zr a r e  more abundant in  th e  f e n i t e s  an a ly sed  

from Nbma and N. R uri th a n  a t  Budeda and Tororo. The low 

g rade  f e n i t e  a t  Homa (EC54) c o n ta in s  much l e s s  Nb and Zr th an  

th e  more h ig h ly  f e n i t i s e d  ro ck s  a t  t h i s  complex, which 

i n d i c a t e s  t h a t  b o th  Nb and Zr a r e  in tro d u ce d  in to  th e  co u n try  
rock  w ith  f e n i t i s i n g  s o l u t i o n s .  As in  th e  i n t r u s i v e  ro c k s ,
Nb shows much g r e a t e r  v a r i a t i o n  i n  th e  f e n i t e s  th an  Zr.
In  g e n e r a l ,  g r e a t e r  c o n c e n t r a t io n s  o f  Zr a r e  found in  th e  

h ig h e r  grade s y e n i t i c  f e n i t e s .

Form o f o c cu r ren c e  o f  Nb and Zr i n  th e  f e n i t i c  ro c k s .

Sphene i s  no ted  as a u b iq u i to u s  acc e sso ry  in  th e  f e n i t e s  
from Budeda (S u th e r la n d ,  I 966) and Homa (C la rk e ,  I 968) and 

N.Ruri (Dixon, I 968) .  The d i s t r i b u t i o n  o f  Nb would depend to  

a l a r g e  e x te n t  on th e  p re sen c e  o f  sphene in  th e  f e n i t e s .  
Zirconium, found to  v a ry  betw een 260 and 2500ppm in  f e n i t i c  

pyroxenes (Appendix Table  7 ( a ) ) , would a l s o  be r e l a t e d  to  the  

m inera l  sphene.

In  co n c lu s io n ,  th e  g e n e ra l  p a u c i ty  o f  Nb and Zr i n  th e  

coun try  rocks around th e  c a r b o n a t i t i c  complexes, and th e  

enrichm ent o f  f e n i t i c  ro ck s  i n  th e s e  e lem ents i n d i c a t e  t h a t  

Nb and Zr were p r e s e n t  i n  f e n i t i s i n g  s o lu t i o n s ,  b e in g  

c o n c e n tra te d  l o c a l l y  i n  sphene, w h i l s t  Zr i s  more evenly  
d i s t r i b u t e d  in  th e  f e n i t e s  i n  pyroxene and l o c a l l y  in  sphene.
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Summary.
Nb v a r ie s '  c o n s id e ra b ly  in  c o n c e n t r a t io n  in  th e  s i l i c a t e  

rocks  and f e n i t e s  o f  c a r b o n a t i t i c  complexes, b e in g  l o c a l l y  

c o n c e n tra te d  i n  Ti r i c h  m in e ra ls  ( e .g .  sp h en e ) ,  and more 

c o n s i s t e n t l y  p r e s e n t  i n  m e la n i te  g a rn e t  r i c h  i j o l i t e s .
Zirconium  i s  more evenly  d i s t r i b u t e d  i n  th e  p e r a lk a l i n e  

rocks  and f e n i t e s ,  o c c u r r in g  l o c a l l y  i n  a c c e sso ry  T i - r i c h  

m in e ra ls ,  g e n e r a l ly  in  amounts g r e a t e r  th a n  lOOOppm, and 

a l s o  i n  pyroxenes o f  i n t r u s i v e  i j o l i t i c  ro c k s ,  p h o n o l i t i c  
rocks  and f e n i t e s .  G enera lly  th e  more a c m i t ic  pyroxenes 

c o n ta in  th e  most Zr, a l th o u g h  c o n s id e ra b le  v a r i a t i o n  in  

Zr c o n te n t  o f  pyroxene was a p p a ren t  (T ab le  4 .5)*
C o n c e n tra t io n  o f  Nb and Zr in  sphene and g a rn e t ,  

g e n e r a l ly  re g a rd e d  as l a t e  s ta g e  m in e ra ls  o f  i j o l i t i c  r o c k s , 
shows t h a t  b o th  e lem ents  a re  c o n c e n tra te d  i n  r e s i d u a l  

f l u i d s  w i th  c r y s t a l l i s a t i o n  o f  i j o l i t i c  l i q u i d s .  The 
p re sen c e  o f  Zr i n  a c m i t ic  pyroxene o f  n e p h e l in e - s y e n i te  
and f e n i t e ,  and th e  sp o ra d ic  o ccu rren ce  o f  Nb in  f e n i t e  
i n d i c a t e  a p o s s ib l e  r e l a t i o n s h i p  between l a t e  s ta g e  

i j o l i t i c  l i q u i d s  o r  f l u i d s  and f e n i t i s i n g  s o lu t io n s .

( i i i )  Lead and Zinc.
I n  a l l  th e  i n t r u s i v e  ro c k s ,  th e  c o n c e n t r a t io n  o f  Zn 

exceeds t h a t  o f  Lead. The d i s t r i b u t i o n  o f  Zn in  th e  

p e r a l k a l i n e  s i l i c a t e  rocks  and f e n i t e s  i s  g iv en  in  
F ig u re  4 .1 ( d ) .

Zinc i s  g e n e r a l ly  more c o n c e n tra te d  i n  th e  n ep h e l in e  

s y e n i t e ,  p h o n o l i t e  and f e n i t e s  th an  i n  th e  i j o l i t i c  

ro c k s ,  u r t i t e s  and p y ro x e n i te s

(a) Zn and Pb in the intrusive silicate rocks.
The ran g es  o f  c o n c e n t r a t io n  o f  Zn and Pb a re  g iven  

in  Table  4-7 below. Zn i s  more c o n c e n tra te d  in  the  

n e p h e l i n e - s y e n i t e  and f e ld s p a th i s e d  i j o l i t e  th a n  in  

p y ro x e n i te ,  i j o l i t e ,  m e la n i te  i j o l i t e  and u r t i t e .



Rock
Type

Pyroxenite

Ijolite

Melanite
Ijolite

Feldspathic
Ijolite

Urtite

Microijolite

Nepheline
Syenite

Zinc
Mean

IPOppm

175ppm

120ppra

220ppm

l65ppm

350ppm

240ppin

Range

140-33Qppm

lOO-335pp%

65-200ppm

6G-300ppm

100-260pprn

60-430ppm

60-46Oppm

70.

Lead
Range

< 10-5Oppm

< 5-18ppa

< 5-25ppm

< 3-33PPm

< 3-30ppm

< 3-lOppm

< 5-200ppm

Table 4.7. Zn and Pb in peralkaline Intrusive rocks 
(Zn - geometric means and ranges,
Pb - ranges of concentration).

Pb is sporadically present in all rock types, rarely 
exceeding 50ppm,

Form of occurrence of Zn and Pb.
Trace amounts of both elements are present in the rock 

forming minerals of the intrusive peralkaline rocks, 
(Appendix Tables 7 (a.) to 7(d).

In feldspar, 10-60ppm Zn and 5-20ppm Pb were found, 
whilst in nepheline, 25-60ppm Zn and 5-20ppm Pb were found 
by spectrometric analysis. Zn is more concentrated in the 
mafic minerals. 100-1300ppm Zn were found in pyroxene, 
and 170-360ppm in melanite garnet. The pyroxenes from 
microijolite and nepheline syenite showed slightly higher 
Zn contents than the ijolitic pyroxenes, with the exception 
of U35I which is anomalously rich in Zn.

Pb was rarely detected in the analysed mafic minerals.
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(b) Zn and Pb in  th e  P h o n o l i t i c  rocks  and m e la n e p h e l in i te s .  

The ranges  o f  c o n c e n t r a t io n  of an a ly sed  p h o n o l i te s  and 

m e la n e p h e l in i te s  a r e  g iv en  in  Table  4*8 below.

Rock Type Zinc Range Lead Range

M e la n e p h e l in i te 100-360ppm < 3-50ppm

N e p h e l in i te 140- 36Oppm < 5 -5 Oppm

P h o n o l i t i c  n e p h e l i n i t e 120- 400ppm 25- 80ppm

Analcime p h o n o l i t e 230-470ppm 15-lOOppm

C a n c r in i te  p h o n o l i t e l 60pprn lOppm

Table  4 . 8 . Zn and Pb ran g es  o f  c o n c e n t r a t io n  in  p h o n o l i t i c  

and m e la n e p h e l in i t i c  ro c k s .

Both Zn and Pb a re  c o n c e n tra te d  in  th e  analc im e p h o n o l i t e s  
and to  a l e s s e r  e x te n t  th e  p h o n o l i t i c  n e p h e l i n i t e s ,  r e l a t i v e  to  

th e  m e la n e p h e l in i te s  and n e p h e l i n i t e s .
Analyses o f  pyroxene from p h o n o l i t i c  ro ck s  showed t h a t  Zn 

was more c o n c e n tra te d  in  p h o n o l i t i c  pyroxene than  in  
m e la n e p h e l in i t i c  pyroxene, w h i l s t  Pb was u n d e tec te d  in  th e s e  

m in e ra ls .  The in c r e a s e  i n  c o n c e n t r a t io n  o f  Pb in  th e  analc im e 

and n e p h e l i n e - r i c h  p h o n o l i te s  may be due to  s u b s t i t u t i o n  o f  
Pb in  th e  f e l d s p a r  l a t t i c e .

(c )  Zn and Pb in  F e n i t i c  ro c k s .

Zinc i n  an a ly sed  f e n i t e s  v a r i e s  w ide ly  from 90-1000ppm, 

and Pb from 5-440ppm. The f e n i t e s  from N.Ruri a re  anom alously 
r i c h  in  bo th  Zn and Pb, and s e v e r a l  o f  the  an a ly sed  f e n i t e s  

show anomalously h ig h  c o n c e n t ra t io n s  o f e i t h e r  Zn o r Pb, o r  

b o th  as i n  th e  case  o f  N .R uri. The anom alies a re  p robab ly  

due to  sm all amounts o f  su lp h id e  m in e ra ls  in  th e  an a ly sed  
ro c k s .  H e in r ic h  ( 1966 , 0 . 88) no ted  s p h a l e r i t e  from f e n i t e  
a t  Nemegosenda Lake, O n ta r io ,  and b o th  s p h a l e r i t e  and
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g a len a  from f e n i t e s  near Seal Lake, c e n t r a l  Labrador.

N e ith e r  Pb nor Zn were d e te c te d  in  f e n i t i c  f e ld s p a r ,  
however, Zn was found in  f e n i t i c  pyroxene (Appendix Tables 

7 (a )  and 7 ( c ) ) .

( iv )  Chromium, î^ickel. Coprier Cobalt. Vanadium, and 
Titanium .

Cr, Ni, Cu and Co a re  not characteristically concentrated 
in the peralkaline intrusive rocks. The highest concentrations 
of these elements are found in the pyroxenites, whilst the 
ijolites contain generally much smaller concentrations. All 
four elements are generally below the limit of detection in 
the microijolites, nepheline-syenites, and urtites. The ranges 
of concentration of these elements in the various rock types 
are given in Table 4*9 below.

Rock iVne Cr Range Ni Range Cu Range Co Range
ppm ppm ppm n om

P y ro x en ite  < 5 -3 5 4  < 5-184 10-100 20-79

I j o l i t e  < 5-26 10-130  < 5-75 22-33

M elan ite
I j o l i t e  < 5 10-40 < 5-44 10-30

F e ld s p a th ic
I j o l i t e  <5-30  < 5-62  < 5-70  <5-30

U r t i t e  5 < 5  < 5  <5-5<
M i c r o i j o l i t e  < 5  < 5  <5-20 <5-10

Nepheline
S y en ite  < 5-12 <5-10 < 5-5 <5-12

Table 4 .9 . Ranges of c o n ce n tra t io n  of  Cr, Ni, Cu and Co 
in  p e ra lk a l in e  i n t r u s iv e  rocks .

Vanadium and Titanium a re  considerab ly  more co n cen tra ted  
th an  Cr, Ni, Cu and Co in  the  p e r a lk a l in e  s i l i c a t e  rocks .
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The d i s t r i b u t i o n s  o f  th e s e  e lem ents  a re  shown i n  F ig u res  

4 .1  (e )  and 4 .1  ( f ) r e s p e c t i v e l y ,  f o r  a l l  p e r a l k a l i n e  

s i l i c a t e  ro ck s  and f e n i t e s .

(a )  V and Ti i n  p e r a lk a l i n e  i n t r u s i v e  ro c k s .

C o n c e n tra t io n s  o f  V and Ti a s  TiO^ a r e  shown i n  T able  
4 .1 0  below f o r  th e  v a r io u s  ro c k  ty p es  from th e  c a r b o n a t i t i c  

complexes.

Rock Type

Mean

P y ro x e n i te  250

I j o l i t e  175

M ela n i te -  
I j o l i t e  520

F e ld s p a t h ! c-
I j o l i t e  165

U r t i t e  20

M i c r o i j o l i t e  250

N epheline - 
S y e n i te  87

Vanadium

ppm

TiOg

Range Mean Range

130-580  1 .11  0 .6 4  -  2 .3

100-325  0 .9 3  0 .41  -  1 .98

240-660  2 .0  0 .75  -  4 .2

120-475 1 .0  0 .4  -  3 .8

10-250  0 .17  < 0 .1  _ 0 .82

125-700  0 .81  0 .42  -  1 .5

2 0 - 2 7 5  0 . 5  0 . 3  -  0 . 7 4

Table  4 .1 0 .  V and TiO^ i n  i n t r u s i v e  p e r a l k a l i n e  ro c k s ,  

geom etric  means and ra n g e s .

Both V and Ti a r e  c o n c e n tra te d  i n  m e la n i te  i j o l i t e  and 

to  a  l e s s e r  e x te n t  i n  p y ro x e n i te ,  and a r e  l e a s t  c o n c e n t ra te d  

i n  th e  u r t i t e  and n e p h e l in e  s y e n i t e s ,  (T ab le  4 .1 0 ) .

Form o f  o c cu r ren c e  o f  V and T i.

As ex p ec ted ,  V and Ti were found to  be p r e s e n t  i n  th e  mafic 

m in e ra ls  o f  th e  i n t r u s i v e  ro c k s .  M elan ite  g a r n e t  was found by 

e l e c t r o n  m icroprobe a n a ly s i s  to  c o n ta in  from 2 .73  w t . ^  TiO^ i n
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l i g h t  co lou red  a r e a s  o f  zoned g a r n e t ,  to  7 .4 9  w t . ^  TiOg in  

d a rk  co lou red  zone o f  th e  same c r y s t a l  (HC741» Appendix 

T ab le  8 (a )  ) .  R e s u l t s  o f  a n a ly se s  o f  o th e r  g a rn e ts  f o r  

TiOg were found to  v a ry  w i th in  th e s e  l i m i t s .  S p e c tro m e tr ic  

a n a ly s e s  o f  g a rn e t  showed t h a t  V was a l s o  c o n c e n tra te d  to  a  

l a r g e  e x te n t  i n  t h i s  m in e ra l ,  (Appendix Table  7 (d) ) ,  v a ry in g  

from 980-1980ppm. E le c t ro n  m icroprobe a n a ly se s  o f  sphene f o r  

TiOg showed 38.15  -  40*05 w t . ^  TiO^ to  be  p r e s e n t  i n  t h i s  
m in e ra l .  V was no ted  by H e in r ic h  ( 1966 , p . 240) to  accompany 

Ti i n  sphene.
pyroxene was found to  c o n ta in  from 250- 155Oppm V i n  th e  

i n t r u s i v e  ro c k s ,  w h i l s t  TiO^ v a r i e d  from 0 .2  -  5*3 w t .^ .

L i t t l e  c o r r e l a t i o n  between h ig h  Ti and V i n  th e  pyroxenes i s  

a p p a re n t  from Appendix Table  7 ( a ) ,  however, V i s  c o n s i s t e n t l y  
more c o n c e n tra te d  i n  th e  more a e g i r i n e  r i c h  pyroxenes o f  

n e p h e l in e  s y e n i t e  and m i c r o i j o l i t e ,  th an  i n  th e  p y r o x e n i t i c  
and some i j o l i t i c  py roxenes . H e in r ic h  (1966 , p .240) 
s i m i l a r l y  no ted  a e g i r i n e  pyroxene e n r ich ed  in  Vanadium.

R e la t iv e ly  sm all  amounts o f  b o th  V and Ti were found in  

a n a ly se d  f e ld s p a r ,  however, th e s e  may be due to  
c o n tam in a t io n  by Ti and V r i c h  m in e ra ls  ( e .g .  sphene) .

Thus, i n  th e  i n t r u s i v e  ro ck s  as  a whole, b o th  Ti and 
V a r e  c o n c e n tra te d  i n  Ti r i c h  g a rn e t  and sphene, w h i l s t  V 

i s  g e n e r a l ly  more abundant i n  th e  a e g i r i n e - r i c h  pyroxenes , 
th e  c o n te n t  o f  Ti i n  pyroxene b e in g  more v a r i a b l e .

(b) Cr. Ni. Cu. Co. V and Ti i n  p h o n o l i t i c  rocks  

and m e la n e p h e l in i te s .

The ranges  o f  c o n c e n t r a t io n  o f  Cr, Ni, Cu, and Co in  

th e  p h o n o l i te s  and m e la n e p h e l in i te s  a r e  shown i n  Table  

4*11 o v e r le a f .
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Rock
Type

Ct
Range Range

On
Range

Co
Range

Melaneph­
e l i n i t e 50- 41Oppm 50- 120ppm 110- 215ppm 50- 6Oppm

N e p h e l in i te <5-236ppm < 5-54ppm <5-110ppm < 5-30ppm

P h o n o l i t i c
n e p h e l i n i t e < 5-40ppm < 5-38ppm <5-102ppm < 5-22ppm

Analcime
P h o n o l i te < 5ppm < 5ppm <5-20ppm < 5ppm

C a n c r in i te
P h o n o l i te 12ppm < 5ppm <5ppm < 5ppm

Table  4 .1 1 .  C o n ce n tra t io n  ranges  f o r  Cr, Ni, Cu and

Co i n  p h o n o l i t i c  rocks  and m e la n e p h e l in i te s .

The melanephelinites are seen in Table 4.11 to contain 
the greatest concentrations of Cr, Ni, Cu and Co, which 
compares with their intrusive equivalents, the pyroxenites.
The analc im e p h o n o l i t e s  c o n ta in  th e  l e a s t  c o n c e n t r a t io n  o f  

th e s e  e lem en ts .
As i n  th e  i n t r u s i v e  ro c k s ,  V and Ti a r e  c o n s id e ra b ly  more 

c o n c e n tra te d  i n  th e  p e r a lk a l i n e  p h o n o l i te s  and m e la n e p h e l in i te s ,  
The ran g es  o f  c o n c e n t r a t io n  o f  V and Ti as TiO^ a r e  g iv en  i n  

Table  4 .1 2  below.

Rock
Type

M e la n e p h e l in i te

N e p h e l in i te

P h o n o l i t i c  n e p h e l i n i t e  

Analcime p h o n o l i te  

C a n c r in i te  p h o n o l i t e

Table 4 .1 2 .

Vanadium T itanium
Range Range

ppm- wt.fo TiOg

220-750 0.84 - 5.5
80-600 0.55 - 1.55

125-675 0.65 - 1*6

20-260 0.39 - 1.89
60 0.54

Ranges o f  c o n c e n t r a t io n  o f  V and
TiOg i n  p h o n o l i te s  and m e la n e p h e l in i te s .
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In Table 4«12, both Ti and V are more concentrated in 
melanephelinite than in the more leucocratic rocks. The 
analcirae phonolites contain the least V, whilst Ti shows 
a large spread of values of concentration in the leucocratic 
phonolites.

The analysed pyroxenes from phonolite and melanephelinite 
(Appendix y(a}%;showed a greater concentration of Ti in the 
melanephelinitic pyroxene than in the phonolitic pyroxene, 
however V shows little relationship to rock type.

(c) Cr. Ni, Cu, Co, 7 and Ti in fenite.
Cr, Cu, Ni and Co rarely exceed 20ppm in the analysed 

fenites, excepting Cu in the fenites from Budeda which varies 
between 5 and 25ppm. Consequently these elements are not 
concentrated during the fenitisation process at the complexes 
studied.

Y and Ti are less concentrated in the fenites than in 
the peralkaline intrusive rocks (See "figures and
4 .1 (g)). Both elements were found in fenitic pyroxene, being 
generally in greater concentration than in ijolitic pyroxene, 
and more comparable with V and Ti contents of the nepheline 
syenites and microijolites. A decrease in both Y and Ti xie.s 
noted for the elements in the pyroxenes of low grade fenites 
lull6 and Æ 6 from Rangwa, with respect to the higher grade 
fenite RR201.

Accessory sphene of the fenites would concentrate 
mainly Ti, and also Y locally.

(v)(^Gallium in the peralkaline silicate rocks and fenites,
G e o m e t r i c  m e a n s  a n d  r a n g e s  o f  c o n c e n t r a t i o n  o f  G a  i n  t h e  

i n t r u s i v e  r o c k s  a r e  s h o w n  i n  T a b l e  4 » 1 5  o v e r l e a f .

Gallium is less abundant in the pyroxenite, ijolite and 
raelanite ijolite, and generally^ present in greater amount in 
the urtites, feldspathic ijolite, microijolites and 
nepheline syenites.



77.

Rock Tr/ne Gallium
Mean Range

P y ro x e n i te 20ppm 10- 30ppm

I j o l i t e 26ppm 25- 50ppm

M elan ite  I j o l i t e 30ppm 20-35ppni

F e ld s p a th ic  I j o l i t e 41ppm 35-58ppm

U r t i t e 49ppm 35-60ppm

i.Iicroi j o l i t e 50ppm 35-58ppm

N e p h e l in e - s y e n i te 45ppm 10-80ppm

Table  4 .1 3 . Geometric means and ranges of concen tra i

o f  Ga in  th e  i n t r u s i v e  s i l i c a t e  ro c k s .

Form of o ccu rren ce  o f  Ga i n  th e  i n t r u s i v e  ro ck s .
In  Appendix Tables 7 (a )  to  7 (d ) ,  Ga v;as found to  be more 

c o n c e n tra te d  in  n e p h e l in e  and f e l d s p a r  r a t h e r  th an  pyroxene, 
a l th o u g h  t r a c e s  o f  Ga were found in  a l l  t h r e e  m in e ra ls .  

N epheline  g e n e r a l ly  con ta in ed  th e  most Ga.

(b) Gallium in  th e  p h o n o l i t i c  rocks  and 
m e la n e p h e l in i te s .

Table 4*14 shows th e  ranges  o f  c o n c e n t r a t io n  o f  Ga i n  

th e  p h o n o l i t i c  ro ck s  and m e la n e p h e l in i te s .

Rock Tyne

M e la n e p h e l in i te  

N e p h e l in i te  

P h o n o l i t i c  N e p h e l in i te  

Analcime P h o n o l i te  

C a n c r in i te  P h o n o l i te

Gallium Range

10-40

35-50

33-50

35-80

58

T able  4 .1 4 .  Ranges o f  c o n c e n t r a t io n  o f  Ga in  p h o n o l i t i c  

rocks  and m e la n e p h e l in i te s .
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As i n  th e  i n t r u s i v e  ro c k s ,  th e  m e la n o c ra t ic  m e la n e p h e l in i te s  

c o n ta in  th e  l e a s t  Ga, w h i l s t  th e  analcim e p h o n o l i te s  c o n ta in  

th e  most Ga.

(c) Ga in the fenites.
Ga varies from 25-150ppm in the analysed fenites, being 

generally more concentrated in the higher grade fenites at 
most complexes. Analyses of fenitic feldspar showed that 
considerably more Ga enters this feldspar than the same 
mineral from the intrusive rock series, which would account 
for the generally higher concentration of this element in 
the fenites. Ga therefore becomes a mobile element in 
fenitising solutions, and selectively concentrates in the 
fenitising solutions associated with the peralkaline rocks.

( v i )  B e ry ll ium . Lith ium  and Tin.

These elements were found not to be concentrated in the 
peralkaline rocks. In Appendix Tables 4 (c), 5 (c) and 6 (c), 
Li is noted to be more consistently present in the melanite 
ijolite, whilst Sn and Be showed little systematic variation. 
The phonolitic rocks and melanephelinites contain little 
Be, Li or Sn, however the fenites contained the highest 
concentrations (although only in few samples) of Be and Li.

Li was found to  be n o ta b ly  c o n c e n tra te d  i n  two amphiboles 

from f e n i t e  (290 and 900ppm L i ) ,  (Appendix Table  7 (d) ) .

Be has been reported as the mineral baryllite 
(Be^Ba^igOy) from fenite at Seal Lake, Labrador, (Heinrich 
and Deane, I962), and from Vishnevogorsk-Ilmen Mountains 
massif, S. Urals (Zhabin and Mukhitdinov, 1959)*
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4 .6  M u l t iv a r ia te  S t a t i s t i c a l  A nalysis  of Geochemical Data f o r  the  

p e ra lk a l in e  S i l i c a t e  rocks and f e n i t e s .
The p e r a lk a l i n e  s i l i c a t e  rocks , o f te n  c a l l e d  the  mixed rocks, 

a re  t y p i c a l l y  v a r ie d  in  m ineralogy and consequently  in  t h e i r  

geochem istry .
In  o rd e r  to  d e te c t  any u n d e r ly in g  t re n d s  in  the  geochemical 

d a ta ,  c o r r e l a t i o n  a n a ly s is  was a p p lied  to  the  d a ta ,  u s in g  a 
computer program w r i t t e n  by th e  au thor.

C o r re la t io n  a n a ly s i s .
The Pearson  product moment c o r r e l a t i o n  c o e f f i c i e n t  ( r ^ )  

was computed u s in g  lo ga rithm  transform ed t r a c e  and major 

element d a ta  c o l l e c te d  in  th e  above s tudy . Data p e r t a in in g  

to  i j o l i t i c  ro c k s ,  n e p h e l in e - s y e n i t i c  rocks , p h o n o l i t i c  rocks , 

and f e n i t e s  from c a r b o n a t i t i c  c e n tre s  in  Kenya and 2. Uganda 

were t r e a t e d  in  t h i s  way.

The computed c o r r e l a t i o n  m a tr ix , co n ta in in g  a l l  p o s s ib le  

c o r r e l a t i o n  p a i r s  i s  shown in  Appendix Table 9 (b ) .  elem ents 

om itted  irora th e se  c a lc u la t io n s  were Cr, Cu, Ni, Sn, and Bi, 
which proved to  be in v a r ia b ly  below the  a n a ly t i c a l  d e te c t io n  
l i m i t  fo r  each elem ent. The s ig n i f ic a n c e  of  each c o r r e l a t i o n  
was a r b i t r a r i l y  taken  as 0.5*

From Appendix Table 9 (b ) ,  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n s ,  
s ig n i f y in g  sym pathetic  behav iour o f two elements in  the  

analysed  rocks , were found f o r : -  

FeO - MgO
FegCy - MnO, TiO^, Nb, V, Zr 
MnO - h i ,  Nb
MgO - CaO, Co, 7
KgO — Ga, Ba
TiOg - MgO, FSgOj, Co, Nb, V, Zr
Ba Sr, K̂ O
V -  F e g O j ,  Nb, T iO g

Zr - Fe^Oj, TiO^
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Negative correlations, indicating antipathetic variation 
of two elements (or oxides in the case of major elements) in 
the analysed rocks were indicated for:- 

Na^O - Co
PeO - FegOy
KgO - FeO, MgO, Co
Ga - Mg, Co
TiOg - La
La - CaO, Nb, TiO,2

Ce, Y and Zn showed no significant correlation with other 
analysed elements.

The inter-relationships between the elements expressed in 
the correlation matrix are related to the rock mineralogy.
The occurrence of Fe^*, Ti, Nb, V, Zr in garnet and sphene 
(or related to the occurrence of titanosilicate minerals in 
the rocks), (see Appendix Tables 7 (d) and 8 (a) ), are 
represented as positive correlations, as are K^O, Ga, and Ba 
which are found in relatively large amounts for each element 
in potassium feldspar, (Appendix Table 7 (c) ). The presence 
of MgO, Ca, Co and V in pyroxene are also reflected as 
positive correlations. The negative correlations essentially 
represent the antipathetic behaviour of elements concentrated 
in melanocratic rocks with those elements concentrated in 
leucocratic minerals and rocks. The association of FeO, MgO, 
and Co (amongst others which are not represented in the matrix) 
in melanocratic rocks , are negatively related to Na and Ga 
which are generally present in greater concentration in the 
leucocratic rocks.

4 .7  Discussion.
As in the carbonatitic rocks (Chapter 5, this thesis), all 

the peralkaline silicate rocks contain a characteristic 
assemblage of trace elements, which, with the exception of Zr 
which is much more abundant in the silicate rocks, are also 
characteristic of the carbonatitic rocks.

The trace elements are mainly dispersed as isomorphous
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substituted elements in the crystal lattices of the major 
and accessory minerals of the peralkaline rocks. Rare- 
element minerals are typically absent from these rocks, 
unlike the carbonatitic rocks. The distribution of the 
various trace elements between the various minerals of 
the ijolitic rocks are summarised in the Figure 4.4, 
and compared with data from Erikson and Blade (1963).

Significant variation in the concentrations of 
individual elements between the various rock types are 
apparent from previous discussions in this chapter.
This variation is summarised below for the plutonic 
peralkaline rocks and fenites, into a number of related 
associations which may have genetic significance. The 
data is summarised graphically in Figure 4.5*

All the plutonic peralkaline rocks show a lack of 
the elements Cr, Ni, Cu and Co. These elements, however, 
are more abundant in the pyroxenitic rocks than in other 
ijolitic rocks. Also V and Ti greatly exceed the 
concentrations of the former elements.

The Ca-enrichment of the melanite ijolites is 
noteworthy, and the variability of the elements Ti, Zr,
Nb, and V in the ijolitic rocks was found to be related to 
the occurrence of melanite garnet.

The nepheline-syenites characteristically are enriched 
in Ba, Ga, Zr and to a lesser extent Zn and V. These 
elements were found in the major rock forming minerals 
of this rock, Ba in large concentrations in feldspar,
Zr, V, Zn in the acmitic pyroxene of this rock type.

The fenites show a similar distribution of these 
elements to the nepheline-syenites, containing Ba and 
Ga enriched feldspar, and î^roxene containing relatively 
large concentrations of Zr, V, and Zn. The paucity of 
these elements in the country rock around the peralkaline 
rocks leads to the conclusion that these elements are 
introduced into the country rocks by fenitising 
solutions, along with other trace elements typical of
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t h i s  v o l c a n i c  a c t i v i t y  such as S r ,  and th e  r a r e - e a r t h  

e lem en ts .

I n  th e  v o l c a n i c  rocks  t h e r e  i s  a l so  a g e n e r a l  l a c k  of  

t h e  e lements  Cr, Ni,  Co and Cu, w h i l s t  V and Ti a re  a l so  

p r e s e n t  i n  much g r e a t e r  q u a n t i t y .  The v o l c a n i c  e q u iv a l e n t s  

o f  th e  p y r o x e n i t e s ,  th e  m e l a n e p h e l i n i t e s ,  were found to  
c o n t a i n  t h e  g r e a t e s t  c o n c e n t r a t i o n s  o f  Cr, Ni and Cu in  

compar ison w i th  th e  o t h e r  v o l c a n i c  rocks .

The p h o n o l i t i c  n e p h e l i n i t e s  and th e  analc ime p h o n o l i t e s  

show a marked s i l i c a  enrichment over  th e  m e la n e p h e l in i t e s  

and n e p h e l i n i t e s .  This b e h av io u r  i s  coupled w i th  a 

d e c r e a se  i n  th e  c o n c e n t r a t i o n s  o f  Ba, Cr, Ni,  Co and Cu, 
w h i l s t  S r ,  r a r e - e a r t h  e lements ,  (Ce, La and Y), Zr and Ga 
tend  to  i n c r e a s e  i n  c o n c e n t r a t i o n .

The d ive rgence  in  b e h av io u r  o f  Sr and Ba i n  th e  v o l c a n i c  
rocks  from t h a t  observed i n  th e  p l u t o n i c  s e r i e s  i s  n o t e ­

worthy.  S i m i l a r l y ,  the  Sr ,  V and Zn enrichment of  th e  more 
a c m i t i c  pyroxenes  o f  the  l a t e r  p h o n o l i t e s  compares we l l  
w i t h  r e l a t i o n s h i p s  noted  i n  th e  p l u t o n i c  ro c k s .

P é tro g ra p h ie  s tu d y  o f th e  p lu to n ic  rocks showed th a t  

th e  m in e ra ls  m e la n ite , and sphene were developed a t  a l a t e  
s ta g e  in  th e  i j o l i t i c  ro c k s , (C la rk e , I 966 ; S u th e rla n d , 

1966) .  The in c o rp o ra t io n  o f la r g e  c o n c e n tra tio n s  o f  Ti,
V, Zr, Nb, and Zn i n  the  g a r n e t  and sphene,  and l a c k  of  
t h e s e  e lements  i n  o t h e r  major m in e ra l s  s u g g es t s  t h a t  th e se  

e lements  a r e  c o n c e n t r a te d  i n  r e s i d u a l  l i q u i d s  w i th  

c r y s t a l l i s a t i o n  o f  i j o l i t i c  l i q u i d s  under p l u t o n i c  

c o n d i t i o n s .

Similarly, the greater concentration of Zr, V, Zn and 
to a lesser extent Sr in the later developed acmitic 
pyroxene of the ijolites, and the incorporation of large 
concentrations of Ba, and Ga into the feldspar, also a 
late stage mineral of the ijolitic rocks (Clarke, I969), 
would indicate that these elements are also concentrated 
to a large extent in residual'liquids. These elements
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a r e  only  removed from t h e  l i q u i d  i n  a p p r e c i a b l e  amounts 

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

The f e n i t i c  ro c k s ,  which c h a r a c t e r i s t i c a l l y  co n ta in  

l a r g e  c o n c e n t r a t i o n s  o f  Ba, Zr, Ga, Zn and to  a l e s s e r  

e x t e n t  V and T i ,  and Nb, thus  c o n t a i n  an assemblage o f  

t r a c e  e lements  which a re  c h a r a c t e r i s t i c  o f  the  l a t e r  s t a g e s  

o f  i j o l i t i c  l i q u i d s .
The v o l c a n i c  rocks  a r e  t y p i c a l l y  en r iched  i n  Zr, Zn,

Ga, and th e  r a r e - e a r t h  e lements  i n  th e  p h o n o l i t i c  rocks  

r e l a t i v e  to  th e  m e la n e p h e l i n i t e s .  Sr and Ba, however,  

show d i s t i n c t l y  d i f f e r e n t  beh av io u r  to  t h a t  i n  the  p l u t o n i c  

ro c k s ,  t e n d in g  to  be more c o n c e n t r a te d  i n  t h e  e a r ly  

m e l a n e p h e l i n i t e s .  Also,  u n l i k e  th e  p l u t o n i c  n e p h e l in e -  
s y e n i t e s ,  t h e  l a t e r  f e l d s p a r  r i c h  p h o n o l i t e s  a r e  not 
g r e a t l y  en r iched  i n  Ba compared to  the  e a r l i e r  rocks .

4 .8 ,  E vidence fo r  th e  o r ig in  o f  th e  p e r a lk a l in e  ro ck s  and f e n i t e s .
B a i l e y  and S c h a i r e r  (1966) no ted  t h a t  none o f  th e  

u s u a l l y  invoked schemes o f  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f  

b a s a l t  would y i e l d  s t r o n g l y  u n d e r s a t u r a t e d  p e r a l k a l i n e  

( i j o l i t i c )  r e s i d u a l  l i q u i d s .  The absence o f  rocks  o f  

b a s a l t i c  composi t ion  from most o f  th e  p e r a l k a l i n e  igneous 

c e n t r e s  i n  V/. Kenya and E. Uganda would suppor t  t h i s .
No o t h e r  rocks  i n  th e  e a r t h ' s  c r u s t  c o n s i s t e n t l y  

c o n t a i n  such an assemblage of  t r a c e  elements as th e  

p e r a l k a l i n e  s i l i c a t e  rocks .  Thus d e r i v a t i o n  o f  such rocks  

from p a r t i a l  m e l t in g  of  th e  c r u s t ,  o r  by a s s i m i l a t i o n  of  

c r u s t a l  rocks  by ( b a s i c )  magma would appear  u n te n ab le ,

( see  a l s o  Higazy, 1952).
The p l u t o n i c  and v o l c a n i c  rocks  from E. Uganda were 

c o n s id e re d  to  have been  d e r iv ed  from a common p a r e n t  l i q u i d ,  

(King and S u th e r l a n d ,  I966 ) ,  The near  co inc idence  o f  the  
c om pos i t ion  o f  m e la n e p h e l in i t e  and p y r o x e n i t e  l e d  th e se  
a u th o r s  to  s t a t e  t h a t  i t  i s  i n  t h i s  com pos i t iona l  range
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t h a t  th e  immedia te ly  p a r e n t a l  magma i s  to  he sought.

The g r e a t e r  c o n c e n t r a t i o n  o f  Cr and Ni i n  th e  p y r o x e n i t e s  

and m e la n e p h e l in i t e s  compared to  th e  o th e r  p e r a l k a l i n e  

rocks  i s  c o n s i s t e n t  w i th  the  removal o f  t h e s e  elements 

from a p e r a l k a l i n e  l i q u i d  i n  e a r l y  c r y s t a l l i s e d  mafic 

m in e r a l s .  The s e l e c t i v e  c o n c e n t r a t i o n  o f  Cr and Ni i n  

e a r l y  c r y s t a l l i s e d  o l i v i n e ,  pyroxene and i r o n  o re  i n  more 

b a s i c  igneous  rocks  has been demonst ra ted  (v/ager and 

M i t c h e l l , 1951) '  This d a ta  would thus  suppor t  the  f i e l d  
and pe t ro g T ap h ic  ev idence ,  t h a t  th e  e a r l i e s t  formed rock  

tÿpe  was p y r o x e n i t e ,  w i th  i t s  v o l c a n i c  e q u iv a l e n t  

m e la n e p h e l i n i t e .  I t  would thus  appear  p ro b a b le  t h a t  th e  

p a r e n t a l  l i q u i d  to  th e  p e r a l k a l i n e  s i l i c a t e  rocks  was 

m e l a n e p h e l i n i t i c  i n  composi t ion .
The t r a c e  element c h a r a c t e r i s t i c s  of  th e  igneous 

p e r a l k a l i n e  rocks  as a whole from V/, Kenya and E. Uganda 

(abundance o f  Sr ,  Ba, Ga, REE, Zr and Nb and th e  C e -ea r th  

enr ichment  of  a l l  t h e  rocks )  s u g g es t s  a g e n e t i c  r e l a t i o n ­
s h ip  between th e  v o lc a n i c  and p l u t o n i c  ro c k s .  Also th e  
s i m i l a r  c o n c e n t r a t i o n  of  th e  t r a c e  elements i n  the  f e n i t i c  
ro c k s  from t h e s e  complexes i n d i c a t e  t h a t  f e n i t i s i n g  
s o l u t i o n s  a s s o c i a t e d  w i th  p e r a l k a l i n e  vo lcan ism  a re  a l s o  
e n r i c h e d  i n  such t r a c e  e lements .

C on s id e r in g  th e  p l u t o n i c  ro c k  s e r i e s .  King and

S u th e r l a n d  (i960)  noted  two main a s s o c i a t i o n s  o f  rock  
t y p e s .  These were th e  p y r o x e n i t e - m e l t e i j i t e - i j o l i t e -  

u r t i t e  ( i j o l i t i c )  s e r i e s ,  and th e  n e p h e l i n e - s y e n i t e  

s e r i e s  i n c l u d i n g  s y e n i t i c  f e n i t e .

The former i j o l i t i c  s e r i e s  c h a r a c t e r i s t i c a l l y  became 

d e p l e t e d  i n  th e  t r a c e  e lements  Cr, Ni,  Cu and Co from 

p y r o x e n i t e  to  u r t i t e ,  w h i l s t  l a t e r  rocks  were en r iched  

i n  Zr, Ti and Nb, and p o s s i b l y  Sr  and Ba.

This  c o n t r a s t s  w i th  th e  t r a c e  element geochemis try  

o f  th e  n e p h e l in e  s y e n i t e s  a t  t h e s e  complexes, which a r e  
e n r i c h e d  i n  REE (Chapter  2 , F ig u re  2 ) ,  Zr, Ba, Ga and 

Zn r e l a t i v e  to  th e  i j o l i t i c  rocks  (F igure  4 *5 )* The
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s i m i l a r  t r a c e  element d i s t r i b u t i o n  between the  s y e n i t i c  
f e n i t e s  and the  n e p h e l i n e - s y e n i t e s  suggest  t h a t  f e n i t i s i n g  
s o l u t i o n s  have played an impor tan t  p a r t  in  the  fo rmation 
of  the  n e p h e l i n e - s y e n i t e s .

Comparison of the  major element geochemistry  of the  

i j o l i t i c  rocks  and p h o n o l i t i c  rocks  showed the  p lu to n ic  
and v o lc a n ic  rocks  to  d i s p la y  markedly d iv e rg en t  t r en d s ,  
(King and Su the r land ,  I966) .  The i j o l i t i c  rocks  a lone 
showed a marked enrichment i n  Ca, w h i l s t  the  p h o n o l i t i c  

rocks  were enr iched  in  Si in  l a t e r  p h o n o l i t e s ,  and were 
c h a r a c t e r i s e d  by a c r y s t a l l i s a t i o n  sequence in  which the  
c r y s t a l l i s a t i o n  of  nephel ine  was u l t i m a t e l y  jo ined  by 
a l k a l i  f e l d s p a r .  The p h o n o l i t i c  rocks from E. Uganda 
were regarded  as c r y s t a l l i s a t i o n - d i f f e r e n t i a t i o n  p roducts  
of  a n e p h e l i n i t i c  magma. Confi rmation of the  p o s s i b i l i t y  
of producing  such l i q u i d s  from i n i t i a l  n e p h e l i n i t i c  
composi t ions  by f r a c t i o n a l  c r y s t a l l i s a t i o n ,  was obta ined 
by B a i ley  and S c h a i re r  (1966) i n  the  s y n th e t i c  system 

NagO-AlgOj-FegO^-SiOg.
The g en e ra l d ec rease  in  c o n c e n tra tio n  o f Cr, Ni, Cu,

Co, Sr and Ba and in c re a se  in  th e  c o n c e n tra tio n s  o f REE,
Ga, Zr, Zn and Pb in  th e  s e r ie s  m e la n e p h e lin ite -p h o n o lit ic  
n e p h e lin ite -a n a lc im e  p h o n o lite , in d ic a te s  th a t  th e se  rocks 
a re  r e la te d  to  a scheme o f f r a c t io n a l  c r y s t a l l i s a t i o n  
which c o n tr a s ts  w ith  th a t  observed in  th e  p lu to n ic  rock 

s e r i e s .
Also th e  c o n t r a s t i n g  t r a c e  element d i s t r i b u t i o n s  between 

th e  p h o n o l i t i c  rocks  and t h e i r  p lu t o n i c  c o u n te r p a r t s ,  the  
n e p h e l i n e - s y e n i t e s ,  sugges ts  t h a t  th e se  rock  types a re  of 
d i f f e r e n t  o r i g i n .

4 . 9 . C onclusions.
The p e ra lk a l in e  s i l i c a t e  ro ck s  and f e n i t e s ,  ty p ic a l ly  

th e  p lu to n ic  ro ck s , a re  he terogeneous in  m ineralogy, and 

hence in  t h e i r  t r a c e  elem ent geochem istry . D esp ite  the
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i n h e r e n t  v a r i a t i o n  i n  t r a c e  element  d i s t r i b u t i o n ,  s e v e r a l  

geochemical f a c t o r s  common to  a l l  ro ck s ,  and a l s o  common 

to  i n d i v i d u a l  p é t r o g r a p h i e  groups have become ap p a ren t .

These may be summarised as f o l l o w s : -
(1) A l l  t h e  p l u t o n i c  and v o l c a n i c  p e r a l k a l i n e  igneous  

rocks  a r e  c h a r a c t e r i s t i c a l l y  en r iched  i n  Sr ,  Be., REE, Nb,

T i ,  and V, and d e p le t e d  i n  th e  elements  Cr, Ni, Cu and Co. 

These e lements  a r e  p r e s e n t  f o r  th e  most p a r t  as i s^orphous  
s u b s t i t u t e d  e lements  i n  th e  c r y s t a l  l a t t i c e s  o f  the  major 

and a cc e s s o ry  m in e ra l s  o f  t h e s e  rocks .  The g r e a t e r  

c o n c e n t r a t i o n  of  th e  l a t t e r  e lements  in  th e  p y ro x e n i t e s  

and m e l a n e p h e l i n i t e s ,  would i n d i c a t e  t h a t  t h e s e  rocks  were 

formed e a r l y  i n  th e  c r y s t a l l i s a t i o n  h i s t o r y  o f  the  

p e r a l k a l i n e  l i q u i d s .
(2) D i f f e r e n c e s  i n  th e  d i s t r i b u t i o n s  o f  t r a c e  elements

n
i n  th e  vo lcano  and p l u t o n i c  s e r i e s ,  p a r t i c u l a r l y  i n  th e  Sr 
and Ba c o n c e n t r a t i o n  would i n d i c a t e  t h a t  th e  two s e r i e s  have 
fo l low ed  d i f f e r e n t  courses  of c r y s t a l l i s a t i o n ,  g iv in g  

r e s i d u a l  f l u i d s  o f  d i f f e r i n g  composi t ion .

(5) The f e n i t i c  rocks  c o n t a i n  l a r g e  c o n c e n t r a t i o n s  of  
Ba, Sr ,  REE and Zr,  and l e s s  abundant Ti ,  Nb and V. The 

absence  o f  such c o n c e n t r a t i o n s  of  th e s e  e lements  from 
u n f e n i t i s e d  basement l e ad s  to  t h e  co n c lu s io n  t h a t  t h e s e  

e lem ents  a r e  i n t r o d u c e d  in to  coun t ry  rock  by f e n i t i s i n g  

s o l u t i o n s ,
(4) The s i m i l a r i t i e s  o f  th e  t r a c e  element  d i s t r i b u t i o n  

w i t h i n  t h e  n e p h e l i n e - s y e n i t e s  and th e  s y e n i t i c  f e n i t e s  

from 17. Kenya and E. Uganda show t h a t  f e n i t i s i n g  

s o l u t i o n s  have p layed  an im p o r tan t  p a r t  i n  th e  o r i g i n  

o f  b o th  t h e s e  ro c k s .
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C H A P T E R  F I V E .

Comparative geochemis t ry  of  C a r b o n a t i t e  and 

S i l i c a t e  Rocks from 17. Kenya and E. Uganda, 

and d i s c u s s i o n  on th e  o r i g i n s  of  t h e s e  rocks .

5 .1 .  I n t r o d u c t i o n .

This  f i n a l  c h a p te r  i s  in te n d e d  to  express  th e  conc lu s io n s  

reached  by th e  a u th o r  i n  th e  p re c ed in g  s tudy ,  and i s  based  on 

th e  geochemical  d a t a  as a whole,  p r e s e n te d  i n  t h i s  t h e s i s .

Comparisons a r e  drawn between s i m i l a r  d a t a  from complexes 

o u t s i d e  Eas t  A f r i c a ,  and th e  r e l a t i o n s h i p s  between th e  v a r i o u s  

ro ck  ty p es  w i t h i n  th e  complexes o f  17. Kenya and E, Uganda a r e  
d i s c u s s e d .

The aim th roughou t  t h i s  s tudy  has been to  sample th e  

c a r b o n a t i t e s  and r e l a t e d  p e r a l k a l i n e  s i l i c a t e  rocks  and 
f e n i t e s  (and m in e ra l s  w i th in  t h e s e  ro c k s ) ,  i n  o rd e r  to  

geochemical ly  c h a r a c t e r i s e  each major  p é t r o g r a p h i e  ro c k  ty p e .  

This  has i n e v i t a b l y  l e d  to  seemingly he te rogeneous  

d i s t r i b u t i o n s  of  t r a c e  e lements  w i t h i n  th e  s i n g l e  p é t r o g r a p h i e  

groups ,  due e s s e n t i a l l y  to  th e  s p o ra d ic  o ccu r rence  of  

a c c e s s o ry  and r a r e  m in e ra l s  w i t h i n  the  ro ck s .  Two examples 

of  such b e hav iou r  a r e  shown by p y ro c h lo re  i n  th e  

c a r b o n a t i t e s ,  and sphene i n  t h e  s i l i c a t e  ro c k s .

Such sampl ing o f  broad p é t r o g r a p h i e  g roups ,  based  on 

a  r e l a t i v e l y  sm al l  number o f  samples of  o f t e n  he terogeneous  

rocks  could,  and o f t e n  does l e a d  to  e r roneous  conc lus ions  

r e g a r d i n g  th e  d i s t r i b u t i o n s  o f  t r a c e  e lements  w i t h i n  th e  

r o c k  s e r i e s .  The a u th o r  i s  thus  aware t h a t  a n a ly s e s  of  

c a r b o n a t i t e s  and p e r a l k a l i n e  rocks  i n  t h e  f u t u r e  may w e l l  

r e f i n e  t h i s  d a t a  and le ad  to  b e t t e r  and wider  c h a r a c t e r i s a t i o n  

of  th e  d i s t r i b u t i o n s  o f  t r a c e  e lements  w i t h i n  th e s e  ro ck s .

V a r i a t i o n s  i n  c o n c e n t r a t i o n  o f  i n d i v i d u a l  elements w i t h i n
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t h e  p é t r o g r a p h i e  groups has been expressed  i n  th e  t e x t  as 

geom et r ic  means and ranges  o f  c o n c e n t r a t i o n  o f  each element 

f o r  each ro c k  type .  This was done i n  o rd e r  to  show th e  

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

number o f  samples,  as w e l l  as the  most p r e v a l e n t  l e v e l  of  

c o n c e n t r a t i o n ,  expressed  as th e  geom etr ic  mean.

From t h e s e  p a ram e te r s ,  g e n e r a l i s e d  r e l a t i v e  f e a t u r e s  o f  
d e p l e t i o n  and c o n c e n t r a t i o n  o f  each element i n  th e  v a r io u s  

rocks  became a p p a r en t .

5 .2 .  (a)  The c a r b o n a t i t i c  ro c k s .

In  Chapters  2 and 3 > the  d i s t r i b u t i o n s  o f  21 t r a c e  

e lements  and 5 major elements (Fe,  IIg, Iln, Ti and Al) in  
c a r b o n a t i t i c  rocks  from VA Kenya and E. Uganda were 

i n v e s t i g a t e d .  Thtse  s t u d i e s  showed t h a t  th e  c a r b o n a t i t e s  

were en r ich ed  in  th e  elements Ba, Sr, REE, Kb, Mn, Fe and 
to  a l e s s e r  e x te n t  Zn, Ti ,  Zr and V. The r a r e - e a r t h  
elements  were t y p i c a l l y  C e-ea r th  en r iched  w i th  Ce/Y in  
some cases  b e in g  g r e a t e r  than  ICO.

The elements  Cr, Hi, Cu, ?b,  Sn, Li ,  Mo, Ga, Ge, and 
Ag were r a r e l y  p r e s e n t  i n  c o n c e n t r a t i o n  g r e a t e r  than  lOppm 

in  th e  c a r b o n a t i t e s .  However, Ga, and ?b were found in  

much g r e a t e r  c o n c e n t r a t i o n s  in  f e l d s p a t h i s e d  country  rock  

a d j a c e n t  to  th e  c a r b o n a t i t i c  i n t r u s i o n s .
The c a r b o n a t i t i c  rocks  a l so  showed an enrichment i n  the  

e lements  Ba, Fc, Mn, REE, and Zn i n  th e  a l v i k i t e s  r e l a t i v e  

to  s o v i t e ,  w h i l s t  Sr was r e l a t i v e l y  d e p le t ed  i n  the  

a l v i k i t e s .  The f e r ru g in o u s  a l v i k i t e s  con ta ined  the  
g r e a t e s t  c o n c e n t r a t i o n  o f  Fe,  Eh, Ba, C e - ea r th  e lements  and 

Zn, w h i l s t  V and Eo were l o c a l l y  c o n c e n t r a te d  i n  th e se  ro c k s .

The c a r b o n a t i t i c  b r e c c i a s  and m e l i l i te -pseudom orph  

c a r b o n a t i t e s  a l s o  con ta ined  a c h a r a c t e r i s t i c  assemblage o f  

t r a c e  e lem en ts ,  which were c h a r a c t e r i s t i c  o f  th e  c a r b o n a t i t e s  
p r o p e r  ( s o v i t e ,  a l v i k i t e  and f e r r u g i n o u s  a l v i k i t e ) .  S i m i l a r l y ,  
th e  m e l i l i t e -p se u d o m o rp h  c a r b o n a t i t e s ,  i n t r u d e d  a t  a l a t e
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s t a g e  i n  th e  development o f  the  Homa Mountain complex, 

showed marked s i m i l a r i t y  i n  t r a c e  element d i s t r i b u t i o n s  

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

(b) The p e r a lk a l in e  s i l i c a t e  rocks and f e n i t e s .

The s i l i c a t e  rocks  a s s o c i a t e d  w i th  c a r b o n a t i t e s  show 

a v e ry  s i m i l a r  assemblage of  t r a c e  elements to  the  
c a r b o n a t i t e s .

The e lements  Cr, Hi, Cu, and Co a re  no t  p r e s e n t  i n  

c o n c e n t r a t i o n s  g r e a t e r  th an  lOCppm in  most s i l i c a t e  rocks ,  

however t h e s e  e lements  were most c o n c e n t r a te d  i n  the  

m e l a n e p h e l i n i t e s  and p y ro x e n i t e s  r e l a t i v e  to  o th e r  rocks  
a n a ly s e d  i n  t h i s  s tu d y .  In  a l l  t h e  rocks  Ti and V always 

exceeded th e  c o n c e n t r a t i o n s  o f  Cr, Hi, Cu and Co.

As i n  the  c a r b o n a t i t e s  t h e r e  i s  an abundance of  Ba, Sr 
and r a r e - e a r t h  e lements .  The r a r e - e a r t h s  a r e  always 
C e - e a r th  e n r ich ed .  Nb, Ti and to  a l e s s e r  e x te n t  V a re  

e n r ic h ed  i n  th o se  rocks  which c o n ta i n  m e la n i t e  g a rn e t  and 
sphene ,  w h i l s t  Zr and Ga a r e  p r e s e n t  i n  much g r e a t e r  
c o n c e n t r a t i o n  i n  t h e  s i l i c a t e  rocks  than  i n  th e  c a r b o n a t i t i c  

ro c k s .
C o n s id e r in g  th e  r e l a t i o n s h i p s  between th e  v a r io u s  ro ck  

t y p e s ,  i t  i s  a p p a ren t  t h a t : -

(1) The rocks  o f  p y r o x e n i t i c  ( m e l a n e p h e l i n i t i c )  
com pos i t ion  c o n t a i n  and g r e a t e s t  c o n c e n t r a t i o n  o f  those  

e lem ents  u s u a l l y  removed from more b a s i c  magmas i n  e a r l y  

c r y s t a l l i s e d  mafic  f u n e r a l s ,  and thus  r e p r e s e n t  the  e a r l i e s t  

formed ro ck s .

(2) The m e la n i t e  i j o l i t e s ,  c o n ta i n in g  m e la n i te  and sphene 

which were demonst rably  l a t e r  th a n  the  n e p h e l in e  and pyroxene 

i n  t h e  i j o l i t e s ,  a r e  enr iched  i n  T i ,  Zr, Nb and Y, which 

s u g g e s t s  t h a t  th e s e  elements a re  co n ce n t ra te d  i n  l a t e r  

r e s i d u a l  i j o l i t i c  l i q u i d s .

(3) The n e p h e l i n e - s y e n i t e s  a r e  en r iched  i n  the  e lements  

Ba, Zr, REE and Ga. The l a t t e r  elements a r e  a l s o  c o n c e n t r a te d
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to  s i m i l a r  e x t e n t  i n  the  s y e n i t i c  f e n i t e s ,  which i n d i c a t e s  

a g e n e t i c  r e l a t i o n s h i p  between n e p h e l i n e - s y e n i t e  and 

f e n i t i s i n g  s o l u t i o n s .

(4) The l a t e r  p h o n o l i t i c  rocks  a re  en r ich ed  i n  Sr  and 

r e l a t i v e l y  d e p l e t e d  i n  Ea i n  compar ison w i t h  t h e i r  p l u t o n i c  

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

(c)  The r e l a t i o n s h i p  between th e  t r a c e  element d i s t r i b u t i o n s  

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

rocks  from W. Kenya and 5 . Uganda.
The c a r b o n a t i t e s  and r e l a t e d  s i l i c a t e  rocks  show a number 

of  f a c t o r s  i n  common, as r e g a rd s  t r a c e  element d i s t r i b u t i o n s ,  
i t  i s  t h e s e  f a c t o r s  which a r e  c h a r a c t e r i s t i c  o f  a l k a l i n e  

vo lcan i sm  as a whole (H e in r ich ,  I966; vanUambeke, 1964» Temple 

and Grogan, (1965); E r ikson  and Blade,  1963).
These f a c t o r s  may be summarised thus
A l l  th e  rocks  l a c k  the  e lements  Cr, Ni, Co and Cu and 

c o n t a i n  much g r e a t e r  c o n c e n t r a t i o n s  of  V and Ti .

Both th e  c a r b o n a t i t e s  and r e l a t e d  s i l i c a t e  rocks  c o n ta in  
an assemblage o f  c h a r a c t e r i s t i c  t r a c e  e lements ,  (S r,  Ba, REE,
Nb, Zr) a l th o u g h  c o n s id e r a b l e  v a r i a t i o n  i n  c o n c e n t r a t i o n s  o f  

t h e s e  e lements  i s  apparen t  i n  t h e s e  rocks .

A l l  th e  rocks  a r e  C e -ea r th  e n r ich ed ,  d e s p i t e  g r e a t  

v a r i a t i o n  i n  minera logy i n  th e  rocks  as a whole.
As s t a t e d  above, g r e a t  v a r i a t i o n  in  c o n c e n t r a t i o n s  of  

i n d i v i d u a l  e lements  between the  v a r io u s  p é t r o g r a p h ie  rock  

types  a r e  a p p a r e n t .
The g e n e r a l ly  g r e a t e r  c o n c e n t r a t i o n  o f  t h e  r a r e - e a r t h  

e lements  (REE) i n  t h e  c a r b o n a t i t e s  was noted  in  Chapter 2 , 

w h i l s t  t h e  extreme c o n c e n t r a t i o n s  of  th e s e  e lements  were a l s o  

found i n  th e  l a t e  s t a g e  c a r b o n a t i t e s .
S i m i l a r l y ,  th e  g r e a t e s t  c o n c e n t r a t i o n s  o f  Sr were no ted  

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

o f  Nb were found c o n s i s t e n t l y  i n  th e  a l v i k i t e s ,  and Ba was 

most c o n c e n t r a t e d  w i th  REE, Fe and Mn i n  th e  l a t e r  f e r ru g in o u s  

a l v i k i t e s .
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p pyroxenite
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1 Ijolite
mi melanite ijolite
fi feldspathic ijolite
n s repheline-syem te
f fen ite
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Fig. 51 . Relative proportions of S r .B o A Z e . Cr+Ni.V and Z r  in carb o n a tites  and related 

s i l ic a te  rocks from W Kenya and E Uganda The fields of pyroxenite, ijolite 

(including m elanite ijolite, feldspathic ijolite and u rtite  ), n ep h e lin e -sy e n ite , fe n ite , 

analc im e-p h o n o lite  , phonolite  and carbonatite  ( sovite, alvikite and ferrug inous 

a l v i k i t e )  a re  stx>vn.
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In  c o n t r a s t  to  th e s e  o b s e r v a t i o n s ,  Zr and to  a l e s s e r  

e x t e n t  V and Ti ,  a r e  p r e s e n t  i n  g r e a t e r  c o n c e n t r a t i o n s  i n  

th e  p e r a l k a l i n e  s i l i c a t e  rocks  and f e n i t e s .
The d i s t r i b u t i o n  o f  t r a c e  e lements  between the  v a r io u s  

r o c k  ty p e s  found a t  the  c a r b o n a t i t i c  complexes i n  W. Ker^a 

and S. Uganda i s  summarised i n  F ig u re  5 *1 » where Sr+Ba-*-Ce, 
V+Cr+Ni, and Zr have been c a l c u l a t e d  and p l o t t e d  f o r  a l l  

a n a ly s e d  ro ck s ,  on a t r i a n g u l a r  diagram.

The c a r b o n a t i t e s  a r e  d i s t i n g u i s h e d  from th e  s i l i c a t e  

ro c k s  i n  c o n ta i n in g  th e  g r e a t e s t  r e l a t i v e  amounts o f  

Ce+Sr+Ba, and n e g l i g i b l e  c o n c e n t r a t i o n s  of  Cr, Ni, V and 

Zr.  The i j o l i t i c  ro c k s ,  e s p e c i a l l y  the  p y r o x e n i t e s ,  

c o n t a i n  much g r e a t e r  c o n c e n t r a t i o n s  of  Cr+Ni+V, w h i l s t  

t h e  n e p h e l i n e - s y e n i t e s ,  and f e n i t e s  a r c  more en r iched  in  

Sr+Ba+Ce than  th e  i j o l i t i c  ro c k s ,  and show a wide range 
o f  r e l a t i v e  c o n c e n t r a t i o n s  o f  Zr, and l i t t l e  Cr+Ni+V.
The analc ime p h o n o l i t e s  a re  most enr iched  i n  Zr compared 

to  o t h e r  t r a c e  e lem ents .

3 .3 .  O r ig in  o f  th e  p e r a l k a l i n e  s i l i c a t e  rocks  and c a r b o n a t i t e s .
The r e l a t i o n s h i p s  between t h e  p e r a l k a l i n e  s i l i c a t e  rocks  

and t h e  c a r b o n a t i t e s  has been d i s c u s s e d  a t  l e n g t h  i n  th e  

l i t e r a t u r e ,  and remains  c o n t r o v e r s i a l ,  ( e . g .  King, I 9 6 3 ;

King and S u th e r l an d ,  I 9 6 6 ; H e in r ic h ,  1 9 6 6 ; T u t t l e  and 

G i t t i n s ,  1966) .

Two main t h e o r i e s  concern ing  th e  o r i g i n s  of  the  

p e r a l k a l i n e  s i l i c a t e  rocks  and c a r b o n a t i t e s  have been 

summarised by H e in r ich ,  ( 1 9 6 6 , p . 2 8 9 ) » B r i e f l y  th e se  

r e q u i r e  t h a t  -

(a)  C a r b o n a t i t e  i s  a p r im ary  magma, and th e  p e r a l k a l i n e  

s i l i c a t e  rocks  a r e  produced by r e a c t i o n  o f  t h i s  magma w i th  

co u n t ry  rock  to  g ive  f e n i t e ,  u l t r a f e n i t e ,  which a re  

r e m o b i l i s e d  to  produce i n t r u s i v e  p e r a l k a l i n e  s i l i c a t e  

r o c k s .
(b) The i n i t i a l  çiagma was mafic  o r  u l t r a m a f i c  i n  

com pos i t ion ,  end c a r b o n a t i t e  i s  a d i f f e r e n t i a t e  o f  t h i s
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magma. The composi t ion  o f  th e  p a r e n t  magma has been 

v a r i o u s l y  sugges ted  to  be a l k a l i - p e r i d o t i t e ,  p y ro x e n i t e ,  

k i m b e r l i t e ,  i j o l i t e ,  n e p h e l i n i t e ,  p e r i d o t i t e .
The c o n c e n t r a t i o n  o f  Cr, Ni,  and Co i n  th e  e a r ly  

i n t r u d e d  s i l i c a t e  rocks  ( p y r o x e n i t e  and m e la n e p h e l i n i t e ) ,  

and absence  o f  th e s e  elements i n  f e n i t e s  and n e p h e l in e -  

s y e n i t e s  and c a r b o n a t i t e s  p ro v id e s  evidence f o r  the  

o r i g i n  o f  t h e s e  rocks  by c r y s t a l l i s a t i o n - d i f f e r e n t i a t i o n  
of  an u n d e r s a t u r a t e d  p e r a l k a l i n e  l i q u i d ,  r a t h e r  than  by 

p a r t i a l  m e l t in g  o f  f e n i t e  or  u l t r a f e n i t e .  I t  has thus  

been sugges ted  ( see  Chapter 4 ) t h a t  the  i j o l i t i c  ro ck s ,  

and p o s s i b l y  th e  v o l c a n i c  e q u iv a l e n t s  of t h e s e  rocks ,  

th e  m e l a n e p h e l i n i t e - n e p h e l i n i t e  ro ck s ,  o r i g i n a t e d  by 
c r y s t a l l i s a t i o n  d i f f e r e n t i a t i o n  of  an u n d e r s a tu r a t e d  

l i q u i d ,  a t  t h e  complexes i n  VA Kenya and E. Uganda.

The s i m i l a r i t y  o f  th e  t r a c e  element d i s t r i b u t i o n s  in  
th e  f e n i t e s ,  and th o se  found in  t h e  n e p h e l i n e - s y e n i t e s ,  
however,  has l ed  to  th e  co n c lu s io n  t h a t  t h e s e  rocks 
r e p r e s e n t  r e m o b i l i s e d  f e n i t e s ,  o r  u l t r a f e n i t es .  The 

sou rce  o f  th e  f e n i t i s i n g  s o l u t i o n s  must l i e  w i t h i n  the  
p e r a l k a l i n e  l i q u i d  o r  the  c a r b o n a t i t i c  l i q u i d ,  due to  

t h e  abundance of  t r a c e  e lements  which were t r a n s p o r t e d  
a long w i t h  f e n i t i s i n g  s o l u t i o n s .

The f e l d s p a t h i s a t i o n  around c a r b o n a t i t e  i n t r u s i o n s  

and ap p a ren t  absence of  a e g i r i n e  in  th e se  r o c k s ,  would 

sugges t  t h a t  most N a - f e n i t i s i n g  s o l u t i o n s  a r e  evolved 

from i j o l i t i c  l i q u i d s .

The complete c o n t r a s t  between th e  minera logy  o f  the  

c a rb o n a te  and s i l i c a t e  rocks  makes comparison o f  t r a c e  
element d i s t r i b u t i o n s  between th e  two rock  types  

d i f f i c u l t .
King, however, ( I 9 6 3 ) , no ted  t h a t  c a l c i t e  was o f t e n  

p r im ary  l a t e - s t a g e  m ine ra l  i n  th e  i j o l i t i c  rocks  and t h a t  
th e  a cc e sso ry  m in e ra l s  o f  the  c a r b o n a t i t i c  rocks  were 
o f t e n  " th o se  which c h a r a c t e r i s e  t h e  l a t e  s i l i c a t e  ro c k s " .
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On the  o t h e r  hand, t h e  absence  o f  c a r b o n a t i t i c  

m in e ra l s  such as p y ro c h lo re  from the  i j o l i t i c  rocks  

l ends  su ppor t  to  an argument t h a t  c a r b o n a t i t i c  l i q u i d s  

were s e p a r a t e  from th e  p e r a l k a l i n e  s i l i c a t e  m el ts  du r ing  

th e  fo rm a t io n  o f  t h e s e  complexes.  S i m i l a r l y ,  th e  t r a c e  

element  geochemis t ry  would i n d i c a t e  no rocks  t r a n s i t i o n a l  

between i j o l i t e  and c a r b o n a t i t e .

I t  i s  a ls o  d i f f i c u l t  to  en v isag e  a c a r b o n a t i t i c  ’f l u i d ’ , 

composed o f p redom inan tly  c a rb o n a te s , b e in g  a r e s id u a l  

l i q u id  a f t e r  c r y s t a l l i s a t i o n  o f i j o l i t e ,  u n le s s  th e  

c a r b o n a t i t e s  a re  o f hydro therm al o r ig in .  V /atkinson,

(1970)» however, no ted  t h a t  f r a c t i o n a t i o n  o f  l i q u i d s  i n  
th e  s y n t h e t i c  system NaAlSiO^-CaCO^-E^O a t  1 k b a r  could 

l e a d  from l i q u i d s  p r e c i p i t a t i n g  nepheline ,  and m e l i l i t e  
p lu s  n e p h e l in e  to  l i q u i d s  p r e c i p i t a t i n g  p redom inan t ly  
c a l c i t e .

I t  has been  dem onstrated  p re v io u s ly  th a t  th e  c a r b o n a t i te s  
from *7. Kenya and E. Uganda a re  o f  magmatic o r ig in ,  ( Dixon,

1969);  FIegg, (1969).
A mechanism f o r  such c o n d i t i o n s  to occur ,  would be 

f o r  c a rb o n a te  and p e r a l k a l i n e  s i l i c a t e  l i q u i d s  to  c o e x i s t  
as im m isc ib le  l i q u i d s ,  one c a r b o n a te ,  th e  o t h e r  s i l i c a t e  
m e l t .  S y n th e t i c  m el ts  i n  t h e  sys tem NsAlSi^O^- Na^CO^- 

H^O (van Groos and U y l l i e ,  I968) were shown to  c o n ta in  
im m isc ib le  ca rb o n a te  and s i l i c a t e  l i q u i d s  c o e x i s t i n g  w i th  

vapour ,  under c o n d i t io n s  o f  h igh  p_„ .CUg

The r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  o f  Sr ,  Ba, REE, and 

Nb i n  t h e  c a r b o n a t i t e s  compared to  th e  i j o l i t i c  rocks  sugges t  

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

o f  c h a r a c t e r i s t i c  t r a c e  e lements  i n  b o th  s i l i c a t e  and 

c a r b o n a te  rocks  and the  g e n e r a l l y  g r e a t e r  c o n c e n t r a t i o n  o f  

t h e s e  e lements  i n  c a r b o n a t i t e s ,  could  be  e x p la in ed  on the  

b a s i s  o f  c r y s t a l l i s a t i o n - d i f f e r e n t i a t i o n  of ca rb o n a te  r i c h  
p e r a l k a l i n e  l i q u i d ,  l e a d i n g  i n  t h e  l a t e r  s t a g e s  o f
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d i f f e r e n t i a t i o n  to  l i q u id  im m is c ib i l i ty  o f  th e  s i l i c a t e  

and c a rb o n a te  magmas.
The c a r b o n a t i te s  were shown to  b e lo n g  to  a  f r a c t i o n a t io n  

s e r i e s  c h a r a c te r is e d  by in c re a s in g  c o n c e n tra t io n  o f  REE, Ba, 

Fe, lÆn, and Zn and d e c re a s in g  Sr which co in c id ed  w ith  th e  

o rd e r  o f  i n t r u s io n  o f  th e  c a r b o n a t i t e s .  Fb and T i were 

g e n e ra l ly  more abundant in  th e  " in te rm e d ia te "  c a r b o n a t i t e s ,  

th e  a l v i k i t e s .
The a l v i k i t e s  and fe rru g in o u s  a l v i k i t e s  th u s  r e p re s e n t  

th e  f i n a l  p ro d u c ts  o f  igneous a c t i v i t y  a t  th e s e  com plexes, 

marked by th e  appearance  o f  N b -rich  p y ro c h lo re , and r a r e -  

e a r th  m in e ra ls  in  th e s e  ro c k s .

5 .4  Comparison o f  th e  t r a c e  e lem ent d i s t r i b u t i o n s  o f  c a r b o n a t i te s  
and p e r a lk a l in e  ro c k s , w ith  th e  d i s t r i b u t i o n  o f  t r a c e  e lem ents 

in  o th e r  igneous ro c k s .
In  T able 5 .1  th e  geo m etric  means o f  t r a c e  and m inor 

e lem ents in  i j o l i t e ,  n e p h e lin e - s y e n ite  and c a r b o n a t i te  
( a l v i k i t e )  from  complexes in  W. Kenya and E. Uganda a re  

compared w ith  "av erag e"  abundances f o r  th o se  e lem en ts in  

u l t r a b a s i c  ro c k s  (V inogradov, I 96I ;  T u rek ian  and Wedepohl, 

1961) ;  b a s ic  ro ck s  (V inogradov, I 96I ;  T u rek ian  and Wedepohl, 
1961) ,  and Ca-poor and C a -r ic h  a c id  ro ck s (T u rek ian  and 

Wedepohl, I 96I ) .  These ro ck s  a re  a ls o  compared w ith  th e  
"av erag e"  n e p h e lin e - s y e n ite  g iv e n  by Gerasim ovsky e t  a l ,

( 1966) f o r  th e  Lovozero A lk a li  m a ss if . Kola p e n in s u la r  

U .S .S .R .

I t  i s  a p p a ren t from  T able 5*1 th a t  th e  i j o l i t i c  and 

n e p h e l in e - s y e n i te  ro ck s  a re  more en rich ed  in  th e  e lem ents 

Ba, Be, Ga, L i, Nb, S r , Zn, Zr and Pb and REE r e l a t i v e  to  

b o th  b a s a l t i c  and a c id  igneous ro c k s . The Lovozero 

n e p h e l in e - s y e n i te  i s ,  however, more e n ric h ed  in  Zr and 

Nb and Ree, and d e p le te d  in  Ba and Sr compared to  th e  

i j o l i t i c  and n e p h e l in e - s y e n i te s  from  W. Kenya and E. Uganda.
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This i s  p o s s ib ly  due to  th e  f a c t  th a t  th e  Zr and Nb 

en rich ed  m e la n i te - i , jo l i te s  have no t been in c lu d ed  w ith  
th e  i j o l i t e s  from E ast A frica .

Comparison o f th e  geochem ical c h a r a c te r i s t i c s  o f th e  
s i l ic a - u n d e r s a tu r a te d  rocks a s s o c ia t io n  w ith  rocks o f b a s a l t i c  
com position  from ocean ic  is la n d s  (n e p h e l in i te s ,  m e l i l i t i t e s ,  

e t c . )  (Green and Ringwood, I 967) ,  and th e  p e ra lk a l in e  rocks 
analy sed  in  th i s  s tudy  show s i m i l a r i t i e s  in  b o th  t r a c e  and 
m ajor e lem en t.d i s t r ib u t io n s .  Both rock  s e r ie s  a re  en riched  
in  a l k a l i  e lem ents, Sr, Ba, Nb, REE, Zr, and Zn, and a re  
d e p le te d  in  Cr, N i, Co and Cu r e l a t i v e  to  t h o l e i t i c  b a s a l t .  
S im ila r ly  b o th  ro ck  types a re  C e-ea rth  en rich ed .

Green and Ringvood ( 1967) ,  regarded  th e  c o n c e n tra tio n  o f 
r a r e  elem ents and o v e ra l l  enrichm ent in  C e-ea rth s  in  th e  
a lk a l in e  la v as  as be ing  too extrem e fo r  th e se  rocks to  have 
been d eriv ed  from f r a c t io n a t io n  o f b a s a l t .  They suggested  
th a t  magma g en era ted  in  th e  m antle cooled by w all rock  
r e a c t io n  in  th e  m antle , where th e  teç ip era tu re  o f  th e  
su rro u n d in g  rock  was only a l i t t l e  le s s  than  th a t  o f th e  
magma. Wall rock  re a c t io n  was re sp o n s ib le  fo r  s o lu tio n  
o f  low m eltin g  components from th e  w all ro ck , and fo r  th e  
in c o rp o ra t io n  o f th e se  in to  th e  magma, a p ro cess  r e la te d  

to  zone r e f in in g  (H a rr is , 1957). The lov/ tem pera tu re  
m e ltin g  components, co n ta in in g  ’in c o m p a tib le ’ elem ents 
were co n sid e red  by Green and Ringwood to  be p re se n t in  
such phases as a p a t i t e  and M g-ilm enite  and p h lo g o p ite  
in  th e  m antle . The p resence  of g re a te r  c o n ce n tra tio n s  
o f  in co m p atib le  elem ents in  th e  a lk a l in e  rocks was 
a t t r i b u t e d  to  such p ro cesses  a f f e c t in g  magma, which was 
g e n e ra te d  in  th e  m antle , and which gave u n d e rsa tu ra te d  
la v a s  on e x tru s io n .

Prom experim en tal c o n s id e ra tio n s  in  th e  s y n th e t ic  
system  Na^O-AlgO^-SiO^-Pe^O^ a t  1 k b a r p re s su re , and 
from f i e l d  r e la t io n s h ip s ,  B a iley  and S c h a ire r , ( I 966) ,
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showed th a t  none of th e  u su a lly  invoked scheme of 
f r a c t io n a t io n  o f b a s a l t  would y ie ld  s tro n g ly  under­
s a tu ra te d  (p e ra lk a lin e )  i j o l i t i c  r e s id u a l  l iq u id s .
This s ta tem en t i s  supported  by th e  alm ost com plete 
absence o f rocks o f b a s a l t i c  com position from th e  
complexes o f W. Kenya and E. Uganda. I t  was suggested  
by th e se  au th o rs  th a t  i j o l i t e  and c a rb o n a ti te  o r ig in a te d  
in  th e  m antle as low -tem peratu re  p a r t i a l  m elts  o f m antle 
m a te r ia l .  More re c e n tly  Le Bas, (l97 l)>  and B a iley ,
( 1969) ,  concluded th a t  ’d eg ass in g ' o f th e  m antle  beneath  

th e  co n tin e n t o f A frica  had g iven r i s e  to  th e  p e ra lk a lin e  
v o lc a n ic  rocks ty p ic a l ly  found in  W. Kenya and E. Uganda.

The assem blage o f t r a c e  elem ents p re se n t in  the  
p e ra lk a lin e  p lu to n ic  and v o lc a n ic  rocks show th a t  th e se  

rocks co n ta in  c o n c e n tra tio n s  o f th o se  elem ents norm ally 
co n sidered  to  be p re se n t in  in com patib le  elem ents in  th e  
m antle m in e ra ls . These would be co n cen tra ted  in  low 

tem pera tu re  p a r t i a l  fu s io n  p ro d u c ts  o f m antle m a te r ia l .
The concentration of trace and major elements, and 
fractionation of rare-earth elements to Ce-earth enriched 
compositions, could thus be accounted for by means other 
than that of sialic contamination.

The problem of th e  r e s t r i c t i o n  o f c a r b o n a t i t ic  igneous 

a c t i v i t y  to  s ta b le  c o n tin e n ta l  b lo ck s , and absence o f 
th e se  rocks from ocean ic  a re a s  rem ains p ro b lem atic . 
L ikew ise, i t  would be d i f f i c u l t  to  o b ta in  c o n c e n tra tio n  
o f sm all volumes o f s i l i c a  u n d e rsa tu ra te d  l iq u id  deriv ed  

by p a r t i a l  m e ltin g  o f m antle m a te r ia l ,  in to  la rg e  lo c a l is e d  

magma b o d ies .
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P P E N D I  Z O N E .

A. P r e p a ra t io n  o f  sam ples f o r  a n a ly s i s .

Samples chosen f o r  a n a ly s is  w ere f i r s t l y  c lean ed  o f  w eathered  

m a te r ia l ,  and th e n  b ro u g h t down to  ap p ro x im a te ly  0 . 5cm ro c k  

frag m en ts  u s in g  a ro ck  s l i c e r .

The c a r b o n a t i t i c  ro ck s  and b re c c ia s  w ere th e n  c rushed  to  
minus 200 mesh in  a  s t e e l  Tema m il l  f o r  ap p ro x im a te ly  two 

m in u te s . L i t t l e  co n tam in a tio n  o f  th e  sam ples was found u s in g  
t h i s  method on th e  r e l a t i v e l y  s o f t  c a rb o n a te  ro c k s .

The h a rd e r  s i l i c a t e  ro ck s  w ere found to  be  con tam inated  

w ith  Cr and Ni u s in g  th e  s t e e l  Tema m i l l .  These ro ck s  w ere 
c ru sh ed  to  minus 200 mesh in  a  p e rc u ss io n  m o rta r , w hich gave 
no d e te c ta b le  co n tam in a tio n  o f  th e  sam ples.

Powdered sam ples were s to re d  in  s to p p e red  g la s s  b o t t l e s ,  
and w ere d r ie d  a t  110°C i n  an  oven b e fo re  a n a ly s is .

Rocks from  w hich m in e ra ls  w ere to  be  s e p a ra te d  f o r  

a n a ly s is  were p re p a red  in  a  s im i la r  manner to  th e  ro ck s  

above. However, v a r io u s  s iz e  f r a c t io n s  w ere ta k e n  from  th e  

c ru sh ed  powders (g e n e ra l ly  60-100 and IOO-I5O mesh f r a c t io n s  
depend ing  on th e  ro c k  g r a in  s i z e )  u s in g  ny lo n  b o l t in g  c lo th .  

Each s i z e  f r a c t i o n  was washed i n  d i s t i l l e d  w a te r  to  s e p a ra te  

a d h e r in g  f in e  d u s t from  th e  c o a r s e r  g r a in s ,  and th e n  washed 

in  a c e to n e , d r ie d ,  and s to re d  in  a  s to p p e red  g la s s  tu b e . 

S e p a ra tio n s  were ach iev ed  u s in g  b ar-m agnet, F ra n tz  isodynam ic 

m agnetic  s e p a ra to r s ,  and f i n a l l y  p u r i f i e d  by hand p ic k in g  

u n d er a  b in o c u la r  m icroscope. Each ro ck  u s u a l ly  re q u ire d  

d i f f e r e n t  s e t t in g s  f o r  th e  m agnetic  s e p a r a to r ,  depending  on 

g r a in  s i z e  and q u a n t i ty  o f  m in e ra ls  p re s e n t  in  th e  f r a c t i o n s .

The p u r i f i e d  m in e ra l s e p a ra te s  w ere c ru sh ed  to  minus 200 
mesh in  an  a g a te  m o rta r , and w ere s to re d  a s  above.
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B. X -ray F lu o rescen ce  a n a ly s is  f o r  Ce, La. Nd, Dy and Y.

The ro ck  powders were p e l l e t i s e d  u s in g  a  b ack in g  o f  
c e l l u lo s e  a t  a  p re s s u re  o f  ^ 5  to n s .  Care was tak en  to  av o id  

c o n tam in a tio n  d u rin g  p e l l e t i s a t i o n ,  and th e  powder s u r fa c e  

was k e p t c le a n  and n o t h an d led .

The a n a ly se s  w ere c a r r ie d  o u t u s in g  a Siemens 

K r y s ta l lo f le x  4 X -ray f lu o re s c e n c e  sp e c tro m e te r , em ploying 
Cr and W ta r g e t  X -ray tu b e s . The a n a l y t i c a l  l i n e s ,  ty p e  o f  

X -ray tu b e  used , and ty p e  o f  c o u n te r  used a re  shown in  T able  

1 f o r  each e lem en t. S tandard  powders f o r  each elem ent in  th e  

e a r b o n a t i t e s  were made up u s in g  r o u t in e  ’s p ik in g ' te c h n iq u e s , 

w hich in v o lv ed  th e  m ixing o f th e  e lem ent o x id es  w ith  a  

c a r b o n a t i t e  b a se  to  g iv e  a  lOOOOppm s ta n d a rd . T his s ta n d a rd , 

and su bsequen t s ta n d a rd s  were th e n  d i lu te d  w ith  th e  

c a r b o n a t i t e  b a se  to  g iv e  a  ran g e  o f  s ta n d a rd s  f o r  th e se  

e lem en ts . A ll s ta n d a rd s  were th o ro u g h ly  mixed b e fo re  
d i l u t i o n  to  g iv e  th e  n ex t h ig h e s t  s ta n d a rd , and a l l  were 
p e l l e t i s e d  in  th e  same manner as th e  sam ples.

The s ta n d a rd s  f o r  th e  s i l i c a t e  ro ck s  w ere produced in  th e  
same manner as th o s e  f o r  th e  e a r b o n a t i t e s ,  u s in g  an  i j o l i t e  

b a se  f o r  d i l u t i o n  and m ixing w ith  th e  r a r e - e a r t h  o x id e s .
D uring th e  a n a ly s e s , th e  s ta n d a rd s  were ru n  each  day to  

c a l i b r a t e  th e  in s tru m e n t, and th e  ^OOOpprn s ta n d a rd  every 

f o u r th  sam ple i n  o rd e r  to  c o r r e c t  f o r  in s tru m e n t d r i f t .

C a l ib ra t io n  g raphs were drawn f o r  each elem ent u s in g  

s ta n d a rd  p ro c e d u re s , and th e  approx im ate  c o n c e n tra t io n  in  

ppm o f  each elem ent were o b ta in e d  from  th e s e  g rap h s , a f t e r  

c o r r e c t io n s  f o r  in s tru m e n t d r i f t .

C o rre c tio n s  f o r  mass a b s o rp tio n  were a p p lie d  to  th e  

app rox im ate  c o n c e n tra t io n s , u s in g  m ajor e lem ent a n a ly se s  

o b ta in e d  from s p e c tro m e tr ic  a n a ly s is  (s e e  b e low ). These 

c o r r e c t io n s ,  g iv in g  f i n a l  f ig u r e s  f o r  c o n c e n tra t io n s  o f 

each  elem ent in  th e  ro c k s , d id  n o t v a ry  g r e a t ly  from  u n i ty .  

R epeat d e te rm in a tio n s  on s e v e ra l  sam ples th ro u g h o u t th e



A. 3

a n a ly se s  showed t h a t  r e s u l t s  w ere re p ro d u c ib le  to  g e n e ra l ly  

b e t t e r  th a n  5^  r e l a t i v e  e r r o r ,  and alw ays b e t t e r  th a n  10%.

Elem ent Peak 26 Background

2£_

S c i n t i l l a t i o n

c o u n te r

Gas flow  

c o u n te r

R adia­

t io n

Tube

Y 25.78 2 3 .0 X KAl ¥

La 82 .72 8 4 .0 X LAI Cr

Ce 71 .76 7 1 .2 X LBl W

Nd 72 .22 7 5 .0 X LAI W

ly 50.26 5 1 .0 X LBl W

T able  1. C o n d itio n s fo r  a n a ly s is  f o r Ce, La, Nd, By and Y
u s in g  X -ray f lu o re s c e n c e  sp e c tro m e try .

C. S p e c tro m e tr ic  a n a ly s e s .

S p e c tro m e tr ic  a n a ly se s  w ere c a r r ie d  o u t on b o th  c a rb o n a te  
and s i l i c a t e  ro c k s  and m in e ra ls  u s in g  an  A.H.L. 29000B d i r e c t  

re a d in g  em m ission sp e c tro m e te r  ( Q uantom eter). L ines w ere s e t  

on t h i s  in s tru m e n t f o r  m ajor e lem en ts A l, Ca, Fe, Mg, Mn, S i ,  
T i, and f o r  t r a c e  e lem ents Ba, Be, Cr, N i, Pb, Nb, Sn, S r , B i,

Ca, Ge, S r , V, 2 r  and Zn.
The p o s i t io n in g  o f  th e  l i n e s  i s  shown in  T able  2 o v e r le a f .

The o p e ra t io n  and d e s c r ip t io n  o f  th e  in s tru m e n t i s  g iv en  

by Tennant and S ew ell, (1969) ,  and th e  o p e ra t in g  c o n d itio n s  

u sed  f o r  r o u t in e  a n a ly se s  f o r  th e  L e ic e s te r  29OOOB sp e c tro m e te r  

a r e  d e sc r ib e d  by D avenport, (l970)*
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Elem ent Line (a ) S l i t  w
Al 2578.4 75
Ca 5158.9 150
Fe 2759.6 150
% 2790.8 75
Mn 2955.0 75
S i 2455.2 75
Ti 5655.5 75
Ba 4550.0 50
Be 5150.4 50
Bi 5067.7 50
Co 5455.5 50
Cr 4254.4 50
Cu 5274.5 75
Ca 2945.6 75
Ce 5059.1 75
Li 6105.1 50
Mo 5170.5 50
Nb 5195.0 50
Ni 5424.7 50
Pb 2855.1 50
Sn 2840.0 50
Sr 4607.5 50
V 4579.2 75
Zn 4810.5 75
Zn 2185.6 50
Zr 5592.0 50

T able  2. A n a ly t ic a l  l i n e s  and s l i t  w id th s  f o r  

s p e c tro m e tr ic  a n a ly s e s .
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( i )  C arbonate ro ck s  and m in e ra ls .

A nalyses o f  c a rb o n a te  r i c h  sam ples u s in g  em issio n  

sp e c tro g ra p h s  and sp e c tro m e te rs  i n v i t e s  d i f f i c u l t i e s  due 

to  e je c t io n  o f  sam ple from th e  e le c tro d e  d u rin g  a rc in g .
I g n i t io n  o f  sam ples b e fo re  a n a ly s is  proved in e f f e c t iv e  

in  a v o id in g  e je c t io n  due to  th e  a b s o rp tio n  o f  m o is tu re  by 

th e  ig n i te d  sam ple even when s to re d  in  a  d e s ic c a to r .

F usion  o f  th e  sam ples w ith  L ith ium  t e t r a b o r a te  has been  

u sed  e x te n s iv e ly  f o r  c a rb o n a te  r i c h  sam ples, b u t proved 

too  expensive  and tim e consuming f o r  t h i s  s tu d y . D ilu t io n  
o f  th e  sample w ith  sp ecp u re  s i l i c a  gave l i t t l e  e je c t io n  

d u rin g  a rc in g , and due to  th e  r e l a t i v e l y  in e x p en s iv e  method 

and sim p le  p ro c e d u re , was adop ted  f o r  t h i s  s tu d y .

Samples o f  th e  ro c k  powders w ere d r ie d  a t  llO^C b e fo re  
w eigh ing . Ômg o f  ro c k  powder were weighed in to  a 

p o ly th en e  v i a l  u s in g  a  T o rs io n  b a la n c e , and 50nig o f 
sp ecpu re  s i l i c a  d r ie d  a t  llO^C w ere added. 150mg o f  a 

m ix tu re  o f  NaF b u f f e r  (Hopkin and W illiam s A.R. g ra d e ) , 
and carbon  powder (M agicol B lack  888) mixed in  th e  r a t i o  
1 :2 , w ere added to  th e  s i l i c a  and powder, and a  's p e x - b a l l ’ 

was p la ce d  in  th e  v i a l  w hich was th e n  s e a le d . The powders 
were mixed on a Wig-L-Bug m ixer f o r  1-2  m in u tes .

S tan d ard s  f o r  m ajor e lem ents i n  th e  e a r b o n a t i te s  were 
made up by s i n t e r in g  a m ix tu re  o f  sp ecp u re  o x id es  in  a 

p la tin u m  c ru c ib le  a t  lOOO^C, g iv in g  a  to p  s ta n d a rd  on 

d i l u t i o n  w ith  sp ecp u re  CaCO  ̂ o f  FSgO^ (l5%)> MgO (5%)>
TiOg (5 ^ ) ,  AlgOj (5 ^ ) , m o  ( 0 .5 ^ ) ,  KgCOj (5 ^ ) , and 

Na^COj (5%). The fu sed  m a te r ia l  was th e n  re c ru sh e d  and 

d i lu te d  lo g a r i th m ic a l ly  w ith  sp ecp u re  CaCO^ to  g iv e  a  range  

o f  m ajor elem ent s ta n d a rd s . Each s ta n d a rd  was th o ro u g h ly  

mixed in  a  G1e n c re s to n  m ixer.

S tan d ard s  f o r  th e  t r a c e  e lem en ts  w ere produced by 

d i l u t i o n  o f  'sp ex m ix ' powder w ith  a  b ase  made up of 
sp ecp u re  CaCO  ̂ and h ig h e s t  m ajor elem ent s ta n d a rd , in  

th e  r a t i o  1 :5 , to  g iv e  lOOOppm o f each e lem en t. BaCO^ 
was added to  t h i s  s ta n d a rd  to  g iv e  a  t o t a l  o f  5000ppm Ba,
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and th e  m ix tu re  was th o ro u g h ly  m ixed. L ogarithm ic  

d i l u t i o n  o f  t h i s  s ta n d a rd  gave a ran g e  o f  t r a c e  elem ent 

s ta n d a rd s  from  Oppm in  p u re  b a se , lOppm, lOOppm, 250ppm, 

500ppm to  lOOOppm, w h i ls t  Ba i n  th e s e  s ta n d a rd s  v a r ie d  

from  Oppm th ro u g h  5Oppm, $00ppm, 125Oppm, 2500ppm to  

5000ppm. Each s ta n d a rd  was th e n  mixed w ith  sp ecpure  

s i l i c a ,  carb o n , and b u f f e r  in  th e  same way a s  th e  sam ples.

Each sam ple and s ta n d a rd  w ere th e n  lo ad ed  in to  g ra p h ite  

e le c t r o d e s  made from  R in g sd o rff  R.W.403  g r a p h i te  ro d s  o f 
d ia m e te r  6 . 15mm, w ith  a p e r tu re  2. 91mm. and d ep th  o f 

e le c t r o d e  c a v i ty  5Dim. p r io r  to  a rc in g , th e s e  b e in g  s to re d  
i n  a  d e s ic c a to r  to  av o id  a b s o rp tio n  o f  m o is tu re  by th e  

sam ples.
The e le c t ro d e s  w ere a rced  in  a  1 5 -amp DC a r c ,  u s in g  

anode e x c i t a t io n ,  and f l a t  ended g r a p h i te  c o u n te r  e le c tro d e ,  

th e  e le c t r o d e  gap b e in g  The p e r io d  o f  e x c i t a t io n  was
k ep t c o n s ta n t f o r  each b u rn , a s  i s  ro u t in e  p ro ced u re  w ith  

t h i s  in s tru m e n t a t  L e ic e s te r .
Due to  s e l e c t i v e  v o l a t o l i s a t i o n  o f  e lem ents in  th e  a rc ,  

th e  i n t e g r a t i o n  p erio d ,w h en  r a d i a t i o n  f a l l i n g  on a  

p a r t i c u l a r  s l i t  i s  m easured ,has been  s p l i t  in to  two p e r io d s . 

The e lem en ts  Ag, B i, Cd, Ca, Ge, Pb, Sn and Zn were 

m easured in  th e  f i r s t  in t e g r a t i o n  p e r io d  o f  45 seconds, 

w h i l s t  s p e c t r a l  l i n e s  e m itte d  by o th e r  e lem en ts  were 

m easured in  a  second 55 second p e r io d , g iv in g  a  t o t a l  

b u rn  o f  100 seco n d s .
No i n t e r n a l  s ta n d a rd  wqs used  f o r  th e  a n a ly se s  due to  

th e  d i v e r s i t y  o f  s p e c t r a l  l i n e s  used f o r  a n a ly s is  in  th e  

L e ic e s te r  in s tru m e n t.  The accu racy  o f  th e  a n a ly se s  depend 

to  a  la r g e  e x te n t  on c a l i b r a t i o n  o f  th e  in s tru m e n t w ith  a  

s ta n d a rd  t r a c e  elem ent b a se  o f  s im i la r  m ajor elem ent 

co m p o sitio n  to  th e  sam ples. The s im i l a r i t y  o f  th e  b ase  

c o m p o sitio n  to  th e  sam ple com p o sitio n  i s  m onito red  by th e  
background (d a rk  c u r re n t)  s l i t  (Tennant and S ew ell, I 969) .
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In  th e  case  o f  th e s e  a n a ly se s  th e  background rem ained 

c o n s ta n t  to  w ith in  a  few d i g i t s  f o r  b o th  sam ples and 

s ta n d a rd s .
The s ta n d a rd s  w ere ru n  f i r s t  each day a f t e r  th e  

in s tru m e n t had b een  warmed up and s t a b i l i s e d ,  g e n e ra l ly  

th r e e  b u rn s  f o r  each  s ta n d a rd  b e in g  ru n . Two bu rns f o r  
each  sam ple w ere ru n , b u t in  ca se s  where g r e a t  v a r i a t i o n  

betw een  th e  d i g i t a l  o u tp u t f o r  th e  two ru n s  was found, a 

t h i r d  a n a ly s is  was made to  check th e  p re v io u s  r e s u l t s .  

C a l ib r a t io n  g rap h s w ere drawn by eye f o r  b o th  m ajor and 

t r a c e  e lem en ts , and c o n c e n tra t io n  o f  each elem ent in  th e  

sam ples were re a d  o f f  from  th e  g raph  in  th e  u su a l manner.

I n  a d d i t io n  to  th e  sam ples and s ta n d a rd s , a  p r e c is io n  
sam ple was made up and ru n  every  e ig h th  sam ple, in  o rd e r  

to  check  th e  p r e c i s io n  o f  th e  r e s u l t s  th ro u g h o u t th e  

a n a ly s i s .  The s ta n d a rd  d e v ia t io n  and c o e f f i c i e n t  o f  
v a r i a t i o n  o f  th e  r e s u l t s  f o r  each elem ent c a lc u la te d  

from  th e  p r e c i s io n  sam ple a re  shown in  T able  ) .
From T able  5, th e  t r a c e  elem ent d a ta  i s  shown to  be 

g e n e r a l ly  b e t t e r  th a n  + o r  -  10%, excep t f o r  N i, Pb and 

Mo w hich w ere p re s e n t  in  low c o n c e n tra t io n s , w h ils t  th e  

m ajor e lem ent d a ta  i s  g e n e ra l ly  b e t t e r  th a n  + o r  -  30%* 
The c o e f f i c i e n t  o f  v a r i a t i o n  o f  Mg i s  h ig h  due to  th e  
low c o n c e n tr a t io n  o f  t h i s  elem ent i n  th e  p r e c i s io n  sam ple.

Samples o f  th e  m in e ra l c a l c i t e  were a n a ly se d  in  th e  

same way as  th e  c a r b o n a t i te  sam ples, u s in g  th e  same 

s ta n d a rd s .
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E lem en t/
Oxide

Mean 2X S tan d ard  
D ev ia tio n

C o e f f ic ie n t  o f  
V a r ia t io n

No. o f 
A nalyses

AlgOj 0 .1 3 ^ 0.017% 2 5 .6 # 18

3 .1 1 # 0.51% 3 0 .4 # 18

MgO 0 .1 4 # 0.045% 64# 18

MbiO 0 . 615^ 0 . 26% 2 7 .8 # 18

TiOg 0 .1 7 # 0.028% 2 8 .0 # 18

Ba 355ppm 50ppm 8 .5 # 18

L i 28ppm 5# 2ppm 9 .8 # 18

Mo 23ppm 3 .2ppm 1 4 .0 # 18

Nb 575ppm 25ppm 15# 18

Ni 8ppm 2.2ppm 27# 18

Pb 12ppm 2 .5ppm 20# 18

S r 97Oppm 97 ppm 10# 18

V 54ppm 2 .8ppm 5 .2 # 18

Zn 64ppm 2 .8ppm 4 .5 # 18

Zr 55ppm 3ft8ppm 7# 18

T ab le  5. Mean, 2X s ta n d a rd  d e v ia t io n ,  and c o e f f i c i e n t  

o f  v a r i a t i o n  ( 2 s /x  X lOO) a t  th e  95% 

co n fid e n ce  le v e l  f o r  th e  p r e c i s io n  sam ple, 

s p e c tro m e tr ic  a n a ly s e s . E lem ents Cr, Cu,

Co, 6a, Ge, Be and Sn n o t d e te c ta b le  in  t h i s  

sam ple.

( i i )  P e r a lk a l in e  s i l i c a t e  ro c k s  and f e n i t e s .  and s i l i c a t e  

m in e ra ls .
S p e c tro m e tr ic  a n a ly se s  o f  th e  s i l i c a t e  ro c k s  was c a r r ie d  

o u t u s in g  r o u t in e  p ro ced u res  in  th e  la b o ra to ry  a t  L e ic e s te r
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U n iv e rs i ty , D epartm ent o f  Geology.

Each sam ple was d r ie d  a t  110°C b e fo re  a n a ly s is ,  and 

lOOmg. o f  t h i s  sam ple mixed w ith  carbon powder and NaP 

b u f f e r  i n  th e  r a t i o  2*2 :1 . T h is  m ix tu re  was mixed in  a  

p l a s t i c  v i a l  i n  th e  same way as th e  c a rb o n a te  sam ples, 

end lo a d ed  in to  e le c tro d e s  as w ith  th e  c a rb o n a te  sam ples.
Two s ta n d a rd  b a se s  were made up f o r  t r a c e  e lem ents by 

s i n t e r i n g  m ix tu res  o f  sp ecp u re  o x id es  i n  a  p la tin u m  c r u c ib le  

a t  lOOO^C f o r  4 h o u rs . One b a se  co rresponded  i n  m ajor 

elem ent c o n te n t to  a  C a -r ic h  i j o l i t e ,  to  s e rv e  as  s ta n d a rd s  

f o r  i j o l i t e ,  m e la n ite  i j o l i t e ,  p y ro x e n ite ,  u r t i t e .  The 
o th e r  b a se  co rre sp o n d ed  to  th e  co m p o sitio n  o f  s y e n i te  

f e n i t e ,  w hich s e rv e s  as a  b a se  f o r  n e p h e l in e - s y e n i te ,  
s y e n i t i c  f e n i t e ,  and f e n i t e ,  and f e ld s p a th i s e d  ro ck .

S e r ie s  o f  s ta n d a rd s  were made from  th e s e  b a se s  by d i l u t i o n  

o f spexm ix w ith  each  b a se  to  g iv e  lOOOppm o f  each e lem en t. 
A f te r  th o ro u g h  m ix ing  t h i s  and su b seq u en t s ta n d a rd s  were 

d i lu te d  to  g iv e  a  ran g e  o f  s ta n d a rd s  from  Oppm in  each 
b a se , th ro u g h  lOppm, lOOppm, 25Oppm, 500ppm to  lOOOppm.
Each s ta n d a rd  was mixed w ith  carbon  and NaF b u f f e r  in  

th e  same way as  th e  sam ples.
S tan d a rd s  and sam ples w ere a n a ly se d  i n  th e  same way 

as th e  c a rb o n a te  r i c h  ro c k s , however U .S .G .S . s ta n d a rd s  

w ere u sed  f o r  m ajo r elem ent s ta n d a rd s  (G2, DTSl, BCRl,
PGCl, AGVl, G SPl). A p r e c i s io n  sam ple was ru n  every  

e ig h th  sam ple to  check  p r e c i s io n  o f  a n a ly se s  d u r in g  th e  

a n a ly s i s .
A nalyses o f  m in e ra ls  py roxene , n e p h e lin e , f e ld s p a r ,  

w o l la s to n i te ,  and eimphibole w ere c a r r ie d  o u t u s in g  th e  

same s ta n d a rd s  as  f o r  th e  s i l i c a t e  ro c k s . M elan ite  

g a rn e t  and m a g n e tite  were compared to  t r a c e  elem ent 

s ta n d a rd s  made up from  b a se s  co rre sp o n d in g  to  th e  m ajor 
elem ent co m p o sitio n s  o f  each o f  th e s e  m in e ra ls .

The mean v a lu e ,  s ta n d a rd  d e v ia t io n ,  and c o e f f i c i e n t
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of variation for the precision sample are shown in Table 
4 below. The trace element data is seen to be generally 
better than + or - 10% at 95% confidence level. Major 
element analyses are generally better than + 30%.

Element Mean 3 2s/x . 100 No. of
z Standard

Deviation
Coefficient of 

Variation
Analyses

AlgOj 13.0# (X9% 15# 16
CaO 9.5# 0.67% 18# 16

12.3# 0.8% 13# 16
MgO 20# - - 16
MnO 0.15# 0.005% 25# 16
SiOg 41.57# 2.97% 14# 16
TiOg 1.07# 0.14% 26# 16
Ba 328ppm l6ppm 10# 16
Be lOppm Ippm 10# 16
Co 72ppm 3ppm 8.5# 16
Cr 369ppm 15ppm 8# 16
Cu 74ppm 4.5ppm 12# 16
Ga 25ppm 1.8ppm 14# 16
Nb 212ppm 5 Oppm 50# 16
Ni 121ppm 6ppm 10# 16
Pb 15ppm 2ppm 26# 16
Sn 25ppm 2ppm 16# 16
Sr 411ppm 20ppm 9.5# 16
V 295PPm 15ppm 10# 16
Zn 103ppm 15ppm 30# 16
Zr 98ppm 5ppm 10# 16

Table 4. Mean, standard 
of variation at 
analyses of the 
Elements Li, Bi 
this sample.

deviation, and coefficient 
95% confidence level for 
precision sample.
, Ge, Mo, not detected in
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D. Chemical Analyses of Silicate Rocks.
Analyses for Fe (ferrous ion) and alkali metals Na and 

K were carried out on peralkaline silicate rocks and fenites. 
Standard procedures used in routine analysis for these 
elements in the geology department at Leicester University 
were employed. These are described below.

(i) Na^O and K^O.
These elements were determined using an EEL flame photometer. 

Digestion of O.lgms. of rock was achieved by adding a mixture of 
lOmls. 40% Analar grade HF, and 1ml. perchloric acid, and 
evaporating the whole to dryness. The residue is then taken up 
in 0.5nils. perchloric acid and a little distilled water. The 
solution (solution B) was transferred quantitatively to a 
100ml. flask, then made up to lOOmls. with deionised water. 
Aliquots of solution B were pipetted into a 50^1. volumetric 
flask, and made up to 50mls. with deionised water.

The flame photometer was run for 20 minutes prior to 
analysis, spraying deionised water. The diluted sample 
solutions were then sprayed into the flame of the flame 
photometer, and compared with standards of 0-5 ug/ml NUgO 
and KgO. The instrument was set so that full scale deflection 
was achieved when spraying the top standard. The top standard 
and blank were run between each analysis to check calibration 
of the instrument.

Several scale readings for each solution were taken, and 
the average value calculated for each sample. The process was 
repeated for each rock.

(ii) FeO.
Ferrous ion was determined by a conventional titrimetric 

method using standard potassium dichromâte solution, and sodium 
diphenylamine sulphonic acid indicator (Shapiro and Brannock,
1956) .



A P P E N D I X  T WO .

A. 12

Specimen
Number

Rock Type Centre 

H O M  MOUNTAIN

Locality Form of 
Occurrence

HF15 Ferruginous alvikite Got Bonde Ridge Cone sheet
HFR19 Sovite Rongo Cone sheet
HC54 Slightly fenitised 

lava Homa main Nyanzian
basement

HF115 Ferruginous alvikite Got Bonde Ridge Cone sheet
HP160 Carbonatitic intrusive 

breccia
Got Akwach -

HP195 Carbonatitic intrusive 
breccia

Nyasanga -

EF199 Ferruginous alvikite Homa Mountain Cone sheet
HF209 Alvikite Nyasanga Cone sheet
HF212 Alvikite Nyasanga Cone sheet
HF225 Ferruginous alvikite Nyamatoto Cone sheet
HP250 Intrusive carbonatitic 

breccia
Nyasanga -

HC258 Alvikite S.Cliff, Homa 
Mountain

Cone sheet

HC3O9 Ijolite W. of Rapogi Ijolite mass
HC5I2 Ijolite W. of Rapogi Ijolite mass
HC32O Intrusive carbonatitic 

breccia
W. of Rapogi -

HC323 Ijolite Tusoo Ijolite mass
HC324 Ijolite Yusoo Massive

ijolite
HP329 Phonolite Homa Plug.
HC338 Sovite Homa main 

intrusion
Massive
sovite

HF35O Alvikite Nyamatoto Cone sheet
HC366 Alvikite Ndiru cliff Plug
HC367 Alvikite Ndiru Hill Cone sheet

Appendix Table 1 F ie ld  d a ta  co n cern in g  an a ly sed  
specim ens.
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Specimen
Number

Rock Type Centre L ocality Form of
Occurrence

HOMA MOUNTAIN,(continued).

HC374 K-rich trachyte Home South Ridge ly-ke
HF577 Intrusive carbonatitic 

breccia
Nyasanga -

HC384 Intrusive carbonatitic 
breccia

Nyasanga -

HC396 Melilite-pseudomorph
carbonatite

Chiewo vent Lyke

HC401 Melilite-pseudomorph
carbonatite

Chiewo vent Dyke

HF462 Alvikite Homa Mountain lyke
HF490 Ferruginous alvikite Homa Mountain 

summit
Lyke

HF508 Alvikite Homa Point East Cone sheet
HC541 Feldspar Rock Simbi -

HF559 Alvikite Homa Mountain Cone sheet
HF578 Ferruginous alvikite Homa Mountain Cone sheet
HF583 Ferruginous alvikite Nyasanga Cone sheet
HC594 Alvikite Homa Mountain Cone sheet
HF597 Alvikite S.Cliff, Homa 

Mountain
Cone sheet

HF603 Alvikite Got Ayuaya Cone sheet
HF609 Alvikite Got Ayuaya Cone sheet
HC613 Alvikite Homa Mountain Cone sheet
HC614 Alvikite Homa Mountain Cone sheet
HF621 Intrusive carbonatitic 

breccia
Homa Mountain -

HC629 Alvikite Homa Mountain Cone sheet
HF636 Alvikite Got Ayuaya Cone sheet
HC639 Melilite-pseudomorph

carbonatite
Chiewo 9rke

HC649 Alvikite Ndiru Cone sheet
HC653 Feldspar rock - -

HC659 Alvikite Homa Mountain Cone sheet
HF666 Ferruginous alvikite - -

Appendix Table 1, (continued)
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specimen
Number

Rock Type Centre L ocality Form of
Occurrence

HOMA MOUNTAIN. (Continued).
HC698 Alvikite Homa Mountain Cone sheet
HC751 Feldspar rock Ndiru M ’bili -

HC732 Feldspar rock Ndiru M ’bili -

HC741 Ijolite N.W. of Ndiru Massive
ijolite

HC745 Ijolite Yusoo Massive
ijolite

HC744 Ijolite Yusoo Massive
ijolite

HC748 K-rich trachyte Yusoo lyke
HC76I6 Phonolite Homa Mountain -

HC797 Fenite Yusoo -

HC800 Fenite Yusoo -

HC825 Fenite E. of Yusoo -

HC912 Micro ijolite Bala -

HC865 Micro ijolite Bala -
HC93O Medium grained 

ijolite
Yusoo Massive

ijolite
HC934 Ijolite W. of Rapogi Massive

ijolite
HC964 Ijolite S. Rapogi Massive

ijolite
HC965 Sovite Rapogi Massive

sovite
HC988 Pyroxenite Homa Mountain 

South -

HC993 Ijolite Homa Mountain 
South

Xenolith ii 
phonoliti

HC999 Coarse ijolite Homa Mountain 
South

Loose bloc]

HCI005 Phonolite Homa Mountain -

U48 Phonolite Samanga Mill Plug

Appendix Table 1. (continued).
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Specimen
Number

Rock Type

NORTH RURI

Locality Form of 
Occurrence

N24 Alvikite S. North Ruri Cone sheet
N85 Phonolite Gotjope Plug
N90 Phonolite N. North Ruri Plug
NI42 Alvikite S. North Ruri Cone sheet
N158 Phonolite 13 ear Kabonga Plug
NI77 Sovite Central N. Ruri Block in 

agglomerate
N225 Nepheline-microsyenite S. North Ruri Minor intrusion
N266 Nepheline-microsyenite Summit N. Ruri Block in 

agglomerate
U326 Alvikite Okuge Ring complex
N539 Ferruginous alvikite Central N. Ruri Cone sheet
N348 Alvikite Central N.Rûri Cone sheet
N427 Alvikite W. North Ruri Cone sheet
N429 Alvikite W. North Ruri Cone sheet
N4&4 Nepheline-microsyenite N. side, North 

Ruri
Massive n.-syenite 
instrusion

N503 N epheline-microsy enit e N.W. spur. North 
Ruri

Minor intrusion

N595 Melanephelinite N. Okuge Lava
N595 Melanephelinit e N. Okuge Lava
N683 Pyroxenite S. spur, North 

Ruri
Block in 
agglomerate

N688 Nepheline-microsyenite S. spur. North 
Ruri

Block in 
agglomerate

N694 Pyroxenite Summit, North 
Ruri

Block in 
agglomerate

N712 Melanephelinite N. North Ruri Block in 
agglomerate

N729 Fenite N.E. North Ruri -
13734 Fenite N.E. North Ruri -
N801 Alvikite S. spur. North Lyke

Ruri

Appendix Table 1, (continued).
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Specimen
Number

Rock Type

WASAKI

Locality

CENTRES.

Form of 
Occurrence

U88 Ijolite West Usaki Central ijolite
U149 Micro-ijolite Waiga School 

Hill
-

UI56 Phonolite Kimbo Lava
UI62 Phonolite Kimbo Lava
ÏÏ207 Micro-ijolite Nyakoya Marginal ijolite 

intrusion
U211 Wollastonite-urtite East Usaki Central ijolite 

intrusion
ÏÏ278 Phonolite Kisumu Lava
U296 Phonolite South Usaki Plug
U3OI Phonolite Gotrateng Plug
U345 Micro-ijolite East Usaki Marginal ijolite 

intrusion
U369 Ijolite Got Qyoma Central ijolite 

intrusion
U382 Phonolite Sondu-Kericho Lava
U416 Ferruginous alvikite North Kimbo lyke
U455 Sovite Sokolo Massive

intrusion
U595 Ferruginous alvikite East %amaji 6” dyke
U602 Alvikite Nyamaji lyke
U692 Alvikite Uyi Vein
U771 Sovite Sokolo 2 ' dyke
U774 Alvikite Sokolo Lyke cutting 

carbonatite
U782 Alvikite Sokolo lyke
Ü783 Alvikite Sokolo lyke
Ü784 Sovite Sokolo Massive

carbonatite
U786 Alvikite Sokolo lyke
U788 Ferruginous alvikite Sokolo summit lyke
Ü839 Ferruginous alvikite Sokolo lyke

Appendix Table 1, (continued).
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Specimen
Number

Rock Type Locality Form of 
Occurrence

WASAKI CENTRES,(continued).

U842 Sovite I^i Massive
carbonatite

U847 Sovite Uyi Massive
carbonatite

N875 Sovite Uyi Massive
carbonatite

U890 Melanepbelinit e Ogoro Lava
U926 Melanephelinite Omuga Lava
U954 Ferruginous alvikite Sokolo Patchy massive 

carbonatite
UIO54 Urtite Waiga School 

Hill
Ijolite
intrusion

UIO99 Pyroxenite Central Usaki Ijolite
intrusion

mill Urtite Otaragoge Ijolite
intrusion

UI229 Sovite Sokolo Massive
carbonatite

BUDEDA COMPLEX
SuB7a Ijolite Siroko -
SuB27 Melteijite Siroko -
SuB218 Fenite North summit, 

Budeda Hill
-

SuB225
SuB232

Fenite
Ijolite

Spur, N.W. Galala
H n  1 Summit, Galala

Hill
SuB242 Fenite South Galala Hill
SuB247 Cancrinite-syenite South Galala Hill
SuB254 Sovite Main carbonatite 

intrusive
Massive
carbonatite

SuB262 Cancrinit e-syenite 

Appendix Table 1,

Disiyi River 

(continued)
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Specimen
Number

Su B265
SuB266

SuB269

SuB279

SuB302
SuB511

SuN5
SuN35
SuN63
SuN102
SuN106

SuN521

SuTo25

SuTo38

SuTol71a

SuTol71b

SuTo509

SuTo510
SUT0514

Rock Type Locality Form of 
Occurrence

BUDEDA C01ÆPEX, (continued).

Cancrini t e- sy eni t e Disiyi Island -
Ijolite Disiyi River Xenolith
Phonolite Disiyi River -
Fenite East slope, Budeda 

Hill
-

Ijolite Bundagala Hill -
Nepheline-sy enit e Siroko -

NAPAK CO&ÏPLEX

Urtite W. of Lokopoi -
Pyroxenite W. of Lokopoi -
Urtite W. of Lokopoi -
Feldspar rock W. of Lokopoi -
Nepheline-syenite S. of Lokopoi -
Ijolite E. of Lokopoi —

TORORO COMPLEX
Sovite Main carbonatite Massive

intrusion carbonatite
Nepheline-syenite N.E. slope. Limekiln 

Hill
Sovite Main sovite Massive

intrusion carbonatite
Alvikite Main sovite Vein cutting

intrusion SuTol71a
Fenite East Knoll, 

Limekiln Hill
-

Fenite East Road -
Fenite East Knoll -

Appendix Table li (continued).
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Specimen
Number

SUT0536

SuTo581
SuTo590
SuTo594

SuTo595

SuTo598

SuT125

SUTI34

Rock Type L ocality

TORORO COMPLEX, (continued).

Form o f
Occurrence

Fenite W. of carbonatite 
lower quarry

Alvikite Limekiln Hill lyke
Ijolite Limekiln Hill -
Sovite Limekiln Hill Massive

carbonatite
Sovite Limekiln Hill Massive

carbonatite
Fenite S.E. slope, 

Limekiln Hill

TOROR COMPLEX

Phonolite North slope, 
Toror Hills

-

Orthoclasite North Ridge lyke

Appendix Table 1. (continued)



Key to Appendix Table 2.

A 20.

Table 2a. M
m
a

major mineral (greater than 1%) 
minor mineral (less than 1%). 
accessory mineral.

Tables 2b 
(i) - (iii) MM = greater than 50%« 

M = 20% - 50%.
Mm = 5 % -  20%.
am » 1% - 5%'
m =0.57® - 1%. 
a = accessory mineral.
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(\0.^c

ft" In Tables ja, 3b and 3c, detection limits for the various 

elements, and the upper limits of sensitivity for each 

element in the various rocks and minerals are as follows.

Element/oxide Detection
Limit

Upper limit of 
Sensitivity.

Feg03 0.1% 30%
MnO 0.1% 3%
MgO 0.1% 10%

TiOg 0.1% 5%
Ba 1C ppm 40000ppm
Li lOppm lOOOppm
Mo lOppm lOGOppm
Nb 50ppm lOOOppm
Sr ll'ppm 44(0 ppm
V IGppm lOOOppm
Zn 10 ppm lOOOppm
Zr lOppm lOOOppm
Ce 50 ppm lOOOOppm
La 35ppm bOOOppm

y 5ppm lOOOppm

Dy lOppm lOOOppm
Or 10 ppm lOOOppm
Ni 10 ppm lOOOppm
Cu lOppm lOOOppm
Pb lOppm lOOOppm
Co 10 ppm lOOOppm



A 29 .b.

â
XiA

â

e
A
6
A

I

I

s I
ga 0- 

XI A

â  I
G A 

N  A

I

I

I

g I

S I

I

I

X %

% 4Js >

o
10

R

o
R

o
N

R

R
0
1

10

10rH

ICi

G
ft
E G
VI ft OvÜ -Û rHft S CS
A G pHVJ % H

otHVDv4

orH
o<s

s
00

orH

%

O
10

8

8-

I I I I I I OtH
I I I I I I I

vS I i I

orH

oCi

8-

O
%
Ci

8

8
Ov VD

O
rH

8rH

8-
O
(%

O10
m

8

R

rH

d

o10

10
10

R

8
O
Ci

I

m
Ci

R

R
OO

vD

i
8
mm

%

8-

O

O10

R

8
O

R

10
Ci

R

S

8

i I
Tt-
d

I

10
Ci

R

R

R

I

0 m CO 1 00 10 1 00 10
rH Ci CO

0 10 vD VD VD m VD Ci
1 1 rH

X rH
1

tN
G CO ’S" 1 1 1 f 1 1
X
G S) 0

rH 1 1 X X X X X
rH rH G G G G G

X 10 N Ci Ci Ci 0 0 0 tv.G 10 00 0 rH 0 0 10 Ci CO
Ci Ci CO rH

X CO CO 10 Ci 0 N 0 00
G CO VD Ci m CO Ov vo CiCO CO Ci rH Ci rH Ci Ci rH

X Ov vo m 0 00 0 Ci 0 COG M 0 0 0 10 Ov 0 Ovvn 10 00 m N VD

O10

O
rH

I

I

m

VD

X5
G

O
&

8

8
VO
Ci

o
rH

S

&

R

rH

d

10

o
rH

rH
CO

T5
G

'8

$

»
m

R

R

R
O
rHTf-

0 0 0 0
Ci 10 0 10
Ci m Ci
0 0 0 10
Ci rH CO Ci

10 m 10 vo
CO Ci Ci Ci

0 0 0 0
VD 0 0 VD
CO vo Ci

rH

VO
rH CO

1 10 0

O
ci

°G hS
VD CO Ci

rH
Ci

rH R vH R CO
CO S VD

rH <g R
d d d d d d d d d d d d d

ft^(H >
rH

rH d 1
rH

ci
Ox

cô
Ci
Ci

N

ci
N

rH

0
rH

Cs
ci d

N
rH

N
vD

(3"
00 vo
CO VD Cx VO rH
CO Ov N VO
u 0 rH y - Cn
w X % p P

Ci N
Tj-

Ox 00 00
p P P

o \
Th
VO

VO Ci Ci
N N CQ
00 rH G
p P to

a
XI
G
a,
ho

p

M
X
G
c.

a
&
S

i
«H

tQ
(0

■P
•H
H->ft
G
S
G
a
O
Ü

§
«H
O
tt
em

ft
4

ft
CO
ft

rH
Gft

X
•H

gI

•Dft
G
•H

ft
•Pft
•V
■p
G
•P

I

ft
P>
0ft
•pft
x>
■p
g
•p

1
rHft

ft
■P
ÜftHJft
X

H->

8

ft
m
X3
G
a

Ü

ft
Ü
03
■P

§
§
rH
M



A 30.

g

3

I

I

I

X

ftCJ

N

GW

g

am

I

I

I

I

I

I

I

I

I

I

I

I

I

I

ci ^
+Â

■P 

■P

00 
ft -p

A >

8-
m

I

m

oVD §
CO

I 1 00
r4
Ci

0vo
Ci i

VO
rH

1 vD VO

R 0
rH

VO
rH

S
tH 1 1

R R

vovo
Ci
rH

0
R
rH

0voOv
rH

0

R 1
0
VO
Ci

00
Tj-

0
rH 8

0vo VO
Ci

0vo

R
CO 1 I
1 1 1

1 1 1

cnvo Tf- R
d d d

vD 0
rH ci d

aft
•p•H
•PaCs
GftÜ
ft
-P

X•H
>

s
8•H
g

<?■

g

J

<H

E?
tS

3;10
E?
eg

UO
E?
3

I

%
o \

mrH
8
9
OVD

O10

00

OOm

8

i

o
Th
rH

8

&10

,3

=8-
vD

mci
inCO

8-

I

I
lO

voM

O

vO
rH

(Jv
d

VD

N
rH

CO
8M
00vo
R

VD
00
VD

8vo
vo
VO

R

§rH

I
vo

3"

CO
d\

8
vo

I

O

•H A rH 1 vo 1 vo VO 1
X A Ci

k I VD 1 00 VO VD VDu A rH

8 VO Th Ci vo
>> ft 1 1 1 vo rH Tj-A Ci rH rH rH

vovo
rH

ê

I
VO

R

o
rHOs

ovovD

vo

voCi

%

vo
Ci

vo
ci

00 o vo vo

vo

vD

O
rH
rH

8-
rH
Ci
I

R

I
Ovo
rH

ovoTh
rH

VO

rH

VD
%
X

1 rH 1 1 1 ft
X

0 0 0 1 0 ftTh Ci Ci Ci bC
P

I 1 vo 1 1 M X
X •P
G 0ft ft

00 00 VO vo VO H->
CO ft ft

>> X
0 C

VD VD VD 00 rH ft •P
X g

CO vo CO CO VO
rH Ci vo VO CO > ft
rH X

6
0 X1 1 1 1 1 G G<H ft
n ft

N CO CO Ov vo ft Ü
VD Ci 0 vo 0 •p
Ov N vo VO VD •HH-> ftft 0Cs VD tv rH rH GCi Ci 00 <7v CO 0 CO
rH 0 tv vD 00 A H->
rH rH G Gft ft
0 VO vD tv 0 Ü 8op rH 0 ft

VD VO tv tv On ft rHCi Ci tH rH rH •P H•H
0 Q VO VO 0 XCO Ci VO CT' •H XCi > ft1-4 H->
0 vo vo 0 vD ft AOv 0 VD VD 00 8
rH rH rH Ci X ftG +A
VO 0 VO vo VD ft •P
0 N VO VO ftCi Ci ft

-P -P
♦H 0

0 TO VO 0 0 > G
rH tv tv Ci 0Ci 00 Ov VD « CO

rH •H«H CO
0 10 0 vo 0 0 !V
0 tv vo tv 0 r4
0 VO CO 00 CO ft
Tl ft G
A, CO fttN. 0 0 CO vo >.
rH Ci rH Ci Ci fH X

ft GG
0 vo 0 00 vo <Ci Ci CO Ci Ci X

ft
-P
0

0 0 0 vo Q X ft
0 00 rH vo 00 ft +>
rH vo 0 CO c \ G ftCi Ci rH Ci G X

•H
-P H->

N Ci rH Ci G 00 G
0 0 0 d 0 0 P>
VO GCO vo CO vo Ci ». ft

8
0 0 0 d ft ftCO rH

VD tv VD rH ON ft ft
Ov Ov 10 VD tv rH 1A
0 0 0 d 0 ft

E-

0 VD 00 rH Kd ♦Hvo 1Ô CO CO Ci X
rH Gft

AA<
f>s Ci 00 Ov
VD VD 0 VOCO Tj- VO VO vo
0 A A A 0
X X X X X



A 31.

,0 e 1 Ci o 1 1 1 o o I o 1 1o p rH rH rH rH rH
p

A e to o o to to o o 1 to 1 o to
A p Ov vD CO rH CO rH rH Ci rH Ci

p rH ftX
G e 1 1 I to 1 1 1 1 1 1 1 1 GU p ft

p. fcuO
•H 8 to 00 to o o o 00 to to to 1 to P
X P rH rH Ci Ci Tj-

A H
G 6 to 00 o 00 to 00 O o VD vD 1 vD XU P rH rH rH rH GA ft

>4 8 tv Ci VD ON o o 00 to CO tv o o ft
P- rH 00 00 to to 00 Ci 4̂ 4̂ - VD O ÎV

eg

X

a
m

Ci

I

I
I
I
I
I
4->

-P

CO VD

X 8 tv to tv Ci
% A Ci P CTv tv tv

A VD tv O ' tv

ft 8 rH 'S" O VD
A P CO Ov CO vD toA 00 Cv Ci O rH

rH rH rH rH

ft 8 CO to o o 00
U P CO to to OA Ov Ci tv CO CR

Ci Ci Ci rH Ci

G 8 to o to o oN P rH CO to top. Ci

I
o
R

lOCi

R

I

Ci
Ci

om

VD

R

R

St

tv

I

8lO

R

S
om

lOrH

CO

in
8
OCi

mCi

<8Ci

o

G\

lO

lO

lO

<8VD

SuO

KvD

8lO
R

G 8 O o o to O toN A rH Ov o VD to CO
A Ci rH Tf-
8 o to to o o to> A o to VD rH VDA rH rH Ci

<1

8lO
rH

rH

§8
tv
rH

Cvtoto 1 1
rH

1
rH

tv
R

CO
R

tv
3 g 8

R
o
R

8VD
00 vD

rH

rH
rH
On
rH

O
O
iQ

0

1
R <s 1 %Ci

1 toVD

O
t H
rH

K oto to00Ci 1 R
oto
rH

oo
rH

R 1
to
rH
Ci

R
Ci

I T )

8
rH

o
3
rH

to
R %

rH

o
8
rH

o
R R 8 8

O
oo
rH

8
O

S to to
rH

to I %
toCi oto toCi to

rH
1 1

W
rH
rH

o

R
o o

R 8
9

<»VD

rH

d
%
d

to
rH

d
to
d I 1

lO
d

00 IT)

d

g
X

Î«H
10ft
•P
•H
-Pa
Cs
uaÜ
ft•p
•H
X•H>

o
nftn
>>iH
a

4

XftG
C•H
•P
G
8

CO

.S'
n■p
s
I

1-4
w

Xft
■p

i
•p+jft
■p

8
n
•HmÎV
r-tft
Gft
X
« ■s

+4
ftX ft 

ft -p 
■p ft Ü X ft
■P +4ft oX c
•P ft0 m
•p G

rHft -ft1 o

1
-CO
Ci

I•Hftft
AX/i

+4

■P

g

J

v4

o
VD to

to

Ci

o
CO

CO
to

00

00
rH

R

tv
rH

CO COQv o O rH rH Cito VD VD VD VD VDO A A O U Uffi S H ffi ffi K

00

to
to

%
VD

Ci
CO

-R

Tp Th

VD rH 00*
rH

On Ov 00to CTvVD vD VDA U ÜS w œ

O
CO
A

N
Ci

I

O
CO
A

CO

R
rH%

Aft

X
*H 'X
s

I



5 1
1 1 1 1

AA 1
1 R

rH
R m

rH

J 1
1 o

rH
I m

S' 1
1 1 1 m

8
£

1 1 1 VD

1
lO

VD
NA lO

VD 3

X 1 % g
00
? §

rH

ft
A 1

i n
vD^ %

rH

rH

rH

O
8
A

ft
U 1

O

OO
rH 1 rH

O
lO

N 1
m
M

o
d 8

8
A

CO 1 §
d

R

> 1
o
l O
rH

o
i n
rH

R
rH

Om

eg 8
A

O

' 8
rH

O

%
rH

o
l Om

AX 1 R
oo
rH 1

s 1
OtH 1 R

•H
A 1 R R l O

d

CQ 1
o
rH

§
R 1

o
9

C ? A
•p d

A
1

rH

d
uo
d

d

1
A
•p d

rH

d
o
rH

rH

d

I p
>

t v

d
o
CO
A

O

CO
A

0 0
T p

rH

0 0

J +j
l O

t v
rH

O

R
A

o
VD
rH

d

d

1
o 1 1 1 1
rH

rH
O o VD o 1 o
rH vD Tj- d

O
1 1 rH 1 1 1

00 1
1 m in om rH

mVD O rH m m VD
d rH

O
00 o Tp o o X
rH rH rH CT' G
rH

VDTf- rH VD O O t v
rH d in m VD O 'VD t v oo t v m

rH
ovD CO Ov O O oCO O CO OO O vDOv 00 rH oo c\ O

rH d
O O ' Q o o
d 00 VD O o mOv 00 CO d in d
rH d d A d m
o 1 o 1 o m
rH T|- rH t v
d
o o o O O m
rH VD m dd rH rH

lO o o o o in
o o rH o m vD
rH rH rH rH Tj- rH

o o o o o in
o m rH VD Cv Tp

00 VD t v in VD rH
rH

o I 1 1 O O
o O o

00 OO o
rH
Am 1 1 1 m o00 d

m 1 1 1 m mlO rH d

Q O O o o oO O 00 d in o
o VD d t v d Tp
rH rH CO A A rH

lO VD
rH CO

1 1 1
o O O

lO
d 00 rH Th

1 1
o o o o

dCT\ C \ Ov d Ov VD
d rH rH rH d rH

CT\ VD o CJv 00 vD
in CO d d "4"

A 32.

1 1 I

1 1 o
r4 Q

CQ1 1 o P
rH Gft81 m 1 ft

rHft M
X

VD 00 1 Gft X
he ftP P

I t v o A
VD t v 8

H ftp
X pO VD t v G ftd O v4 ftin Tp CO p
ft 0

GO 00 o Cm O 00 ft CD
VD in ks tt

>.o 00 Q > Ao Tp ced d Ov 8 GA rH 0 ftGm o 1 «H X
rH rH Gn Xft fto 1 O p P

t v •H Od P X ftft ft p
G P ftin m m Q ü X

CO 00 vD A ft
y-i G P p

ft f t 0
ü X G

o o o ft p f td o crv P 0 CQA d o •H G
rH A X X•H P Go O 1 > G ft
i n O A f td rH ft 8 ft

ft O«H rHo o 1 0 f t
CO rH f tm 1 Oftm m 1 m
CO d >>A

f t
m o o G

VD o d <
VD m

Tj-
d
Tj-lO

CO

rH
d

(3"

t v

"4-

in
d

VD
rH

CO

I•Hftft
eg-

gI Î t v  C \

Î  } I
VD d d 4̂ - d 00d o Ov t v 00 0000 vD VD t v t v t v
p P P p p p

A
rH rH
t v 00
rH m

R B B
t v p p
p to 03

Xft
g•H
■PG
8

CO
ft

i-HAftE-
X•H
X

g

I



A 35.

â
AA

•H
X

X

ftA

ftU

t§

Gin

X

s

A

ftCQ

d

I

I

IA

I
I
I
G
A

I
I
I
I
I
I
I
G
£

I
G
£

I
IA

■P

A
p

P

mft
p•H
Pft
G

G
<c
0

A1X
Î
n

e
p
♦rl

ft
s

R
m
rH

m
vn

1 m vn

1 o
rH

m

1 O
rH a

en
o R

rH
%

R
m

o
d
m

R
vn

R

R

R
m
rH

%
R

% 1
rH

8
R

S o
vn R

R
tH

vn
rH
rH 1

R
tH

(%
O
vn

rH

O
vnvD

O

i

1
5

vn

1 o
m S

1 1
O

t

lO
d

S '

o'"’ 'jV
« d

%

vn N
d 00 o
d d d

-rj- vD rH

en en en

Wft
P
•H

•H>

G

g
hOGG
g

A

O
O vn o
o oen

o
en

R en 1

O
rH
d

8

<T\

rH

en
rH
d
A

1

rH
00

t v

rH

R
Ov

R ,
vn
rH
rH

O
vn

R

O

%vD

I

( £VD

§
vn
d

8
I
A

00

i
R

R
O

R
S '

I
A

SvD

d^

I
A

d 1 1

00
d 4"

o R o
en d en
A A

o d O

R tO R
A A

O
vn
rH

OVD
rH

o
R

O
'R i

R
1 i 1 1

O
rH

O
rH

1 1 1

§ 1 I 1 1

a
rH

8 00 s; enVD
rH

t v
vn
d
rH

R
8-

%
t v
rH

R

P)
rH
d 1

8
rH

VD
rH
en
en

O
O
rH

vD
R i

rH

%
vn

3
\n
rH
rH

1

R o
d

1
R

8
d

R
en 1 (BVD

O
vn
Tf-

5
rH

8
rH

8
rH

R

% 1 s
rH

(B00
rH

1

R
o
R

1
8
rH

1

R O
rH 8

rH
§ WvD

S '
vn
d

vn
d d̂

vn
d

1
A

1
A

1
A

1
A

§
R
A

00
d

1 1
rH

d
1

00 d vn

d d d rH

o o o O Ov
en en en en rH
A A A A

O O o d VD
R d R d

rH
en

A A

CQG
g
W)G
g
44

XGft
COft
P
•H
PftG
£Gft
0

A

1
S
CQA
Id
P

•H
Aft
G

44
o
CQft
CQ
>.

Aft
<

Xft
g

•H
PG
8

en

A
A

X
X

g
I

p

ft
%

XG
Xft
p
üft

pft
X

p

g
p

g
g

X
Gft

M

XGft
ftîv

I
i

44

CQft
P
•H
X
•H
>

■g
P
Üft
Pft
X

p

g

ü

ü

S'
CQ

P

ftIiH
H

XftG

I
P
ft
X

P

g

g
G

•H
OftAlO

gA VD rH
Ov O enen tJ- VDu o uœ ffi

vn Ovvn rH CT\
rH rH rH
X A P>4K S ffi

vn o 00 en VD
d G\ t v 00 VD
d vn vn VD

g ë



A 34.

AA

3

à

s
aA

ftU

A

GU3

&
s

A

ft
m

cT
A

I

I
cT
S'A

I
I
I
e
a

I
I
G
a
Ga
IA

a
GcA
G
A

I
I
A

Ga
Ga
a
A

p
&

p

od I

i

I
I
I
r-tA
I

o
8
Ov4

R

O
d

8O
RA

R

O
R
olO
dlO
o
R
m

3

œrH

R

I
R
d

R

I
A

R

to

m

i
CO

RCOrH
CO
00lOTj-

R

R

3

O
tv

Omm

s
R

R %

m
d

<g

CO
CO

R
o oTf- 00 rH Tf

8.OO

rH
3

<£

R
d

I
I
Om

4̂*
d

Tj-
d

3

R

8
OrH

RrH

<gCT'

O
rH

o O o od 00 A* Tj-d d d vDA d d d

. 00p o o O OV tv vD
CO CO rH rH d

00 d vDo o o vo d '4'p o CO o d> rH CO

VO
d

vo vo

Ü•HP•HPCG
S
GaU

8
d

d

vo
d

kO
6

''t
d\

vorHO

8
vo

R
d

vorH

8 v8 (J\ VD 4̂"

Ov CO

d

d

vD
d

o
tv

CO
rH

tv
d

VD
vo

R O
d

R
v o X X X XrH X

G G G G G

1 X X X X
X G G G GGo X v o X OrH O G d G OrH A* rH

A" 0000 O X rH X00 G rH G 1CO
o VOVD o X XVO Cv G d G 1rH v o

o o VO(A VO X o X dCO d G v o G rH

3 W
OOrH R Ovo

VO O O VOft O 00 rH A" voft•Hü
Tf"rH rH rH d d

ü s>rH
O O o voft

S
drH tv tv Cv

R

X
G

X
G
XG

X
G

X
G

XG

,g

d

R

O vo Od  vD voVD CO

ftft
•HüCft
è
o

•HP
«HPft
G
SGftO
X
Gft
ftftP

•H

•H>A

G
g
’hO
g
g

œftfttv

Xft
p

I
p
pft
p

g
œ

•Hfttv

X
G

XftPCft
pftX
p

g
p

g
î

rH
O a ft00 1 1 G XA" < Gft
O hQ
rH 1 1 D

vo X H
1 A- 1 ftG XG G

O o o -H ftVD VD o PCO Ov 00 G ftvO d 0 tv
O G

V/ ftts
a

Th VD d CO Se
O rH d ft

rH 6A 0
CE kvo OV tv A «H

O o o K
•H
XGCO d Ov ft
Ad o O A

<

tv vo VD
cô dv

ftft
rH

§ “ftft
ftftft
5
G

•r1

Xft
puft
pftX
poG
ft

CQ
X
Gft

O

S'
ft)Ü
ftp
g
g

rHW

gG•H
g
■a

g

J
vD VO 00 OvCO rH 00 COCO VO tv 00X P P p p

4ÿJ-

R
3rH
u

RrH R
d 3



A 55.

c?

ft
0 0 ft ft ft ft ft ft ft P •H

P p p P p P P P P •H X
•H •H •H •H •H •H •H •H •H A

o
X Al Al X A X X X X •H ft
•H •H •H •H •H •H •H •H •H > ü

A > > > > > > > > > AiH A rH A rH rH rH rH rH <
A < < < < < < < < < •Hm

G
Et G O
N A tv

O6 O
c C voN A rH

O
G d> p. tv
A CD

G O
Eh A CO03 A

GA P vo
A A

G0 A voS A

GG P VOü A

G0 A VO
O A

G O
f t A rHm A

G Oce ACQ A rH

O OG P
S F rH

,
_dO d
•H P
A > d

% p CO
s F d
^ c o
O j i . Y?
r f ^ P

o
*-■ > d

V

G
ft
G Eh

•H f t 00
ü A voft G dA G uW % w

od
omO

R"Vf

Rd

R

lO

m

m

%

o
lO
d

vO
d

A"
d

d
V

f

od
0
(8
rH

1
lO
lO
rH

00
lO

lO

lO

m

§

o
s

00

d

O'

rH

d

d
V

à
up
g
I

o
A

SvoTf"

R

R

vo

VO

VO

O
rH4eJ-

tv
d

d

rH

d

o
V

o vo o O o vo r-<
VO rH d rH d ft

o O O o O o ft00 00 VO o -rf 00 Ao tv Cv ov Cv CO A
rH rH rH rH

o o O O O n G
R R ovo o

d O
VO

ftp 0
♦H

CO d VO VD rH d •H P
P Oa ftvo o O G Ptv vo vo O VO O ftd d Ov d O A XTj- o El
CL *Hü Gvo o vo o o o

Tj- d d tv o G 00
rH A CO 0 Pk •H

<H G
VO o vo VO vo o •Hd rH ft rH

rH P
•H ft
P A

VO vo O O vo ft P
rH rH rH O Gd bD >

a> 0
e rH

VO VO VO VO o o ft
CO d rH A0 ft

O o O O o O tt Et
CO d hH d rH rH ft ftnîvA ag o P o O O Or Üo vp 00 vo tv O Gd tv vo d CO o a X
rH A d d G

O et
•H

O vo Tj- 00 vo Et
P •H

rH O o rH o rH ft A60
O El bo

rH O CO rH P <vo ü
rH A rH rH O ft

A G
03 03

d VO rH rH VD .
o O O O O rH •H

V /
Avp y ? VO VO vo VO CO

O o O O O O
f t

O o O o o o rHA
V V V V V V CL

CO 4̂
rH rH d Gv CO 00VD VD VD VD 00 00 sU U U O CO tvW X W X P p X

tv

I

X
•HX
g
I



A 56.

eg

N

k
CO

AA

I

%
S

I•Ho(D
3-

ft

I

I

I

I

I

P

p

J

ft ft ft ft ft ft ftp P P P P P Pft ft ft ft •H •H •H •H •H •H •Hp P p p X A A A A A A
"H •H •H •H •H •H •H •H •H •H> > > > > > > > > > >
0 0 0 0 iH r-t iH r-t rH rH r4

CO CO CO to < < < < < < <

CO
d

CO
d

d  rH
d  d

d

d

0d COft P
k > 0

og-
ë

00 mCO vo rHCO G\ tvu 0 tvK ffi P

U~)G\

1 s 1 1 0
tH

I

0 0 0 0 0
0 0 0 G \
d 0 0 00
d -rj- d

e 0 0 0 0 0a A. vO rH VD m 0
X A 'S" 00 d

d
tv
d

CO
d

00m

:

vo
%

d

d
CO
d

d

d

CO CO t v vD d d
d d d rH d d

to
1

t v Ov
I 0 d d d

%m

d

d

d

d

ft
p•H
X♦H
>

r-t
<

CO
rH

1 1 1 1 10
rH 1

TO 0 0 0 0 to
rH d t v rH d

tH d 1

TOto 1 1 0d R 8 1

0 0 0 0 Q 0 0d 00 00 to 0d CO VD to d
A rH rH d rH A d

1
0
rH

0
rH

1 1 1 1

S Q 0 0 0 0 0VD 0 VD 0 'Tf' vDvD
rH

tod 00 to Tf- 00

d

d

CO
d

G\ CO Ov
0 rH dto VD VD VD
0 u u Uffi X X X

H
XG
c.

atv
gtS

e
8«H
COft

P
P
Pa
G
£Etao

Î«H
ft
P
•HÜ

«H0
10ft
CO
>»Aa
Ga
ft

•H

a
1 
£ 
S
3-

A
A
X

•H
X

§
I

«Ho
mp
6

•H

ftA
P

IiHftA
ft

I

XG
a

Aiz;
G

CO

•HX
A

Ü
â
3

X

ftCQ
CO

p

g
§

ft
g

ftX
Gfthop

Xft
pftft
pft
X

p

a
p

g
I

GO
•H
Pftft
Pft
X



A 37.

-g
c?

ft ft ft ft
P

p P P •H

ft •H •H •H AA A A •H
p •H •H •H >

> > > iH
A iH rH iH << < <

ftp
•HA
•H>

G
El C- lO 1N A CO 1 1 1

t o o lO 1
00

R A s rH Tt- tv

G
A 1
A m 1 1 1> rH

o
G O O o o OA Tj- 00 00 00El A rH Th o d(/} rH rH rH rH

6A O 1
A A rH 1 1 1
A

G o
Q O O O rH O0. A lO VD lO VDm d o OvrH

d
o P tv rH VDG d
S o d O O

%
P
> tv

1
1

1
S d d

O
d p '(f Ov lO 1ft > 00

A d O o d

Gft k
G ft•H Aü G CO VD d VD 00ft G 00 00 Tj- 00A iz; tv tv 00 tv COW p p p p %

S0G rH
0 ftEl A

«H
ftœ kft ftp

•H
P
C
G S
B XEl Ga aO
G A
0 iz;El

«H G
03ft

P •iH
♦H iz;ü
rH •Ha Ao

©
«H Ü0 a(0 Ü
ft
n G Xtv U ft

A Pc k üG U fta P
0 ftC U X

•HEl •H p
P X 0ft GG0 ft P
El œ G
P ftü n Gft p ft
A G rH

03 ft ft
Gft 1

rH/-V ftXft ftG AG A
•H
P GG a 00 X •H
Ü G Pw K Oho ft

P p
ftX

•H M
•H «H
Sm. X 0A GCO a osp
ft c •H

rH tv GA G •H
ft rHA M

ftK A
•H PX
g

I



A 38^

I•HoftA
to

I OvO OviH
to §

tHtv 00
& È

&
«

A

3

£

S

S
9

U

s
s
s

I
I

> I
I
I

s I
I
I
I
aA
I
I
I

.d

srH
d
0 
8

1
O
rH

(O

R

8

O

%
8
%4

8
8

8

3

I
d

R
0

1
0 o lO vo
rH rH

1

lO

d^

to lO

8
m

R

1

8

8

I
P Th tv tv uoA >

rH o d rH

1  1 CO CO d d
S  >

O o d d

o d rH

vd uo UO
X
G

O OV CO d O
d +*«  > o o d 00

o o o O
d •

ft p o o o O
A  > d d d d

A A A A

R ;
vO tv CO o

O  > 4- rH
rH uo uo rH

d • o d 00
VO

iH P d
<  > p rH o rH

I

%
<s

%

&

d

CO

d

d
rH

o
00
0

1

00
d

5
HH
s

I
4H

00ft
p
•H
P
(rt

Ig
o

Î£
g
g
S

I
00ft00
iHft
:

I
ua

to

R
or4

g
■§

I

Xft
p

I
i
p
g
00
>.
rH

g

G

Xft
P
0  
ft 

Pa
p
§
p

1

I
I
H

g



A 58. b

iS

â

3

3

£

3

6

£
S

°ë

S
I
(F*

A

G

IOOA03

lA

I
IA

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
P

P

P

P

I

X
G

X
G

a

tH

R
d

ïï?
o '

&
'g
s

I
R  Rw N

S
CO

oT~ivH

$

00

I
I
s
%

% 1 o
S'

Ot ■H I

s
tH

X
G S'

s O
rH
tv 3;

i

o
tH

â -
xO
rH

§
r4

(8
uo 1

§
R S' d^

I
o
en

â
d

o

R
R

O
Ot X X o rH 1 1
CO G G d en

P p P p p Otv tv en tv en 1 tvvo rH en VO CO VO
d1 1 1 tv 1 1 1

iP O vo p uo o uoUOtv 00 uo en en lOtH
o P d m Tj-

Tj- uo tv uo 1 00

1 X X uo XG G G I 1

00
d i? R P

rH 1 i

P p P P P p Oen en tv en en rH CO

o p P p p P poo p P p w UO oo p uo vo VO tJ-
rH 00 H- rH uo rH d

p vo en
G\ uo Tf- po vo d
O d VO* rH d

A

d Ov rH en 00
rH p P P rH p p

en rH d d rH rH d

o P p p P P p
VO P p d P en
00 rH p tv 00 ■4* vd
rH rH d

d
O rH tv rH d P tH
d Tf- en en rH
CO uo UO tv tv îz; Ao o P P P G GX X X X X iO lO

a0k
X

1
U

X®
(Q

•Hgft
S'
XiH
O«H
G

•H

G

iiH
O
o0fti!
ft
g•o
G

g
«H

nftfttviH

1
0

•H£
1
£
Oft

(g-

en

A
A
X

•H

g&
<

ft
G

I
H

Gft

I
tS

G
•H

n
§•g
I
G

•H

ft
P
•H
P

I
gO
s
p
g
s•o
■g



A 39 (a )

A P P E N D I X  T A B L E S  4a , 5a, and 6a.

A bbrev ia tio n s  used fo r  th e  a n a ly s t  o f  th e  r e s p e c tiv e  

chem ical an a ly ses  in  th e  above Tables a re  as fo llo w s ;-

DSS - Dr. D.S, S u th erlan d

MB - M. B lack ley

IVJLeB - Dr. M. J .  LeBas

MT - M. Thind

RT - R. T y ler

WHH W.E. Herdsman

Data f o r  a n a ly s e s  perform ed by Dr. O.S. S u th e r la n d , M..s B lack ley  

and R .T y le r , a re  taken  from S u th e r la n d , 1966 (U npublished  PhD. 

t h e s i s ,  U n iv e rs i ty  o f London ) . Jv-
'' 'Vi.



'
In Tables m̂s,5c ,6c and?a-d, the detection limits for the

e"v':
various elements, and the upper limits of sensitivity for
these elements in the silicate rocks and minerals are

f

shown below. 

Element Detection Upper limit of
Limit Sensitivity

V' Ba lOppia 5üOCppm
Be 5ppm lOOOppm
Co 5ppm lOOOppm
Cr 5ppm lOOOppm
Cu 5ppa lOOOppm
Ga 5ppm lOOOppm
Li 5ppa lOOOppm
Nb SOppm lOOOppm
Ni 5ppm lOOOppm
Pb 5ppm lOOOppm
Su 5pp® IdOOppm
Sr 5ppm 4000ppm
V 5ppa lOOOppm
Zn leppm lOOOppm
Zr 5ppa lOOOppm
Ce 50 ppm lOOOOppm
La 35ppm 6000ppm
Nd lOppm GOOCppm
Y 5ppm lOOOppm

•
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A 40.

SuN5 SuN63 HC309 HC741 U369 HC964

SiO^ 4 1 .6 9 4 0 .7 9 3 9 .8 0 4 4 .5 2 3 8 .9 8 4 2 .0 4

TiO^ - - 2 .5 4 1 .3 6 3 2 9 0 .4 4

2 2 .1 9 2 4 .1 1 1 4 .9 9 1 0 .3 2 2 0 .2 6 2 0 .5 8

2 .5 9 2 .2 7 6 .0 8 1 1 .8 8 5 .8 7 4 .3 4

FeO 0 .9 7 0 .5 2 2 .7 3 1 .7 2 2 .7 5 1 .2 0

MnO 0 .1 4 0 .1 3 0 .1 9 0 .2 4 0 .1 6 0 .2 0

MgO 1. 64 1 .5 8 4 .0 2 0 .5 1 3 .6 5 3 .1 1

CpO 13 97 1 2 .4 4 1 4 .7 2 1 7 .5 0 1 4 .7 7 1 0 .1 1

11 33 1 2 .9 8 7 .1 5 2 .1 1 7 .0 9 1 1 .4 1

5 .1 4 5 .3 4 3 .6 0 4 .0 3 2 .9 4 4 .6 0

0 .4 6 0 .2 1 0 .6 1 0 .1 4 0 .0 4 0 .3 2

"2 ° +

0 -
0 .8 8

1 .4 9

0 .5 6

0 .2 7  

0 .1 0

1 .6 4

0 .1 3

“ 2 0 .2 5 0 .5 0 0 .9 8 3 .2 8 0 .3 2 -

T ota l 1 0 0 .6 2 1 0 0 .0 2 9 8 .2 9 9 9 .6 6 1 0 0 .5 2 1 0 0 .1 2

A n o ly st DSS DSS MJleB WUH MT MT

Appendix Tpble 4p (c o n t in u e d ) . Chemicpl p n e ly s e s  o f  in t r u s iv e

p e r e lk e l in e  s i l i c a t e  ro ck s  from W. Kenya and E. Ugenda
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SuB247 SuB202 SUB265 SUB311 SuN106 SuTo 38

Sio^ 4 8 .1 8 4 7 .7 0 5 0 .3 5 53 93 5 4 -3 8 4 3 .3 4

TiO^ 0 .6 0 0 .4 9 0 .6 2 0 .3 2 0 .5 8 0 .5 9

17. 24 1 3 .6 5 1 9 -5 0 1 8 .2 7 1 7 .0 2 1 3 .9 5

^«2°3
2 .8 4 3 .2 7 2 .4 2 1 .5 4 4 .6 7 5 .6 9

FeO 3 .1 6 3 10 2 .5 1 2 .1 5 2 .5 7 3 .9 6

MnO 0 .1 6 0 .2 5 0 .2 0 0 .1 1 0 .1 2 0 .2 7

MgO 1 .3 4 0 .4 3 0 .4 1 1 .0 8 1 .0 9 1 .5 8

CaO 8 .2 6 1 1 .2 3 5 .6 7 5 .1 5 3 79 1 2 .4 0

Np^O 6 .9 1 4 93 6 .9 0 7 .9 4 5 .5 5 3 .9 7

5 .6 4 6 .0 4 6 .5 0 5 .6 6 9-54 5 .8 9

H 0+

0 .4 9 0 .5 5 0 .3 2 0 .2 6 0 .3 5 0 .0 1

2

« 2°-

2 .1 4 1 .5 8 2 .8 7 0 .7 2 2 .6 2

2 .7 1 5 .2 1 .86 1 .9 6 - 4 .4 0

Totml 9 9 -6 5 9 8 .4 2 1 0 0 .2 3 9 9 .0 9 9 9 .6 6 9 9 .6 7

A n a ly st DSS DSS DSSS DSS DSS MB

Appendix Table 4o (c o n tin u e d )-  Chem ical a n a ly s e s  o f  in t r u s iv e  

p e r a lk a lin e  s i l i c a t e  ro c k s  from W. Kenya and E, Ugpnda.
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A 50.

N595 U89O U926 HF329 UI56 UI62 HF89

4 0 -4 7 4 3 .8 6 4 3 .7 9 4 4 .9 4 5 0 .7 6 5 1 .3 9 4 5 .6 4

T iO ^ 3-35 3 .5 1 3 .6 5 1 .4 9 0 .5 6 0 .5 8 1 .5 0

Al^O^ 8 .7 5 1 1 .5 1 1 3 .3 7 1 6 .6 4 2 0 ,4 2 2 0 .1 0 1 5 .4 4

^©2°3 1 1 .8 6 6 ,6 6 8 .5 0 5 .5 4 5 .1 4 3 .7 4 4 .8 6

FeO 2 .8 0 5 .8 0 5 .0 0 2 .0 6 0 .6 2 1 .6 1 3 .7 3

MnP 0 .1 7 0 ,2 0 0 .2 0 0 .2 1 0 .2 6 0 .2 7 0 .2 3

MgO 9-77 7 .9 6 6 .2 5 2 .8 7 0 .5 2 0 .2 1 1 .85

CaO 1 4 .3 3 1 0 .9 1 9 .7 0 8 .7 5 2 .0 4 4 .7 1 9 .8 1

Na^O 2 .2 4 4 .0 0 3 .3 3 6 .3 9 8 .9 2 1 0 .3 1 6 .3 0

« 2 ° 1 .1 4 2 ,0 0 2 .4 2 3 .8 8 6 .7 5 5 .0 9 3 .9 3

P2O5 0 .5 0 .2 5 0 .2 5 0 .4 8 0 .1 4 0 .1 3 0 .5 0

«2°+ 3 .5 7 3 .1 4 2 .0 2 1 .4 8 4 .1 5
3 .6 3 .4 7

HgO- 0.73 0 ,9 0 1 .9 6 1 .9 0 0 .3 2

“ 2 0 .3 3 - - 0 .6 9 0 .1 0 - 3 .7 4

TOTAL 9 9 .4 8 9 9 .9 6 9 9 .4 0 9 7 .9 3 9 9 .9 7 1 0 0 .6 1 1 0 0 .0 0

A nalyst M .J .L eB M.T M .T. M.T M .T, M .J .L eB W .H.H.

Appendix Table 5a , Chemical analyses of peralkaline silicate rocks. 

P h e n o l i te s .



A 51-

U48 U278 U296 ugoi U382 N90 SUB269

Sio^ 45 .37 57 .87 5 2 .0 6 5 3 .0 9 5 5 .7 3 49.71 49.55

TiCE 1.59 0 .3 1 0 .4 4 0 .4 2 0 .6 1 0 .9 2 0 .4 2

15.50 1 6 .4 6 19.63 1 9 .5 6 1 8 .6 9 1 8 .7 6 1 6 .8 0

4 .9 3 2 .8 4 4 .3 7 3 .76 1 .5 8 4 .30 4 .30

F e  9 3 .3 3 3.11 0 .33 0 .7 3 3 .3 3 2 .1 6 2 .9 2

MnO 0 .2 3 0 .3 6 0 .1 8 0 .1 9 0 .2 5 0.21 0 .4 6

MgO 3 .0 7 0 .3 7 0 .3 3 0 .5 6 0 .6 6 0 .7 2 0 .1 7

CaO 1 0 .4 2 1 .6 6 3 .4 0 2 .0 8 3 .5 0 6 .1 6 6.39

Na^O 4.05 7 .76 8 .3 2 8 .7 6 6.95 9 .93 8 .9 1

«2° 3 .89 6 .0 0 4 .2 9 5 .5 3 5.51 4 .33 4 .9 6

^3°5 0 .7 5 0 .0 5 0 .0 4 0 .0 2 0 .1 4 0 .20 0.35

H^0+ 5 .9 9 2 .6 4 5 .40 3 .86 1.97 1 .8 3

0 .6 8
4 .53

H^O- 0 .5 7 1.35 0 .39 0 .1 8

C°2 - - 0 .2 3 - - 0 .0 9 3.43

T o ta l 9 9 .6 9 1 0 0 .0 0 100.27 9 9 .2 2 1 0 0 .0 8 9 9 .6 3 1 0 0 .4 9

A n a ly st MT MT MT M JleB MT M JleB DSS

Appendix Table 5a (c o n tin u e d ) . Chemical a n a ly se s  o f p h o n o lit ic  

ro ck s  from W, Kenya andE# Uganda.
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IV Geochim. Cosmochim.Acta, v . 27 PP555-344* 
Lognormal ty p e  d i s t r i b u t io n s  i n  igneous ro c k s , 

V. Geochim.cosmochim. A cta, v . 27 pp. 877-891. 
Elem ent d i s t r i b u t io n s  in  igneous ro c k s , V I. 

N egative  skew ness o f  SiO^ and K^O. Geochim.

cosmochim. A cta v . 27 p p .929-938.
Elem ent d i s t r i b u t i o n  in  igneous ro c k s , V l l .

A re c o n n a isa n ce  su rvey  o f  th e  d i s t r i b u t i o n  o f  
SiOg in  g r a n i t i c  and b a s a l t i c  ro c k s . Geochim. 
cosmochim. A cta v .2 8  p p .271-290.
Elem ent d i s t r i b u t io n s  in  s p e c i f i c  igneous ro c k s , 
V l l l .  Geochim. cosmochim. A cta v .5 0  

On th e  com p o sitio n  o f  r a r e - e a r t h  assem blages in  

igneous ro c k s . G eochem .Int. N o .l pp .1 2 6 -1 5 0 . 

V o la t i l e  f lu x .  Heat fo c u s s in g , and th e  g e n e ra t io n  
o f  magma. G e o l.Jo u rn .8 p .I s s u e  N o.2 , ’Mechanism o f 

Igneous I n t r u s i o n ’ Newall G. and H ast N .(E d s .)  

G a lle ry  P r e s s ,  L iv e rp o o l.

_____________  and S c h a ire r  J .P .  I 966 . The system  NagO-Al^O^-PegO^-

SlOg a t  la tm o sp h ere , and th e  p e tro g e n e s is  o f  th e  

a lk a l in e  ro c k s . J .  P e tro lo g y  v .7  N o .l p p .114-170. 
B alashov Yu. A. and P o z h a r itsk a y a  L.K. I 968 . F a c to rs  g o v e rn in g  th e

b e h av io u r o f  r a r e - e a r t h  e lem en ts in  th e  carb o n - 

a t i t e  p ro c e s s . Geochem. I n t . ,  v .5 ,  N o.2

p p .271-288.
C alz irtiite  and th e  m inera logy  o f  r e s id u a l  s o i l s  

from  th e  Bukusu c a r b o n a t i te  complex, S .E . Uganda. 

M ineralog . Mag. v . 36 , p p .770-775*

B aldock J.W. I 968



B ig g ar G.M. I 967. 2-CaP2 “ ■ ^2^*

Bowden P. I 962 .

___________  1 9 6 8 .

B u tle r  J .R . Mbt-

Clarke M. G,G. I968.

The system  Ca(OH),

M ineralog . Mag. v . 56 .

T race e lem ents in  Tanganyika c a r b o n a t i t e s .

N atu re  V .I96 p . 570.
T race e lem en ts i n  c a r b o n a t i te s  and l im e s to n e s . 

N atu re  v .2 1 9 , P* 718.
Bradshaw P.M .B. 1967» Measurement o f  modal co m p o sitio n  o f  g r a n i t e  by

p o in t  co u n t, in f r a - r e d  sp e c tro sc o p y , and X -ray 

d i f f r a c t i o n .  M ineralog.M ag. v . 56 p p .94-100. 

B roughton H . J . , Chadwick L.C. and Beans T. 1950. I ro n  and Ti o re s

from  Bukusu H i l l  a l k a l i  com plex, Uganda.

Colon. G eol.M iner.H esour. 1.
C o n ce n tra tio n  tre n d s  and freq u en cy  d i s t r i b u t i o n  

p a t te r n s  f o r  e lem en ts in  igneous ro c k s .
Geochim. cosmochim. A cta v .2 8 .

The geology o f  th e  S .p a r t  o f  Homa M ountain 
c a r b o n a t i te  complex, W. Kenya, w ith  p a r t i c u l a r  

r e fe re n c e  to  th e  p e tro lo g y  o f  th e  a lk a l in e  
s i l i c a t e ,  m etasom atic  and m e l i l i t e  b e a r in g  s u i t e s .  
U npublished  PhD. t h e s i s ,  U niv. o f L e ic e s te r .

_______________ and PIegg A.P. I966. The Homa v o lc a n ic  c e n tr e .  P ro c .

geo l.S oc .L ondon , n o .1629» p . 24 ( a b s t r a c t ) .  
D avenport T.G. 1970. Geochemical s tu d ie s  on b a u x ite  d e p o s its  o f Guyana.

U npublished PhD. t h e s i s .  Univ. o f  L e ic e s te r .
The b u i ld in g  o f  Mount E lgon.

Memoir g e o l. Surv . Uganda, 7*

The geology o f  p a r t  o f  S .E . Uganda.

Memoir geol. Surv. Uganda 8. pp.l-76.
R e a c t iv i ty  o f  C ations in  C arbonate  Magmas.

Proc. Geol. Assoc. Canada v.l5> Pt.2.
Deans T. and Pow ell J .L .  I968. T race  elem ents and S r is o to p e s  in

c a r b o n a t i t e s ,  f l u o r i t e  and lim e s to n e  from  In d ia  

and P a k is ta n .

N atu re  v .2 1 8 , p . 750*

D avies K.A. 1952.

______________ 1 9 5 6 .

Dawson J .B . I964.



Dixey P., Smith W.C., and Bisset C.B. 1955* Chilwa series of
8. Myasaland.
Bull. Geol. Survey, Myasaland. 5»

Dixon J .A . 1966. The North Ruri carbonatite complex.
Proc.Geol.Soc.London. No.1629»pp*24-25 (abstract).

__________  1968. The structure and petrology of the carbonatitic
complexes of N. Ruri and Okuge, Kenya.
Unpub1.PhD. thesis. Univ. of Leicester.

Du Bois C.G.B. 1958. The geology of the Toror Hills, Central Karamoja,
Uganda.
PhD. thesis. Univ. of London.

__________  1959' Toror Hills alkali complex. Central Karamoja,
Uganda.
Int. Geol. Congress. Mexico.

Erickson R.L. and Blade L.V. 1965. Geochemistry and Petrology of
the alkalic igneous complex at Magnet Cove, 
Arkansas.
U.S. Geol. Surv. Prof. Paper 425*

Flegg A.M. 1989* The geology of the carbonatitic rocks of the
N. of the Homa Mtn. carbonatite complex. W, Kenya. 
Unpub1. PhD. thesis. Univ. of Leicester.

Porster I.P. 1958. Paragenetical ore mineralogy of the Loolekop-
Phalaborwa carbonatite complex. Eastern Transvaal. 
Trans.Geol.Soc. South Africa, v.6l,pp.359-583* 

Garson M.S. I962. Tundulu ring complex in S. Nyasaland.
Mem. Geol. Surv. Nyasaland, 2.

___________  and Smith W.C. 1958. Chilwa Island.
Myasaland Protectorate Geol.Survey, Memoir 1. 

Gerasimovsky V.I., Volkov V.P., Kbgarke L.®., Polyakov A.I.,
Saprykina T.V. and Balashov Y.A. I986. The geochemistry of the

Lovozero alkali massif, Part 2. Geochemistry, 
(Translated by D.A. Brown).
Australian National University Press, Canberra. 

Girault J. 1986. Genese et Geochimie de 1 'apatite et de la calcite
dans les roches liees au complexe carbonatitique 
et hyperalkalin d'Oka, (Canada).
Bull. Soc. franc., Miner.Crist.LXXXlX,pp.498-513*



Gold D.P. 1963. Average chemical composition of carbonatites.
Econ. Geol., v.58, pp.988-991*

________  1964 Minerals of the Oka carbonatite and alkaline
complex, Oka, Quebec.Proc. 4th Gen. Meeting 
Int. Min. Assoc., New Delhi.

Green D.H. and Hingwood A.E. I967. The genesis of basaltic magmas.
Contrib. Miner. Pet. I5, p.l03«

Harbaugh J.W. and Merriam D.P. I968. Computer applications in
stratigraphical analysis. John Wiley, New York. 

Harman H.H. I96O. Modern Factor Analysis. University of Chicago
Press, Chicago.

Harris P.G. 1957* Zone refining and the origin of potassic basalts.
Geochim. cosmochim. Acta v.l2, p.195*

Heinrich E Wm. I966. The Geology of Carbonatites. Rand McNally and Co.
Chicago.

_____________  and Deane R.W. I962. An occurrence of Baryllite near
Seal Lake, Labrador. Am. Miner, v.47, P P * 7 5 8 - 7 8 3 .

____________  and Levinson A.A. I98I. Carbonatitic Nb-rare-earth
deposits, Ravalli City, Montana.
Am. Miner, v.48, pp.1424-1427*

Higazy R.A. 1954* Trace elements of volcanic ultrabasic potassic
rocks of S.W. Uganda and adjoining parts ofthe 
Belgian Congo.
Bull. Geol. Soc. Am. v.65, PP*39-70*

Howie R.A. and Woolley A.R. I968. The role of Ti and the effect of
TiOg on the cell size, refractive index, and 
specific gravity in the andradite-melanite- 
schormolite series. Mineralog.Mag.V.36,pp.775-790. 

Jaffe P.C. and Collins B. I 969* Rare-earth concentrations in the
S.Ruri carbonatite, W.Kenya. Trans. Inst.Min. and 
Metall. Trans., Sect.B, v.378.

Johnson R.L. I96I. The geology of the Dorowa and Shawa carbonatite
complexes, S.Rhodesia. Trans.Geol.Soc. South Africa, 
V . 8 4 ,  pp.lOl-145.

Kapustin Yu.L. I966. Geochemistry of the rare-earth elements in
carbonatites. Geochem.Int. pp.1054-1064*



Khomyakov A .P, I 963 . R e la t io n  betw een th e  c o n te n t and com p o sitio n  o f

th e  r a r e - e a r th s  in  m in e ra ls .

Geochem, I n t .  N o.2, p p .125-132.

_______________ 1964 . D is t r ib u t io n  o f  th e  r a r e - e a r th s  in  c a rb o n a te -
h e m a tite  v e in s  o f  W .Tannu-ola.

Geochem. I n t .  N o .l,  p p .40-43*

______________  1967* Chemical and c ry s ta l lo c h e m ic a l  f a c to r s  in  th e
d i s t r i b u t i o n  o f  th e  r a r e - e a r th s .

Geochem. I n t .  No.4 , p p .127-135*
King B.C. 1949* The Napak a re a  o f  so u th e rn  Karam oja, Uganda.

Uganda g e o l.S u rv . Mem. 5*

_________  1965 P e tro g e n e s is  o f  th e  a lk a l in e  igneous ro c k
s u i t e s  o f  v o lc a n ic  and i n t r u s iv e  c e n tr e s  o f 
E, Uganda. J .P e t .  v .6 ,  N o .l

__________  and S u th e rlan d  D.S. I 966 . In  " C a rb o n a tite s " ,

T u t t l e  O.P. and G i t t in s  J . ( e d s . )  I n te r s c ie n c e  
P u b lis h e r s ,  New York.

K uellm er P . J . , V isocky A.P. and T u t t l e  O .P ., I 966 . P re lim in a ry

su rvey  o f  th e  system  b a r i t e - c a l c i t e y f l u o r i t e  
a t  500bars . In  " C a rb o n a tite s " , T u t t le  O.P. 
and G i t t in s  J .  ( e d s . ) .  I n te r s c ie n c e  P u b li s h e r s ,  
New York.

Le Bas M. J .  1966 . The in t r u s iv e  and v o lc a n ic  c e n tr e s  o f  th e  Wasaki

a re a ,  W.Kenya. P ro c .G eo l.S o c .L o n d . 
p p .25-26  ( a b s t r a c t ) .

____________  1971 P e ra lk a l in e  v o lcan ism , c r u a ta l  s w e llin g ,a n d
r i f t i n g .  N a tu re  (P h y s ic a l s c ie n c e )  V .23O 

N o.12, p p .85-87*
McCall G .J.H . 1958 . Geology o f  th e  Gwasi a r e a ,  Kenya Colony.

K e n y a ,g e o l.su rv . R ep t. 45*

_______________ 1959* A lk a lin e  and c a r b o n a t i t i c  r i n g  complexes i n  th e

Kavirondo R i f t  V a lley , Kenya. In t .g e o l .C o n g re s s ,  

2 0 th  s e s s io n ,  A ssoc .de  s e r v .g e o l .  A fr ic a in s  

PP*327- 334.



Mitchell W.A. I96O. A method for quantitative mineralogical analysis
by X-ray powder diffraction.
Mineralog. Mag. v.32, pp.492-499*

Morrison D.P. 1967* Multivariate statistical methods. McGraw-Hill Inc.
Noll W. 1934* Geochemie des strontiums. Mit Bemerkungen zur

geochemie des Bariums. Chem. Erde 8, p.507 
Orville P. I963. Alkali ion exchange between vapour and feldspar

phases. Am. J.Sci. 261, pp.201-237*
__________  1987 Unit cell parameters of the microcline low albite,

and sanidine high albite solid solution series.
Am.Min. v .5 2 , pp.55-85*

Parsons G.E. 1957* Hemegosenda Lake columbium area. Can.Mining,
v*78, p p .83-87 .

Pecora W.T, 1958. Carbonatites, a review. Bull. geol.Soc.Amer.
V .6 7 ,  p p . 1 5 3 7 -1 5 5 8 *

Pulfrey W 1949* Ijolitic rocks near Homa Bay, W.Kenya.
Q. Jl. geol. Soc. Lond. v.IO5.

_________  1954 Alkali syenites at Ruri, W.Kenya. Min.Mag. V.9I*

Quon S h i Haung I985. G eochem istry and p a ra g e n e s is  of c a r b o n a t i t i c

calcites and dolomites. Unpublished PhD. thesis, 
Univ. of Michigan.

Rankama K. and Sahama Th. G. I 984 . G eochem istry, 5 th  E d t. U n iv .o f

Chicago Press, Chicago, U.S.A.
Saggerson E.P. 1952. Geology of the Kisumu district. Kenya geol,

S u rv .R ep t. 21.

Schofield A. and Haskin L. I984. Rare-earth distribution patterns in
light terrestrial materials. Geochim.cosmochim. 
Acta. v .2 8 .

Shapiro L and Brannock W.W. 1958. Rapid analysis of silicate rocks.
A contribution to geochemistry.
U.S.Geol.Survey Bull. IO38-C.

Sinkova L.A. and Turanskaya N.V. I968. Difference between the effects
of Potassium and Sodium on the migration tendencies 
of the rare-earth elements. Geochem.Int. No.5, 
p p . 481- 488.

Smith A.L. 1970 Sphene, perovskite and coexisting Pe-Ti oxide
minerals. Am.Min. v.55, p.2621.



Smith W.C. 1955* Carbonatites of the Chilwa series of
S.Nyasaland. Bull. Br.Mus.Nat.Hist.
(Mineralogy), v.l. No.4, pp.95-120.

_____________ 1958 A review of some problems of African Carbonatites.
Q. Jl. geol. Soc. London 112, pp.189-220.

Sorensen H. I96O On the agpaitic nepheline-syenites.
I n t .  Geol. Congr. 2 1 s t S e ss io n  p t . X l l l .

Sutherland D.S. I966. Petrological studies of the alkaline complexes
of E. Uganda. Unpublished PhD. thesis, Univ. 
of London.

_______________  1985 Potash-trachytes and ultra-potassic rocks
associated with carbonatite complexes, of the 
Toror Hills, Uganda. Mineralog. Mag. v.35* 

Temple A. K. and Grogan R.M. I983. Carbonatite and related alkalic
rocks at Powderhorn, Colorado. Econ. Geol.v.60,
pp.672-692.

Tennant W.C. and Sewell J .R . 1989* Direct reading spectrochemical
determination of trace elements in silicates 
incorporating automatic background and matrix 
corrections. Geochim.cosmochim. Acta v.35»
pp.640-648.

Turekian K. K. and Wedepohl K.H. I98I. Distribution of elements in
some major units of the earth's crust.
Bull. geol. Soc. Am. v.72, pp.175-192.

Tuttle O.P. and Gittins J. (eds.) I986, Carbonatites. Interscience
Publishers, New York. 591p*

Vainshtein E .E ., Pozharitskaya L.K. and Turanskaya N.V. I96I.
Behaviour of the rare-earths in the process 
of formation of carbonatites. Geochemistry 
V . 11, pp.1151-1154*

Van d e r Veen A.H. I 963 . A study  o f  P y ro c h lo re . Verh.Kon.

Nederlands Geol.Mijnbou Gen.Geol. Ser.22 
van Groos A.P. and Wyllie P.J. I988. Liquid immiscibility in the

join NaAlSi^Og-NagCO^-HgO and its bearing on 
the origin of carbonatites. Am.J.Sci.
V . 266, pp.982-987*



van  Wambeke L. 1964* La geochemie des ro ch es  du K a is e r s tu h l ,  i n

'L es ro ch es  a lk a l in e s  e t  l e s  c a r b o n a t i te s  
du K a is e r s tu h l ' .

Euratom p u b l ic a t io n  1827 d , f ,  e.
V inogradov A.P. 1962 Average amounts o f  chem ical elem ents in  th e

main ty p es  o f  igneous ro ck s  o f  th e  e a r th  * s 

c r u s t .  Geokhimiya No.7»

V lasov K.A. ( e d . ) I 966 . G eochem istry  o f  r a r e  e lem en ts , v . l .

I s r a e l  Program  f o r  S c i e n t i f i c  T r a n s la t io n s  L td . 
Von Eckermann H. 1952. The d i s t r i b u t i o n  o f  Ba and S r i n  th e  ro ck s

and m in e ra ls  o f  th e  s y e n i t i c  and a lk a l in e  rocks 
o f  Alno I s la n d .  A rk iv . M in e ra l. G eol. 1,
p p .567- 375.

_________________  1966 . S r eoid Ba c o n te n ts  o f th e  Alno c a r b o n a t i t e s .

M in e ra l.S o c . I n d ia ,  In t.M in e ra l .A ss o c , volume.
Von E n g e lh a rd t W, 1938» Die Geochemie des Barium. Chem.Erde v .lO .

p . 187.
Wager L .E . and M itc h e ll  R.L. 1951* The d i s t r i b u t i o n  o f  t r a c e  elem ents

d u rin g  s t ro n g  f r a c t i o n a t io n  o f  b a s ic  magma. 
Geochim.cosmochim. A cta, v . l .  p p .129-208.

W ahstedt W.C. and D avis J .C . I 988 . F o r t r a n  iV program  f o r  com puta tion

and d is p la y  o f  P r in c ip a l  com ponents. Computer 

c o n tr ib u t io n  21, S ta te  g e o l .  Survey, U niv. o f 
K ansas, U .S.A .

W atkinson D.H. 1970. E xperim en ta l s tu d ie s  b e a r in g  on th e  o r ig i n  o f

th e  a lk a l i c - r o c k  c a r b o n a t i t e  complex and Nb- 

m in e r a l i s a t io n  a t  Oka, Quebec.

Can. M in e ra lo g is t  v . 1 0 .p p .350-381.

________________ and W y llie  P . J .  I 984* Phase r e l a t i o n s  in  th e  jo in

NaAlSiO^-CaCOÿmCaCOH^g-HgO and t h e i r  b e a r in g  
on th e  g e n e s is  o f  some c a r b o n a t i t i c  a l k a l i c  

ro c k  com plexes. A m .G eophys.U nion.Trans, v .4 5 , 
p . 126 .

W illiam s C.E. 1952. C a rb o n a ti te  s t r u c t u r e ,  T o ro r H i l l s ,  E. Uganda.

G eol. Mag. v . 89, p p .286-292.



W y llie  P . J .  1964 . F r a c t io n a l  c r y s t a l l i s a t i o n  in  s y n th e t ic

c a r b o n a t i t e  magmas. In t .M in e ra l .A ss o c .

4 th  Geh. M eeting, K im b erlit e - c a r b o n a t i te  
symposium.

____________  1965 M eltin g  r e l a t i o n s  in  th e  system  CaO-MgO-

COg-HgO and i t s  p e t r o lo g ic a l  a p p l ic a t io n s .  

J .P e t .  v .6 ,  p p . lO l- 123 .
_____________  and Haas J .L .  I 965 . The system  CaO-SiOg-CO^-H^O,

m e ltin g  r e l a t i o n s  w ith  ex cess  vapour a t  

Ikb  p re s s u re .

Geochim.cosmochim A cta v .2 9 , &p.871-893. 
and T u t t le  O.F. I 96O. The system  CaO-COg-HgO and th e

o r ig in  o f c a r b o n a t i t e s .  J .P e t .  v . l ,  p p . l - 46 . 

Zhabin A. G. and M ukhitdinov G.N. 1959* A % pogene a u re o le  o f  r a r e -
e a r th  d is se m in a tio n  abou t th e  V ishnevogorsk - 

Ilm en M ountains M iask ite  in t r u s io n  (S .U r a ls ) .  
Dokl.Akad.Nauk. S .S .S .R .,  E a r th  S c i .S e c t . ,126 , 

490-491  • (E n g lish  T ra n s la t io n  I 96O).
Zussman J .  ( e d . ) I 967 . P h y s ic a l methods in  D e te rm in a tiv e  M ineralogy.

Academic P r e s s ,  London.



G eochem istry  o f c a r b o n a t i t e s  and r e l a t e d  ro c k s  from  S outh  N yanza, Kenya.

A th e s i s  su b m itte d  to  L e ic e s te r  U n iv e r s i ty  f o r  th e  d eg ree  o f  D octor o f 

P h ilo so p h y  by C h r is to p h e r  B arb er .

A b s ta c t .

The d i s t r i b u t i o n  o f 25 t r a c e  e lem en ts  and s e le c te d  m ajor e lem en ts  have been 

in v e s t ig a te d  in  c a r b o n a t i t e s ,  p e r a lk a l in e  s i l i c a t e  ro c k s  and f e n i t e s  from  

Homa M ountain , N. R u r i ,  and W asaki in  W* Kenya* Com parison has been  made w ith  

th e  d i s t r i b u t i o n  o f th e s e  e lo a e n ts  in  s im i la r  ro c k s  from  Budeda, T oro r and 

Tororo  c a r b o n a t i t i c  com plexes, E. Uganda.

The e a r l i e s t  s o v i t i c  c a r b o n a t i t e s  were found to  c o n ta in  g r e a te r  concen­

t r a t i o n s  o f  S r ,  and g e n e r a l ly  l e s s  Ba, Nb, REE( C e - e a r th s j  and Y - e a r th s ) ,

Fe, Mn, Zn, Z r , T i ,  and V th a n  th e  l a t e r  a l v i k i t i c  c a r b o n a t i t e s .  The l a t e r  

f e r ru g in o u s  a l v i k i t e s  w ere c h a r a c t e r i s t i c a l l y  e n r ic h e d  in  Fe, Mn, Ba, Zn,

REE ( C e -e a r th s )  r e l a t i v e  to  o th e r  c a r b o n a t i t e s .  A ll  c a rb o n a t  i t e s  were 

t y p i c a l l y  s t r o n g ly  C e -e a r th  e n r ic h e d .

The p e r a lk a l in e  s i l i c a t e  ro c k s  and f e n i t e s  were s i m i l a r l y  e n r ic h e d  in  S r ,  Ba, 

REE,Nb, and Ti and c o n ta in e d  g e n e r a l ly  more Zr and Ga th a n  th e  c a r b o n a t i t e s .  

These ro c k s  were a ls o  C e -e a r th  e n r ic h e d .

The c o n c e n tr a t io n s  o f  S r ,  Ba, Z r , REE, Ga and Kb in  th e  f e n i t e s  in d ic a te  t h a t  

th e s e  e lem en ts  a re  in tro d u c e d  in to  th e  c o u n try  ro c k  by K a - f e n i t i s i n g  s o lu t io n s .  

The s i m i l a r i t y  in  t r a c e  e lem en t c o n te n t  betw een th e  f e n i t e s  and n e p h e l in e -  

s y e n i t e s  s u g g e s ts  a g e n e t ic  r e l a t i o n s h i p  betw een th e s e  ro c k  ty p e s .

The g r e a te r  c o n c e n tr a t io n  o f  C r, N i, and Co in  th e  p y ro x e n i te s  su g g e s t  

t h a t  th e s e  ro c k s  form ed e a r ly  in  th e  c r y s t a l l i s a t i o n  h i s to r y  o f  th e  

c a r b o n a t i t e  com plexes, le a d in g  to  th e  c r y s t a l l i s a t i o n  o f th e  i j o l i t i c  s u i t e .

The r e l a t i o n s h i p  betw een th e  c a r b o n a t i t e s  and s i l i c a t e  ro c k s  rem ains 

c o n t r o v e r s i a l .  However, th e  c o n c e n tr a t io n  o f  Ba, REE, and Nb in  th e  

c a r b o n a t i t e s  i n d ic a te s  t h a t  th e s e  ro c k s  were form ed l a t e  in  th e  h i s to r y  o f  th e  

com plexes.

A mechanism in v o lv in g  f r a c t i o n a l  c r y s t a l l i s a t i o n  o f a c a rb o n a te d  s i l i c a  -  

u n d e r s a tu r a te d  magma, le a d in g  in  th e  l a t e r  s ta g e s  to  l i q u id  im m is c ib i l i ty



of carbonate and silicate liquids, is favoured for the origin of these rocks


