
T H E H Y D R O T H E R M A L A L T E R A T I O N 

O F K I M B E R L I T E 

b y 

I a n M a r k J a m e s H o d g s o n 

LIBRARY 
MIN. RES. ENG. DEPT. 

IMPERIAL COLLEGE 
LONDON SW7 2BP 

T h e s i s s u b m i t t e d f o r t h e d e g r e e o f 

D o c t o r o f P h i l o s o p h y 

a n d t h e 

D i p l o m a o f I m p e r i a l C o l l e g e 

D e p a r t m e n t o f M i n e r a l R e s o u r c e s E n g i n e e r i n g 

I m p e r i a l C o l l e g e o f S c i e n c e a n d T e c h n o l o g y 

L O N D O N S W 7 2 B P D e c e m b e r 1 9 8 1 



I : M . J . H O D G S O N 

T H E H Y D R O T H E R M A L A L T E R A T I O N 

O P K I M B E R L I T E 

A B S T R A C T 

A r e v i e w o f k i m b e r l i t e p r o c e s s i n g a n d k i m b e r l i t e g e o l o g y 

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

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

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

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

o r d i n a r y c o m m i n u t i o n . 

T h e n a t u r e a n d e x t e n t o f a l t e r a t i o n o f a k i m b e r l i t e s a m p l e 

f r o m t h e W e s s e l t o n M i n e h a s b e e n s t u d i e d u s i n g X - r a y d i f f r a c t i o n , 

i n f r a - r e d s p e c t r o s c o p y , a t o m i c a b s o r p t i o n s p e c t r o s c o p y , s c a n n i n g 

e l e c t r o n m i c r o s c o p y a n d t h e r m a l t e c h n i q u e s . R e s i d u a l h e a d m i n e r a l 

a s s a y s f o r o l i v i n e a n d s e r p e n t i n e h a v e b e e n e s t i m a t e d (to ± 5% 

r e l a t i v e ) u s i n g a n e w X - r a y d i f f r a c t i o n m e t h o d . C l a y p h a s e p r o p o r t i o n s 

w e r e e s t i m a t e d s e m i - q u a n t i t a t i v e l y f r o m a n e w c o m p u t e r i s e d e l e m e n t a l 

m a s s b a l a n c e p r o c e d u r e . 

B y r e a c t i n g c a r e f u l l y p r e p a r e d s a m p l e s i n a c i d i c , a l u m i n i u m -

+ 3+ 
r i c h c h l o r i d e m e d i a ( 0 . 3 - 1 . 5 M H , 0 . 1 - 0 . 4 M A l ) a t e l e v a t e d 

t e m p e r a t u r e s (70-350°C) o v e r 1 - 2 4 h ^ t h e k i m b e r l i t e w a s a l t e r e d t o f o r m 

p h y l l o s i l i c a t e s . T h e m a i n p r o d u c t p h a s e s w e r e c h l o r i t e s , v e r m i c u l i t e s , 

s m e c t i t e s , k a o l i n i t e s a n d s e r p e n t i n e t o g e t h e r w i t h a m o r p h o u s h y d r o x y -

o x i d e s . D a t a w a s c o l l e c t e d i n t h e f o r m o f s e m i - q u a n t i t a t i v e 



u 

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

u n d e r t h e d i f f e r e n t c o n d i t i o n s e m p l o y e d . A d e q u a t e c o r r e l a t i o n w a s 

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

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

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

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

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

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

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

N e w b e n c h s c a l e s e m i - c o n t i n u o u s a l t e r a t i o n e q u i p m e n t h a s 

b e e n c o n s t r u c t e d , a n d i s c a p a b l e o f d e g r a d i n g 9 2 % o f a 25 g - 6 . 1 8 + 3 . 1 8 m m 

c h a r g e t o - 6 0 0 urn w i t h i n 8 h a t 100°C u n d e r c o n d i t i o n s o f s i m u l t a n e o u s 

a t t r i t i o n . T h i s t r e a t m e n t w a s m o r e e f f e c t i v e t h a n l o n g t e r m r e a c t i o n s 

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

h a v e b e e n c o n s i d e r e d a n d i t i s c o n c l u d e d t h a t f u r t h e r w o r k s h o u l d b e 

u n d e r t a k e n . 



i i i 

A C K N O W L E D G E M E N T S 

I w o u l d l i k e t o t h a n k t h e f o l l o w i n g p e o p l e w h o h a v e h e l p e d 

m e d u r i n g t h e c o u r s e o f t h i s p r o j e c t : 

F i r s t l y , m y s u p e r v i s o r , D r A . W . L . D u d e n e y , f o r h i s 

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

t h e p r e p a r a t i o n o f t h e f i n a l t e x t . 

S e c o n d l y , M r R . S h a w , M r D . S h i l l a m a n d M r R . C u r t i s f o r 

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

a n a l y s i s . 

T h i r d l y , M i s s A . R u t l e d g e f o r h e r c a r e f u l t y p i n g o f t h e 

f i n a l s c r i p t . 

F i n a l l y , t h e a c a d e m i c a n d t e c h n i c a l s t a f f o f t h e D e p a r t m e n t 

o f M i n e r a l T e c h n o l o g y f o r t h e i r a s s i s t a n c e a n d a c t i v e e n c o u r a g e m e n t 

t h r o u g h o u t t h e t h r e e y e a r s . 

S p e c i a l t h a n k s g o t o M r J . A . H o d g s o n f o r m a n y o f t h e 

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

T o R i o T i n t o Z i n c I a m i n d e b t e d f o r t h e f i n a n c i a l s u p p o r t 

w h i c h f o r m e d t h e B u r s a r y a w a r d e d t o m e i n 1.978. M y a p p r e c i a t i o n i s 

r e c o r d e d . I s h o u l d a l s o l i k e t o t h a n k D e B e e r s D i a m o n d C o n s o l i d a t e d 

M i n e s L t d , e s p e c i a l l y M r T . J . N a p i e r - M u n n , f o r p r o v i d i n g t e m p o r a r y 

r e s e a r c h f a c i l i t i e s i n S o u t h A f r i c a a n d f o r a r r a n g i n g v i s i t s t o 

P r e m i e r a n d F i n s c h M i n e s . 
i 

i 
I : 
I ; 



iv 

C O N T E N T S 

P a g e 

A B S T R A C T i 

A C K N O W L E D G E M E N T S i i i 

T A B L E O F C O N T E N T S i v 

L I S T O F P L A T E S v i i i 

L I S T O F F I G U R E S i x 

L I S T O F T A B L E S x i x 

C H A P T E R 1 L I T E R A T U R E S U R V E Y 

1 . 1 I n t r o d u c t i o n 1 

1 . 2 K i m b e r l i t e G e o l o g y a n d P r o c e s s i n g 4 

1 . 2 . 1 O r i g i n a n d l o c a t i o n Q f d i a m o n d i f e r o u s 4 

o r e s 

1 . 2 . 2 K i m b e r l i t e p r o c e s s i n g 6 

1 . 2 . 3 P e t r o l o g y o f k i m b e r l i t e 12 

1 . 3 D e g r a d a t i o n o f K i m b e r l i t e M i n e r a l s 1 6 

1 . 3 . 1 N a t u r a l a l t e r a t i o n o f o l i v i n e 2 0 

1 . 3 . 2 L a b o r a t o r y a l t e r a t i o n o f o l i v i n e 23 

1 . 3 . 3 N a t u r a l a l t e r a t i o n o f s e r p e n t i n e 26 

1 . 3 . 4 L a b o r a t o r y a l t e r a t i o n o f s e r p e n t i n e 27 

1 . 3 . 5 A l t e r a t i o n o f p y r o x e n e - a m p h i b o l e g r o u p 28 

m i n e r a l s 

1 . 3 . 6 O t h e r a l t e r a t i o n s 30 

1 . 4 S y n t h e s i s o f C l a y M i n e r a l s 3 1 

1 . 4 . 1 S y n t h e s i s o f 1 : 1 l a y e r (7 A ) m i n e r a l s 34 

1 . 4 . 2 S y n t h e s i s o f 2 : 1 l a y e r ( 1 0 - 1 6 A ) 44 

m i n e r a l s 

1 . 5 D i s c u s s i o n 50 

C H A P T E R 2 A N A L Y T I C A L M E T H O D S 

2 . 1 I n t r o d u c t i o n 52 

2 . 2 S a m p l i n g a n d P r e l i m i n a r y A n a l y s i s o f t h e 52 

K i m b e r l i t e 

2 . 2 . 1 S a m p l i n g a n d s a m p l e p r e p a r a t i o n 52 

2 . 2 . 2 M i n e r a l a n a l y s i s 55 

2 . 2 . 3 A n a l y t i c a l r e q u i r e m e n t s 64 

2 . 3 X - r a y D i f f r a c t i o n 67 

2 . 3 . 1 P r i n c i p l e s 67 

2 . 3 . 2 Q u a l i t a t i v e m e t h o d s 6 9 

2 . 3 . 3 Q u a n t i t a t i v e m e t h o d s 73 

2 . 3 . 4 E r r o r s o u r c e s a n d t h e i r c o r r e c t i o n 76 

2 . 3 . 5 O l i v i n e a n d s e r p e n t i n e q u a n t i t a t i v e 77 

a n a l y s i s : a s s u m p t i o n s o n w h i c h t h e 

m e t h o d i s b a s e d 



XIV 

2 . 3 . 6 E x t r a c t i o n o f o l i v i n e a n d s e r p e n t i n e 7 8 

s t a n d a r d s 

2 . 3 . 7 F o r m u l a t i o n o f s a m p l e m i x t u r e f o r 8 5 

a n a l y s i s 

2 . 3 . 8 S i z e c a l i b r a t i o n 8 8 

2 . 3 . 9 C o n c e n t r a t i o n c a l i b r a t i o n 9 6 

2 . 3 . 1 0 E r r o r c o r r e c t i o n a n d f i n a l f o r m 9 9 

2 . 4 O t h e r A n a l y t i c a l M e t h o d s 1 0 3 

2 . 4 . 1 T h e r m a l a n a l y s i s 1 0 3 

2 . 4 . 2 I n f r a - r e d s p e c t r o s c o p y 1 0 6 

2 . 4 . 3 C h e m i c a l a n a l y s i s 1 0 7 

2 . 5 Q u a n t i t a t i v e E s t i m a t i o n o f C l a y M i n e r a l s 1 1 1 

2 . 5 . 1 A p p l i c a t i o n s o f m a s s b a l a n c e s t o 1 1 1 

q u a n t i t a t i v e a n a l y s i s 

2 . 5 . 2 O u t l i n e o f t h e r e v i s e d m e t h o d o f c l a y 1 1 5 

a n a l y s i s 

2 . 5 . 3 D e v e l o p m e n t o f t h e t r i a l p r o g r a m a n d 1 1 6 

i n t e r - e l e m e n t a l c o n c e n t r a t i o n 

r e l a t i o n s h i p s 

2 . 5 . 4 D e v e l o p m e n t o f t h e f i n a l p r o g r a m : 1 2 5 

e x t e n s i o n s to t h e o r i g i n a l E M f o r m 

2.5.5 Estimation of the uncertainties in 129 
clay mineral proportions obtained 

2 . 6 D i s c u s s i o n 1 3 9 

C H A P T E R 3 A L T E R A T I O N O F K I M B E R L I T E : P H A S E D I A G R A M S 

3 . 1 I n t r o d u c t i o n 1 4 3 

3 . 2 Reactions with 1 - 9 M Sulphuric Acid at 70°C 1 4 4 

3 . 2 . 1 A p p a r a t u s a n d p r o c e d u r e s 1 4 4 

3 . 2 . 2 R e s u l t s a n d d i s c u s s i o n 1 4 5 

3 . 3 R e a c t i o n s w i t h 0 . 0 0 0 1 - 1 . 5 M M i n e r a l A c i d s 1 5 6 

a t 7 0 a n d 100°C 

3 . 3 . 1 A p p a r a t u s a n d p r o c e d u r e s 1 5 6 

3 . 3 . 2 R e s u l t s o f r e a c t i o n s i n t h e p r e s e n c e / 1 5 8 

a b s e n c e o f t h e A l ^
+

 i o n 

3 . 3 . 3 R e s u l t s o f r e a c t i o n s i n t h e p r e s e n c e 1 6 8 

o f i o n s a d d i t i o n a l t o t h e A l
3 +

, H
+ 

s p e c i e s 

3 . 3 . 4 R e s u l t s a n d d i s c u s s i o n : M a s s b a l a n c e s 1 7 3 

3 . 3 . 5 R e s u l t s : P h a s e d i a g r a m s i n t h e A l
3 +

- 1 7 8 

H
+

 s y s t e m I . I n i t i a l h y d r o c h l o r i c 

a c i d c o n c e n t r a t i o n 0 . 3 1 a n d 1 . 5 M a t 

100°C 

3 . 3 . 6 S c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s 1 8 9 

3.4 Reactions with 0.31M Hydrochloric Acid at 201 
1 0 0 - 3 5 0°C 

3 . 4 . 1 A p p a r a t u s a n d p r o c e d u r e s 2 0 1 

3.4.2 Results : Phase diagrams in the Al - 203 
H

+

 system II. Initial acid 
concentration 0.31M at 100-350°C 

3 . 5 D i s c u s s i o n : C o m p a r i s o n o f E x p e r i m e n t a l 2 1 0 

R e s u l t s w i t h T h e o r e t i c a l R e a c t i o n E q u i l i b r i a 

a n d P h a s e D i a g r a m s
 + 

3 . 5 . 1 P h a s e d i a g r a m s i n t h e A l - H s y s t e m 2 1 1 

I I I . R e a c t i o n e q u i l i b r i a a t 100°C 

3.5.2 Reaction equilibria at 150-350°C 222 
3 . 5 . 3 P h a s e d i a g r a m s i n t h e A l

3 +

- H
+

 s y s t e m 2 2 4 

I V . M i n e r a l - s o l u t i o n e q u i l i b r i a a t 

100°C 



vi 

3 . 5 . 4 F r e e - e n e r g y - t e m p e r a t u r e r e l a t i o n s h i p s 

f o r m i n e r a l - s o l u t i o n e q u i l i b r i a a t 

1 0 0 - 3 0 0°C 

237 

C H A P T E R 4 A L T E R A T I O N O F K I M B E R L I T E : K I N E T I C S A N D M E C H A N I S M S 

O F R E A C T I O N S IN C H L O R I D E M E D I A 

4 . 5 

4 . 3 . 2 

4 . 3 . 3 

4 . 3 . 4 

4 . 1 I n t r o d u c t i o n
 3 + +

 244 

4 . 2 S y s t e m s C o n t a i n i n g 0 . 4 5 M A l a n d 0 . 3 1 M H ; 2 4 4 

0 . 2 2 M A l
3 +

 a n d 1 . 5 M H
+

 a t 100°C 

4 . 2 . 1 P r o c e d u r e s 2 4 4 

4 . 2 . 2 R e s u l t s : D O A , r e s i d u a l o l i v i n e a n d 2 4 5 

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

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

4 . 2 . 3 R e s u l t s : M a s s b a l a n c e s 2 5 2 

4 . 2 . 4 R e s u l t s a n d i n t e r p r e t a t i o n : I n f r a - r e d 2 5 6 

a n a l y s e s 

4 . 3 S y s t e m s C o n t a i n i n g 0 . 2 2 / 0 . 4 5 M A l a n d 2 6 1 

0 . 3 1 M H
+

 a t 2 1 5 , 2 6 0 , 300°C 

4 . 3 . 1 P r o c e d u r e s 2 6 1 

R e s u l t s : D O A a n d r e s i d u a l s o l u t i o n 2 6 2 

c o n c e n t r a t i o n s 

R e s u l t s : M a s s b a l a n c e s 2 7 1 

R e s u l t s a n d i n t e r p r e t a t i o n : I n f r a - r e d 2 7 3 

a n a l y s e s 

4 . 4 E s t i m a t i o n o f C l a y P h a s e s F o r m e d a t 100-300°C 2 8 6 

4 . 4 . 1 R e s u l t s a n d d i s c u s s i o n : Q u a l i t a t i v e 2 8 6 

X - r a y d i f f r a c t i o n a n a l y s e s 

C o m p u t e d p r o p o r t i o n s o f p h a s e s 2 9 8 

p r o d u c e d a t 100°C 

C o m p u t e d p r o p o r t i o n s o f p h a s e s 304 

p r o d u c e d a t 2 1 5 , 2 6 0 a n d 300°C 

D i s c u s s i o n : R e a c t i o n M e c h a n i s m s 3 1 7 

4 . 5 . 1 R e a c t i o n s a t 100°C 3 1 8 

R e a c t i o n s a t 1 5 0 a n d 215°C 3 2 0 

R e a c t i o n s a t 2 6 0 a n d 300°C 3 2 6 

O v e r a l l m i n e r a l e q u i l i b r i a : 3 3 2 

C o n f i r m a t o r y m a s s b a l a n c e s 

4 . 6 A l t e r a t i o n R e a c t i o n K i n e t i c s 3 3 5 

4 . 6 . 1 A l t e r a t i o n s t a g e s a n d p r o d u c t s 3 3 5 

4 . 6 . 2 O v e r a l l r a t e e q u a t i o n s 3 3 9 

4 . 6 . 3 T h e r a t e d e t e r m i n i n g s t e p 3 5 2 

4 . 4 . 2 

4 . 4 . 3 

4 . 5 . 2 

4 . 5 . 3 

4 . 5 . 4 

C H A P T E R 5 P R E L I M I N A R Y P R O C E S S D E S I G N 

5 . 1 

5 . 2 

5 . 3 

5.4 

Introduction
 + 

Effect of Variation of Al and H I o n 

- 1 1 8 0 + 8 5 0 u m 

C o n c e n t r a t i o n s o n D e g r a d a t i o n 

S e m i - C o n t i n u o u s A l t e r a t i o n o f K i m b e r l i t e 

a t 100°C 

5 . 3 . 1 A p p a r a t u s a n d P r o c e d u r e s 

5 . 3 . 2 R e s u l t s a n d d i s c u s s i o n 

f e e d 

5 . 3 . 3 R e s u l t s a n d d i s c u s s i o n 

f e e d 

D i s c u s s i o n : P r o c e s s D e s i g n 

5 . 4 . 1 T h e s e m i - c o n t i n u o u s a l t e r a t i o n 

p r o c e s s : O p t i m i s e d c o n d i t i o n s 

5 . 4 . 2 P r o c e s s c o n s i d e r a t i o n s 

3 5 7 

3 5 7 

364 

3 6 4 

3 7 1 

- 6 . 1 8 + 3 . 1 8 m m 3 7 6 

3 8 6 

3 8 6 

388 



vii 

A P P E N D I X 1 C H E M I C A L C O M P O S I T I O N S A N D M O D E O F F O R M A T I O N 

F O R K I M B E R L I T E M I N E R A L S A N D T H E I R 

A L T E R A T I O N P R O D U C T S 

397 

A P P E N D I X 2 F O R M U L A E U S E D I N T H E E V A L U A T I O N O F S A M P L I N G 

A N D G R A I N C O U N T I N G E R R O R S 

4 0 2 

A P P E N D I X 3 P R O G R A M C S D F : A N A L Y S I S O F C O U L T E R C O U N T E R 

D A T A 

4 0 4 

A P P E N D I X 4 D E R I V A T I O N O F F I N A L E Q U A T I O N S F O R X R D 

Q U A N T I T A T I V E A N A L Y S I S 

4 0 9 

A P P E N D I X 5 P R O G R A M C E C P M : Q U A N T I T A T I V E C L A Y P H A S E 

A N A L Y S I S 

4 1 3 

A P P E N D I X 6 O V E R A L L M A S S B A L A N C E S : D E T A I L O F T H E 

P R O C E D U R E S E M P L O Y E D 

4 2 7 

R E F E R E N C E S 4 3 3 



viii 

L I S T O F P L A T E S 

P a g e 

1 . 1 V i e w o f t h e o p e n p i t a t F i n s c h (1979) 3 

1 . 2 S a m p l e s o f B l u e a n d Y e l l o w G r o u n d a s f o u n d i n 1 8 

t h e F i n s c h O p e n P i t 

1 . 3 S h a r p c o n t a c t b e t w e e n t h e B l u e a n d Y e l l o w 1 8 

G r o u n d a t F i n s c h 

1 . 4 a n d A l t e r a t i o n in P r e m i e r T y p e I I k i m b e r l i t e 1 9 

1 . 5 

o 

1 . 6 M o d e l o f a 1 : 1 (7 A ) l a y e r s i l i c a t e 32 

1 . 7 M o d e l o f a 2 : 1 (9 K ) l a y e r s i l i c a t e 32 

1 . 8 M o d e l o f a 2 : 1 ( 1 4 - 1 6 A ) l a y e r s i l i c a t e 33 

2 . 1 - P h o t o m i c r o g r a p h s o f W e s s e l t o n k i m b e r l i t e 5 9 -
2 . 8 i n t h i n s e c t i o n 62 

2 . 9 E l u t r i a t i o n a p p a r a t u s e m p l o y e d in o l i v i n e / m i c a 82 

a n d s e r p e n t i n e / m i c a s e p a r a t i o n s 

2 . 1 0 D e t a i l o f t h e e l u t r i a t i o n t u b e s 8 3 

2 . 1 1 C o u l t e r C o u n t e r a s u s e d i n s i z i n g g r o u n d 8 9 

s a m p l e s f o r q u a n t i t a t i v e X R D 

2 . 1 2 S t a n t o n " M a s s f l o w " T h e r m o b a l a n c e 1 0 5 

3 . 1 - S c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s 1 9 1 -

3 . 1 9 2 0 0 

3 . 2 0 A u t o c l a v e a p p a r a t u s u s e d f o r t e s t w o r k a t 1 0 0 - 2 0 2 

350°C 

3 . 2 1 D e t a i l o f a u t o c l a v e b o m b 2 0 2 

5 . 1 S e m i - c o n t i n u o u s a l t e r a t i o n e q u i p m e n t 3 6 8 

5 . 2 S t i r r e r , r e a c t i o n c a r t r i d g e a n d u n a l t e r e d / 3 6 9 

a l t e r e d k i m b e r l i t e 



ix 

L I S T O F F I G U R E S 

P a g e 

1 . 2 . 1 P r o g r e s s i v e s t a g e s o f t h e f o r m a t i o n o f a 5 

k i m b e r l i t e p i p e 

1 . 2 . 2 W o r l d w i d e d i s t r i b u t i o n o f k i m b e r l i t e s 7 

1 . 2 . 3 G e n e r a l i s e d f l o w s h e e t f o r d i a m o n d r e c o v e r y 9 

1 . 3 . 1 P o s i t i o n o f t h e p h a s e b o u n d a r y b e t w e e n 2 5 

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

i n v e s t i g a t i o n s i n t h e s y s t e m M g 0 - S i 0
2
- H

2
0 

1 . 4 . 1 S o l u b i l i t y i n r e l a t i o n t o p H 35 

1 . 4 . 2 S o l s t a b i l i t y : r e l a t i o n b e t w e e n l o g (gel t i m e ) 35 

a n d p H 

1 . 4 . 3 S c h e m a t i c r e p r e s e n t a t i o n o f r e l a t i o n s h i p s a m o n g 38 

p h a s e s i n t h e s y s t e m A l ^ O ^ - H ^ O 

1 . 4 . 4 P h a s e d i a g r a m f o r m i n e r a l s i n t h e A l
2
0

3
- S i 0

2
~ H

2
0 38 

s y s t e m 

1 . 4 . 5 C o o r d i n a t i o n s t a t e s o f a l u m i n i u m r e l a t i v e t o 4 0 

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

1 . 4 . 6 P h a s e d i a g r a m o f m i n e r a l s s y n t h e s i z e d a t 20°C 4 2 

s h o w i n g t h e i r r e l a t i o n s h i p t o i n i t i a l S i 0
2
/ 

A l
2
0

3
 c o m p o s i t i o n a n d e q u i l i b r i u m p H 

1 . 4 . 7 R e l a t i o n s h i p b e t w e e n t h e c o n c e n t r a t i o n s o f t h e 4 2 

s p e c i a l A l
3 +

, S i ( 0 H )
4
, H

+

 a n d t h e n a t u r e o f t h e 

m i n e r a l s f o r m e d a t 20°C, 1 0 0 k P a . 

1 . 4 . 8 E f f e c t o f s y s t e m s t u d i e d a n d t e m p e r a t u r e o n 4 6 

n a t u r e o f p r o d u c t s s y n t h e s i z e d 

. o o 
1 . 4 . 9 P h a s e d i a g r a m f o r 7 A a n d 14 A m i n e r a l s g e n e r a t e d 4 9 

in t h e r a n g e 4 2 0 - 6 0 0°C i n a M g 0 - S i 0
2
~ A l

2
0

3
 s y s t e m 

1 . 4 . 1 0 F o r m a t i o n o f m i c a - m o n t m o r i l l o n i t e f r o m g e l s 4 8 

1 . 4 . 1 1 S m e c t i t e m i n e r a l f o r m a t i o n a s r e l a t e d t o i n i t i a l 4 9 

m a g n e s i u m c o n t e n t a n d p H o f s o l u t i o n ( c o n d i t i o n s 

30 p p m S i 0
2
, 3 p p m A I 2 O 3 , 20°C, 3 m o n t h s ' 

r e a c t i o n t i m e ) 



XIV 

2 . 2 . 1 S a m p l i n g s c h e m e f o r k i m b e r l i t e 54 

2 . 3 . 1 p r i n c i p l e s o f X - r a y d i f f r a c t i o n a n a l y s i s 6 8 

2 . 3 . 2 X - r a y d i f f r a c t o g r a m s f o r a ) W e s s e l t o n k i m b e r l i t e 7 0 -

b ) s e r p e n t i n e c) o l i v i n e d) c a l c i t e 72 

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

( a m o r p h o u s ) 

2 . 3 . 3 F l o w s h e e t f o r e x t r a c t i o n o f o l i v i n e a n d 8 0 

s e r p e n t i n e X R D s t a n d a r d s 

2 . 3 . 4 S i z e d i s t r i b u t i o n s f o r g r o u n d o l i v i n e : C o u l t e r 9 1 

C o u n t e r d a t a a s i n d i c a t e d b y O w i t h a s s o c i a t e d 

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

R o s i n R a m m l e r f u n c t i o n s 

2 . 3 . 5 V a r i a t i o n i n m a g n i t u d e o f a b s o l u t e s i z e c o n s t a n t 92 

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

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

2 . 3 . 6 S i z e c a l i b r a t i o n f o r o l i v i n e s t a n d a r d : r e l a t i o n 94 

b e t w e e n r e l a t i v e p e a k i n t e n s i t y a n d a b s o l u t e 

s i z e c o n s t a n t ( o l i v i n e c o n c e n t r a t i o n 1 5 % ) 

2 . 3 . 7 S i z e c a l i b r a t i o n f o r s e r p e n t i n e s t a n d a r d : r e l a t i o n 9 5 

b e t w e e n r e l a t i v e p e a k i n t e n s i t y a n d a b s o l u t e s i z e 

c o n s t a n t , s e r p e n t i n e c o n c e n t r a t i o n ( a f t e r 

c o r r e c t i o n ) 3 7 . 2 % 

2 . 3 . 8 C o n c e n t r a t i o n c a l i b r a t i o n f o r o l i v i n e s t a n d a r d 97 

2 . 3 . 9 C o n c e n t r a t i o n c a l i b r a t i o n f o r s e r p e n t i n e s t a n d a r d 9 8 

2 . 3 . 1 0 E r r o r c a l i b r a t i o n f o r o l i v i n e s t a n d a r d 1 0 0 

2 . 3 . 1 1 E r r o r c a l i b r a t i o n f o r s e r p e n t i n e s t a n d a r d 1 0 1 

2 . 5 . 1 G r a p h i c a l r e p r e s e n t a t i o n o f c l a y p h a s e p r o p o r t i o n s 1 1 4 

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

2 . 5 . 2 R e l a t i o n b e t w e e n t h e p o s i t i o n o f t h e b a s a l (001) 1 1 9 

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

u n i t c e l l (28 o x y g e n e q u i v a l e n t s ) f o r c h l o r i t e s 

2 . 5 . 3 R e l a t i o n b e t w e e n s i l i c o n a s s a y a n d n u m b e r o f 1 2 0 

s i l i c o n i o n s p e r u n i t c e l l (28 o x y g e n 

e q u i v a l e n t s ) f o r c h l o r i t e s 

2 . 5 . 4 B o u n d a r y l i m i t s f o r s i l i c o n .and a l u m i n i u m a s s a y s 1 2 1 

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

2 . 5 . 5 B o u n d a r y l i m i t s f o r m a g n e s i u m a n d i r o n a s s a y s 1 2 2 

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

2 . 5 . 6 D i s t r i b u t i o n o f s i l i c o n a n d a l u m i n i u m a s s a y s 1 2 4 

f o r m o n t m o r i l l o n i t e s 



xi 

2 . 5 . 7 R e l a t i o n s h i p b e t w e e n c o m p u t e d p h a s e c o n c e n t r a t i o n s 1 3 2 

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

a t t r i b u t a b l e t o c h e m i c a l a s s a y e r r o r (e ) 
c v 

2 . 5 . 8 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 1 3 4 

c h l o r i t e c o n c e n t r a t i o n s 

2 . 5 . 9 F r e q u e n c y d i s t r i b u t i o n c h a r g e f o r c o m p u t e d 1 3 5 

v e r m i c u l i t e c o n c e n t r a t i o n s 

2 . 5 . 1 0 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 1 3 6 

k a n d i t e c o n c e n t r a t i o n s 

2 . 5 . 1 1 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 1 3 7 

a l u m i n i u m h y d r o x y o x i d e s ( g i b b s i t e - b o e h m i t e ) 

c o n c e n t r a t i o n s 

2 . 6 . 1 S c h e m e o f a n a l y t i c a l p r o c e d u r e s e m p l o y e d i n 1 4 0 

t h e t e s t w o r k 

3 . 2 . 1 R e l a t i o n b e t w e e n D O A a n d i n i t i a l c o n c e n t r a t i o n 1 4 6 

o f s u l p h u r i c a c i d f o r a f e e d a g i t a t e d a t 70°C, 

24 h t h e f e e d s i z e s b e i n g - 1 1 8 0 + 8 5 0 u m ( A ) , - 6 . 1 8 

+ 3 . 1 8 m m ( B ) . T h e e f f e c t o f v a r i o u s c h l o r i d e 

c o n c e n t r a t i o n s , f o r a s y s t e m i n v o l v i n g a 1 0 g 

- 1 1 8 0 + 8 5 0 u m f e e d i n a 9 M s u l p h u r i c a c i d s o l u t i o n 

i s s h o w n a b o v e ( c ) . 

3 . 2 . 2 R e l a t i o n s h i p b e t w e e n t h e p r o p o r t i o n o f t o t a l 1 4 7 

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

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

a c i d c o n c e n t r a t i o n f o r 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d 

a g i t a t e d a t 70°C f o r 2 4 h . 

3 . 2 . 3 X - r a y d i f f r a c t o g r a m s f o r s a m p l e s r e a c t e d w i t h 1 4 8 

4 . 5 M s u l p h u r i c a c i d 70°C
/
 24 h a ) + 7 5 y m 

f r a c t i o n b ) - 7 5 y m f r a c t i o n 

3 . 2 . 4 R e l a t i o n s h i p b e t w e e n D O A a n d t h e p r o p o r t i o n o f 1 5 0 

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

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

1 0 g - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e a g i t a t e d w i t h 4 0 m l 

9 M s u l p h u r i c a c i d a t 70°C 

3 . 2 . 5 R e l a t i o n s h i p b e t w e e n t h e p r o p o r t i o n o f t o t a l 1 5 3 

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

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

a c i d c o n c e n t r a t i o n f o r a 1 0 g - 6 . 1 8 + 3 . 1 8 m m f e e d 

a g i t a t e d a t 70°C f o r 24 h 

3 . 3 . 1 R e l a t i o n b e t w e e n t h e D O A a n d t h e i n i t i a l 1 5 9 

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

a 1 0 g — 1 1 8 0 + 8 5 0 y m f e e d a g i t a t e d / s t i r r e d a t 

70/100°C f o r 7 h 



xii 

3 . 3 . 2 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l 1 6 0 

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

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

s u l p h u r i c a c i d c o n c e n t r a t i o n f o r a 1 0 g - 1 1 8 0 + 

8 5 0 y m f e e d a g i t a t e d a t 70°C f o r 7 h 

3 . 3 . 3 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l 1 6 1 

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

a n d t h e i n i t i a l h y d r o c h l o r i c / s u l p h u r i c a c i d 

c o n c e n t r a t i o n f o r a 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d 

s t i r r e d a t 100°C f o r 7 h 

3 . 3 . 4 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l 1 6 2 

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

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

f o r a 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d s t i r r e d a t 100°C 

f o r 7 h 

3 . 3 . 5 X - r a y d i f f r a c t o g r a m s o f - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 1 6 4 -

r e a c t e d w i t h 0 . 3 1 M s u l p h u r i c a c i d , 100°C, 7 h 1 6 5 

a) + 7 5 y m f r a c t i o n b ) - 7 5 y m f r a c t i o n 

X - r a y d i f f r a c t o g r a m s o f - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

r e a c t e d w i t h 0 . 3 1 M h y d r o c h l o r i c a c i d , 100°C, 

7 h c) + 7 5 y m f r a c t i o n d ) - 7 5 y m f r a c t i o n 

3 . 3 . 6 I n f r a - r e d r e c o r d i n g s f o r a ) k i m b e r l i t e h e a d 1 6 7 

b ) - 7 5 y m f r a c t i o n f r o m f r a c t i o n w i t h 0 . 3 1 M 

s u l p h u r i c a c i d a t 100°C f o r 7 h , c) a s b ; 

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

3 . 3 . 7 a ) X - r a y d i f f r a c t o g r a m f o r t h e r e s i d u a l - 7 5 y m 1 6 9 

f r a c t i o n f r o m r e a c t i n g 1 0 g - 1 1 8 0 + 8 5 0 y m 

k i m b e r l i t e w i t h 4 0 m l 0 . 4 4 M a l u m i n i u m c h l o r i d e 

0 . 3 1 M h y d r o c h l o r i c a c i d a t 100°C f o r 7 h 

b ) I n f r a - r e d t r a c e f o r t h e p r o d u c t n o t e d in 1 7 0 

F i g u r e 3 . 3 . 7 a 

. c ) D i f f e r e n t i a l t h e r m a l a n a l y s i s o f t h e s a m e 

p r o d u c t 

3 . 3 . 8 R e l a t i o n b e t w e e n D O A , p r o p o r t i o n o f t o t a l 1 7 2 

a l u m i n i u m a n d m a g n e s i u m r e p o r t i n g t o s o l u t i o n 

a n d t h e i n i t i a l c o n c e n t r a t i o n o f a l u m i n i u m 

c h l o r i d e / n i t r a t e f o r 1 0 g - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

r e a c t e d w i t h a s o l u t i o n c o n t a i n i n g 0 . 3 1 M 

h y d r o c h l o r i c / n i t r i c a c i d a t 100°C, f o r 7 h w i t h 

v a r i o u s a l u m i n i u m i o n c o n c e n t r a t i o n s 

3 . 3 . 9 P h a s e p r e d o m i n a n c e d i a g r a m s h o w i n g t h e i n f l u e n c e 1 8 1 

o f i n i t i a l a l u m i n i u m c o n c e n t r a t i o n a n d t h e p H 

o n t h e n a t u r e o f t h e - 7 5 y m p r o d u c t f o r m e d a t 

100°C 7 h , i n i t i a l a c i d c o n c e n t r a t i o n b e i n g 0 . 3 1 M 

3 . 3 . 1 0 P h a s e p r e d o m i n a n c e d i a g r a m s h o w i n t h e i n f l u e n c e 1 8 2 

o f i n i t i a l a l u m i n i u m c o n c e n t r a t i o n a n d t h e p H 

o n t h e n a t u r e o f t h e - 7 5 y m p r o d u c t f o r m e d a t 

100°C, 7 h , i n i t i a l a c i d c o n c e n t r a t i o n b e i n g 1 . 5 M 



x i i i 

3 . 3 . 1 1 X - r a y d i f f r a c t o g r a m s o f s e l e c t e d - 7 5 y m p r o d u c t s 1 8 4 

a s f e a t u r e d i n F i g u r e 3 . 3 . 9 a) 7 . 0 - 7 . 4 A 1 8 5 

a l u m i n i u m k a n d i t e s b ) m i x e d l a y e r v e r m i c u l i t e -

c h l o r i t e w i t h r e s i d u a l m i c a 

X - r a y d i f f r a c t o g r a m s o f s e l e c t e d - 7 5 y m p r o d u c t s 

a s f e a t u r e d i n F i g u r e 3 . 3 . 1 0 a) 9 - 1 1 & a l u m i n o -

s i l i c a t e p h a s e s d ) m i x e d l a y e r s a p o n i t e -

v e r m i c u l i t e - c h l o r i t e 

3 . 3 . 1 2 R e l a t i o n b e t w e e n t h e D O A , p r o p o r t i o n o f t o t a l 1 8 8 

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

t o s o l u t i o n a n d t h e i n i t i a l a l u m i n i u m i o n 

c o n c e n t r a t i o n f o r 1 0 g - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

r e a c t e d w i t h 1 . 5 M h y d r o c h l o r i c a c i d a t 100°C, 7 h 

3 . 4 . 1 P h a s e p r e d o m i n a n c e d i a g r a m s h o w i n g t h e i n f l u e n c e 2 0 4 

o f i n i t i a l a l u m i n i u m c o n c e n t r a t i o n o n t h e n a t u r e 

o f t h e - 7 5 y m p r o d u c t f o r m e d a f t e r 8 h t o t a l 

r e a c t i o n t i m e , i n i t i a l a c i d c o n c e n t r a t i o n b e i n g 

0 . 3 1 M 

3 . 4 . 2 X - r a y d i f f r a c t o g r a m s f o r s e l e c t e d - 7 5 y m p r o d u c t s 2 0 6 

a s f e a t u r e d i n F i g u r e 3 . 4 . 1 

a ) 9 - 1 1 & a l u m i n o s i l i c a t e b ) k a o l i n i t e - d i c k i t e 2 0 7 

c) v e r m i c u l i t e - c h l o r i t e d ) m o n t m o r i l l o n i t e 

3 . 4 . 3 I n f r a - r e d t r a c e s f o r s e l e c t e d - 7 5 y m p r o d u c t s 2 0 9 

f e a t u r e d in F i g u r e 3 . 4 . 1 a ) 9 - 1 1 A a l u m i n o s i l i c a t e 

b ) k a o l i n i t e - d i c k i t e c) y e r m i c u l i t e - c h l o r i t e 

d ) m o n t m o r i l l o n i t e 

3.5.1 Relation between hydrogen ion requirement/ 215 
regeneration and the extent of aluminium 
substitution in the tetrahedral lattice for 
phyllosilicates 

3.5.2 Theoretical relationship between the aluminium 218 
and hydrogen ion requirement and the nature of 
t h e p r o d u c t f o r m e d f r o m t h e a l t e r a t i o n o f 

k i m b e r l i t e 

3 . 5 . 3 T h e o r e t i c a l m i n e r a l - s o l u t i o n p h a s e d i a g r a m f o r 2 3 4 

k i m b e r l i t e a l t e r a t i o n p r o d u c t s a t 100°C 

3.5.4 Free energy of formation-temperature relationships 241 
for alteration products of kimberlite 

4 . 2 . 1 R e l a t i o n b e t w e e n D O A , p r o p o r t i o n o f c a l c i u m 2 4 6 

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

A and B 

4.2.2 Relation between proportion of magnesium and iron 247 
entering solution and reaction time for systems 
A and B 

4.2.3 Relation between proportion of total aluminium 249 
reporting to a solid + 7 5 / - 7 5 ym fraction and 
reaction time for systems A and B 



X I V 

4 . 2 . 4 R e l a t i o n s h i p b e t w e e n r e s i d u a l c o n c e n t r a t i o n s o f 2 5 0 

o l i v i n e a n d s e r p e n t i n e i n t h e f i n a l + 7 5 y m 

f r a c t i o n a n d t i m e o f r e a c t i o n , f o r s y s t e m A , t h e 

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

t h e i r h e a d v a l u e s 

4 . 2 . 5 R e l a t i o n s h i p b e t w e e n r e s i d u a l c o n c e n t r a t i o n s o f 2 5 1 

o l i v i n e a n d s e r p e n t i n e i n t h e f i n a l + 7 5 y m 

f r a c t i o n a n d t i m e o f r e a c t i o n , f o r s y s t e m B , t h e 

m i n e r a l a s s a y s b e i n g e x p r e s s e d a s a p e r c e n t a g e 

o f t h e i r h e a d v a l u e s 

4 . 2 . 6 E l e m e n t a l m a s s d i s t r i b u t i o n s f o r t h e + 7 5 y m , - 7 5 2 5 4 

- 7 5 y m a n d s o l u t i o n p h a s e s g e n e r a t e d a t v a r i o u s 

r e a c t i o n t i m e s f o r s y s t e m A 

4 . 2 . 7 E l e m e n t a l m a s s d i s t r i b u t i o n s f o r t h e + 7 5 y m , 2 5 5 

- 7 5 y m a n d s o l u t i o n p h a s e s g e n e r a t e d a t v a r i o u s 

r e a c t i o n t i m e s f o r s y s t e m B 

4 . 2 . 8 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 5 7 

o b t a i n e d f r o m s y s t e m A r e a c t e d a t 100°C f o r 

a) 5 h ; b ) 6 h ; c) 7 h? d ) 14 h ; e) 2 0 h ; 

f) 24 h 

4 . 2 . 9 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 5 8 

o b t a i n e d f r o m s y s t e m B r e a c t e d a t 100°C f o r 

a ) 2 h ; b ) 4 h ; c) 7 h? d ) 14 h ; e) 2 0 h ; 

f) 24 h 

4 . 2 . 1 0 R e l a t i o n b e t w e e n r e l a t i v e I R p e a k i n t e n s i t y a n d 2 6 0 

r e a c t i o n t i m e f o r - 7 5 y m p r o d u c t s g e n e r a t e d in 

s y s t e m s A a n d B 

4 . 3 . 1 R e l a t i o n b e t w e e n D O A a n d r e a c t i o n t i m e f o r s y s t e m 2 6 3 

C a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 2 R e l a t i o n b e t w e e n D O A a n d r e a c t i o n t i m e f o r s y s t e m 264 

D a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 3 R e l a t i o n b e t w e e n p r o p o r t i o n a n d c o n c e n t r a t i o n o f 2 6 6 

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

f o r s y s t e m C a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 4 R e l a t i o n b e t w e e n p r o p o r t i o n a n d c o n c e n t r a t i o n o f 2 6 7 

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

f o r s y s t e m D a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 5 R e l a t i o n b e t w e e n p r o p o r t i o n a n d c o n c e n t r a t i o n o f 2 6 8 

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

s y s t e m C a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 6 R e l a t i o n b e t w e e n p r o p o r t i o n a n d c o n c e n t r a t i o n o f 2 6 9 

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

s y s t e m D a t v a r i o u s t e m p e r a t u r e s 

4 . 3 . 7 R e l a t i o n b e t w e e n p r o p o r t i o n o f c a l c i u m e n t e r i n g 2 7 0 

s o l u t i o n a n d r e a c t i o n t i m e f o r s y s t e m s C a n d D 

a t v a r i o u s t e m p e r a t u r e s 



XIV 

4 . 3 . 8 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 7 5 

o b t a i n e d f r o m s y s t e m E r e a c t e d a t 215°C f o r 

a ) 1 h ; b) 2 h ; c ) 4 h ; d) 6 h? e ) 8 h 

4 . 3 . 9 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 7 6 

o b t a i n e d f r o m s y s t e m C r e a c t e d a t 215°C f o r 

a) 1 h ; b) 2 h ; c) 4 h ; d) 5 h ; e) 6 h ; 

f) 8 h 

4 . 3 . 1 0 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 7 7 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 215°C a f t e r 

a ) 1 h ; b ) 2 h? c ) 4 h ; d) 6 h ; e ) 8 h 

4 . 3 . 1 1 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 7 9 

o b t a i n e d f r o m s y s t e m C r e a c t e d a t 260°C f o r 

a ) 1 h ; b ) 2 h ; c ) 3 h ; d ) 4 h ; e ) 5 h ; 

f) 6 h ; g) 8 h 

4 . 3 . 1 2 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 8 0 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 260°C f o r 

a ) 1 h ; b ) 2 h ; c) 3 h ; d ) 4 h ; e) 5 h ; 

f) 6 h ; g ) 8 h 

4 . 3 . 1 3 R e l a t i o n b e t w e e n r e l a t i v e I R p e a k i n t e n s i t i e s 2 8 1 

r e a c t i o n t i m e f o r - 7 5 y m p r o d u c t s g e n e r a t e d i n 

s y s t e m s C a n d D a t 260°C 

4 . 3 . 1 4 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 2 8 3 

o b t a i n e d f r o m s y s t e m C r e a c t e d a t 300°C f o r 

a) 1 h ; b ) 2 h ; c) 3 h ; d) 4 h ; e ) 5 h ; 

f) 6 h ; g) 8 h 

4 . 3 . 1 5 I n f r a - r e d s p e c t r o g r a m s f o r - 7 5 y m p r o d u c t s 284 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 300°C f o r 

a ) 1 h ; b ) 2 h ; c ) 3 h ; d ) 4 h ; e) 5 h ; 

f) 6 h ; g ) 8 h 

4 . 3 . 1 6 R e l a t i o n b e t w e e n r e l a t i v e I R p e a k i n t e n s i t i e s 2 8 5 

a n d r e a c t i o n t i m e f o r - 7 5 y m p r o d u c t s g e n e r a t e d 

i n s y s t e m s C a n d D a t 300°C 

4 . 4 . 1 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 2 8 9 

o b t a i n e d f r o m s y s t e m C r e a c t e d a t 215°C f o r 

a ) 1 h ; b ) 2 h ; c) 5 h ; d ) 6 h 

4 . 4 . 2 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 2 9 0 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 215°C f o r 

a) 1 h ; b ) 3 h ; c) 4 h ; d) 6 h ; e) 8 h 
I 

4 . 4 . 3 a X - r a y d i f f r a c t o g r a m o f 9 - 1 1 A a l u m i n o s i l i c a t e 2 9 1 

o b t a i n e d u s i n g s y s t e m E a t 215°C a f t e r 3) h 
4 . 4 . 3 b X - r a y d i f f r a c t o g r a m o f 9 - 1 1 A a l u m i n o s i l i c a t e 2 9 2 

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

0 . 3 1 M h y d r o c h l o r i c a c i d a t 100°C f o r 24 h 

4 . 4 . 4 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s f r o m 2 9 4 

s y s t e m C r e a c t e d a t 260°C f o r a) 1 h ; b ) 2 h ; 

c) 3 h ; d ) 4 h ; e) 5 h ; f) 6 h ; g) 8 h 



xvi 

4 . 4 . 5 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s o b t a i n e d 2 9 5 

f r o m s y s t e m D r e a c t e d a t 260°C f o r a) 1 h ; b ) 2 h ; 

c) 3 h ; d ) 4 h? e ) 5 h ; f) 6 h ; g) 8 h 

4 . 4 . 6 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s o b t a i n e d 2 9 6 

f r o m s y s t e m C r e a c t e d a t 300°C f o r a ) 1 h ; 

b ) 2 h? c) 4 h ; d ) 6 h ; e ) 8 h 

4 . 4 . 7 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s o b t a i n e d 2 9 7 

f r o m s y s t e m D r e a c t e d a t 300°C f o r a) 1 h ; b ) 2 h ; 

c) 4 h ; d ) 5 h ; e ) 8 h 

4 . 4 . 8 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 2 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m A a t 

100°C 

4 . 4 . 9 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 3 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m B a t 

100°C 

4 . 4 . 1 0 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 5 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m C a t 

215°C 

4 . 4 . 1 1 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 6 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m D a t 

215°C 

4 . 4 . 1 2 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 8 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m C a t 

260°C 

4 . 4 . 1 3 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 0 9 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m D a t 

260°C 

4 . 4 . 1 4 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 1 1 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m C a t 

300°C 

4 . 4 . 1 5 C o m p u t e r p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 3 1 2 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m D a t 

300°C 

4 . 4 . 1 6 T r e n d s in t h e o c t a h e d r a l a n d t e t r a h e d r a l s t r u c t u r e 3 1 7 

o f t h e 9 - 1 1 & s i l i c a t e s f o r m e d i n a l u m i n i u m - r i c h 

c o n d i t i o n s a t 2 1 5 - 3 0 0°C 

4 . 5 . 1 S c h e m e f o r c a l c u l a t i n g m o l e s o f i o n s r e s i d u a l i n 3 3 3 

s o l u t i o n 

4 . 6 . 1 S c h e m a t i c r e p r e s e n t a t i o n o f a l t e r a t i o n r e a c t i o n 3 3 6 

m e c h a n i s m w h i c h r e l a t e s t o m i c r o s c a l e i n t e r -

r e a c t i o n s 

4 . 6 . 2 T h e n a t u r e o f t h e d e g r a d a t i o n i n d u c e d i n k i m b e r l i t e 3 3 6 

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



xvii 

4 . 6 . 3 I n i t i a l r a t e k i n e t i c s : R e s i d u a l n u m b e r o f m o l e s 3 4 1 

o f o l i v i n e a n d s e r p e n t i n e a f t e r 0 . 2 5 h 

4 . 6 . 4 R e l a t i o n b e t w e e n t h e r e c i p r o c a l f o r t h e r e s i d u a l 3 4 3 

m o l e s o f o l i v i n e i n t h e + 7 5 y m f r a c t i o n , a n d 

t h e r e a c t i o n t i m e f o r s y s t e m s A a n d B 

4 . 6 . 5 R e l a t i o n b e t w e e n t h e r e c i p r o c a l o f t h e r e s i d u a l 3 4 4 

m o l e s o f s e r p e n t i n e i n t h e + 7 5 y m f r a c t i o n , £ g p , 

a n d t h e r e a c t i o n t i m e f o r s y s t e m s A a n d B 

4 . 6 . 6 R e l a t i o n b e t w e e n a n d r e a c t i o n t i m e a t v a r i o u s 3 4 6 

t e m p e r a t u r e s f o r s y s t e m A 

4 . 6 . 7 A r r h e n i u s p l o t f o r s y s t e m A : o l i v i n e r e a c t i o n 3 4 6 

4 . 6 . 8 R e l a t i o n b e t w e e n r e s i d u a l c o n c e n t r a t i o n s o f 3 5 4 

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

s q u a r e r o o t o f t h e r e a c t i o n t i m e f o r s y s t e m A 

4 . 6 . 9 R e l a t i o n b e t w e e n r e s i d u a l c o n c e n t r a t i o n s o f 3 5 5 

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

s q u a r e r o o t o f t h e r e a c t i o n t i m e f o r s y s t e m B 

5 . 2 . 1 D i a g r a m s h o w i n g t h e e f f e c t o f t h e i n i t i a l 3 5 9 

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

D O A (%) f o r a 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d r e a c t e d a t 

100°C f o r 7 h 

5 . 2 . 2 D i a g r a m s h o w i n g t h e e f f e c t o f t h e i n i t i a l 3 6 0 

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

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

e n t e r i n g s o l u t i o n (%) 

5 . 2 . 3 D i a g r a m s h o w i n g t h e e f f e c t o f t h e i n i t i a l 3 6 2 

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

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

p r o d u c t (%) 

5 . 2 . 4 D i a g r a m s h o w i n g t h e e f f e c t o f t h e i n i t i a l 3 6 3 

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

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

t h e s y s t e m (% o f h e a d v a l u e ) 

5 . 3 . 1 S e m i - c o n t i n u o u s a l t e r a t i o n a p p a r a t u s 3 6 5 

5 . 3 . 2 D i a g r a m r e p r e s e n t i n g c i r c u l a t i o n o f r e a c t i o n 3 6 6 

s o l u t i o n 

5 . 3 . 3 p H / t i m e r e l a t i o n f o r s e m i - c o n t i n u o u s a l t e r a t i o n 3 7 2 

o f a 25 g - 1 1 8 0 + 8 5 0 y m f e e d . 1 . 0 g A 1 C 1
3
. 6 H

2
0 

c h a r g e a d d e d a t 0 h 

5 . 3 . 4 p H / t i m e r e l a t i o n f o r a s e m i - c o n t i n u o u s a l t e r a t i o n 3 7 4 

o f a 25 g - 1 1 8 0 + 8 5 0 y m f e e d . 5 . 0 g A 1 C 1
3
. 6 H

2
0 

c h a r g e a d d e d a t 0 h 



xviii 

5 . 3 . 5 a p H / t i m e r e l a t i o n f o r s e m i - c o n t i n u o u s a l t e r a t i o n 3 7 7 

o f a 25 g - 6 . 1 8 + 3 . 1 8 m m f e e d . 5 . 0 g A 1 C 1
3
. 6 H

2
0 

c h a r g e a d d e d a t 0 h 

5 . 3 . 5 b C r o s s s e c t i o n o f a r e a c t e d p a r t i c l e ( x 4 . 5 ) 3 7 7 

5 . 3 . 6 p H / t i m e r e l a t i o n f o r s e m i - c o n t i n u o u s a l t e r a t i o n o f 3 8 0 

a 25 g - 6 . 1 8 + 3 . 1 8 m m f e e d . 0 - 6 . 3 g A l C l
3
. 6 H

2
0 

a d d e d 

5 . 3 . 7 X - r a y d i f f r a c t o g r a m s f o r - 6 0 0 y m p r o d u c t s 3 8 3 

5 . 3 . 8 p H / t i m e r e l a t i o n f o r s e m i - c o n t i n u o u s a l t e r a t i o n o f 3 8 5 

k i m b e r l i t e - 6 . 1 8 + 3 . 1 8 m m f e e d 

5 . 4 . 1 G e n e r a l f l o w s h e e t f o r d i a m o n d r e c o v e r y b y 3 9 2 

h y d r o t h e r m a l a l t e r a t i o n o f k i m b e r l i t e 

5 . 4 . 2 C o n c e p t u a l f l o w s h e e t f o r d i a m o n d r e c o v e r y b y 

h y d r o t h e r m a l a l t e r a t i o n o f k i m b e r l i t e 

3 9 3 



xix 

L I S T O T T A B L E S 

Page 

1 .1 .1 P r o p e r t i e s o f d i a m o n d 2 

1 .4 .1 S t a b i l i t y d a t a f o r a l u m i n i u m - s i l i c a t e h y d r a t e s 3 6 

2 .2 .1 Q u a l i t a t i v e a n a l y s i s o f r e l a t i v e d e n s i t y f r a c t i o n s 5 6 

2 .2 .2 M i n e r a l a s s a y s e v a l u a t e d f r o m p a r t i c l e p o i n t 

c o u n t i n g 

5 8 

2 .2 .3 M i n e r a l a s s a y s e v a l u a t e d f r o m t h i n s e c t i o n a n a l y s i s 63 

2 .2 .4 A n a l y t i c a l m e t h o d s u s e d i n m i n e r a l a n a l y s i s 6 5 

2 .3 .1 E f f e c t o f g l y c o l a t i o n a n d h e a t i n g o n v a r i o u s c l a y 

m i n e r a l s 

75 

2 .3 .2 P r o p e r t i e s o f t h e o l i v i n e a n d s e r p e n t i n e s t a n d a r d s 8 5 

2 .3 -I 
• wl C o m p o s i t i o n o f t h e s a m p l e f o r q u a n t i t a t i v e X - r a y 

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

8 6 

2 .3 .4 S i z e c a l i b r a t i o n f o r o l i v i n e 9 6 

2 .4 .1 Q u a n t i t a t i v e a n d s e m i - q u a n t i t a t i v e c h e m i c a l 

a n a l y s i s f o r k i m b e r l i t e , o l i v i n e a n d s e r p e n t i n e 

1 0 9 

2 .4 .2 C h e m i c a l a s s a y d a t a f o r t h e k i m b e r l i t e , o l i v i n e 

a n d s e r p e n t i n e s t a n d a r d s 

1 1 0 

2 .5 .1 M i n e r a l s y s t e m s i n P r o g r a m C E C P M 1 2 8 

2 .5 .2 C h e m i c a l a s s a y e r r o r d e t e r m i n a t i o n : e f f e c t o f 

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

1 3 1 

3 .2 .1 A d d i t i v e s t e s t e d i n c o n j u n c t i o n w i t h 4 . 5 M 

s u l p h u r i c a c i d , 70°C, 24 h 

1 4 9 

3 .2 .2 P e r c e n t a g e e l e m e n t a l d i s t r i b t u i o n s f o r t h e r e a c t i o n 

w i t h 4 . 5 M s u l p h u r i c a c i d 

1 5 4 

3 .3 .1 A d d i t i v e s t e s t e d in c o n j u n c t i o n w i t h 0 . 4 1 M 

a l u m i n i u m c h l o r i d e , 0 . 3 1 M h y d r o c h l o r i c a c i d , 

100°C, 7 h 

1 7 3 

3 .3 .2 P a r t i a l e l e m e n t a l m a s s b a l a n c e s o f t y p i c a l 

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

1 7 5 

3, , 5 .1 G i b b s f r e e e n e r g i e s o f f o r m a t i o n f o r c a t i o n i c 

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

2 2 7 



X X 

3 . 5 . 2 G i b b s f r e e e n e r g i e s o f f o r m a t i o n f o r m i n e r a l s a t 2 2 9 

100°C a n d a q u e o u s s p e c i e s i n s o l u t i o n a t 1 0 0 - 3 0 0°C 

(kJ m o l "
1

) 

3 . 5 . 3 C a l c u l a t e d s t a n d a r d G i b b s f r e e e n e r g i e s o f 238-

f o r m a t i o n f o r m i n e r a l s f r o m s o l u t i o n a t v a r i o u s 2 3 9 

t e m p e r a t u r e s (150-300°C) 

4 . 3 . 1 T h e p h y s i c o c h e m i c a l c o n d i t i o n s t e s t e d a s r e p r e s e n t e d 2 6 2 

b y s y s t e m s A , B , C , D , E 

4 . 3 . 2 P e r c e n t a g e e l e m e n t a l d i s t r i b u t i o n a t v a r i o u s 2 7 2 

r e a c t i o n t i m e s f o r s y s t e m C a t 215°C a n d 300°C 

4 . 4 . 1 C o m p o s i t i o n a l d a t a f o r 9 - 1 5 & a l u m i n o s i l i c a t e s I : 3 0 1 

s y s t e m s A a n d B 

4 . 4 . 2 C o m p o s i t i o n a l d a t a f o r 9 - 1 5 & a l u m i n o s i l i c a t e s I I : 3 1 5 

s y s t e m C 

o 

4 . 4 . 3 C o m p o s i t i o n a l d a t a f o r 9 — 1 5 A. a l u m i n o s i l i c a t e s I I I : 3 1 6 

s y s t e m s C a n d D 

4 . 6 . 1 V a l u e s o f t h e A r r h e n i u s e q u a t i o n c o n s t a n t s f o r 3 4 5 

s y s t e m s A a n d B 

N 
5 . 3 . 1 E l e m e n t a l m a s s b a l a n c e d a t a f o r s e m i - c o n t i n u o u s 3 8 1 

a l t e r a t i o n o f k i m b e r l i t e : - 6 . 1 8 + 3 . 1 8 m m ; t h r e e 

r e a c t i o n c y c l e s 

5 . 4 . 1 P r o c e d u r e s a d o p t e d f o r l o n g t e r m a n d s h o r t t e r m 3 8 8 

d e g r a d a t i o n p r o c e s s e s 

5 . 4 . 2 C o m p a r i s o n o f t e s t e d a l t e r a t i o n p r o c e d u r e s 3 8 9 



1 

C H A P T E R 1 

L I T E R A T U R E S U R V E Y 

1 . 1 I n t r o d u c t i o n 

D i a m o n d s h a v e b e e n a f o c u s o f a t t e n t i o n f o r s o m e t h r e e 

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

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

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

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

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

2 
S o m e o f t h e p r o p e r t i e s o f d i a m o n d a r e g i v e n in T a b l e 1 . 1 . 1 . 

T h e m i n e r a l i s t h e h a r d e s t s u b s t a n c e k n o w n . F u r t h e r m o r e , i t h a s t h e 

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

b u l k m o d u l u s . I t a l s o e x h i b i t s a r e m a r k a b l y h i g h r e s i s t a n c e t o 

c o r r o s i o n , b u t w i l l b u r n i n a i r l i k e c o a l . 

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

h o s t r o c k ( P l a t e 1 . 1 ) r e p r e s e n t s a r e m a r k a b l e a c h i e v e m e n t . F r o m t h e 
9 

t i m e r e c o r d s w e r e f i r s t k e p t , s o m e 5 x 1 0 t o n n e s o f r o c k , g r a v e l a n d 

s a n d h a v e b e e n e x c a v a t e d a n d p r o c e s s e d t o y i e l d o n l y 3 2 0 t o n n e s o f 

3 

d i a m o n d s . T h e m o s t p r o d u c t i v e d i a m o n d m i n e s a r e i n S o u t h e r n A f r i c a : 

P r e m i e r , F i n s c h , K o f f i e f o n t e i n , W e s s e l t o n i n S o u t h A f r i c a ; O r a p a a n d 

J w a n e n g i n B o t s w a n a , a n d C D M o n t h e N a m a q u a l a n d c o a s t in S o u t h W e s t 

A f r i c a ( N a m i b i a ) . M a n y s t o n e s a r e l o s t d u r i n g p r o c e s s i n g h o w e v e r , 

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

A s a p r e r e q u i s i t e o f n e w w o r k i n t h e f i e l d o f i m p r o v e d d i a m o n d 

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



TABLE 1.1.1. PROPERTIES 

Property Value 

Chemical composition 

Classification 

Crystal structure 

Density 

Graphitization temperature 

Hardness (Moh's scale) 

Compressibility 

Bulk modulus 

Tensile strength 

Shear strength 

Compressive strength 

Thermal conductivity 

Specific heat 

Refractive index 

Dielectric constant 

Composed largely of carbon 

Types la, lb, II 

Cubic cell 

3.515 

600°C 

10 
-9 2 -1 

1.7 x 10 m kg 

5.4 - 5.8 GPa 

13 - 40 MPa 

87 MPa 

86.8 MPa, 165.3 MPa 

90 - 260 W K"
1

 m"
1 

6.1884 J mol"
1 

2.4237, 2.4099 

5.55 - 5.61 

OF DIAMOND
2 

Notes 

Impurities : N, 0.2%; Al, 150ppm; B, 3-270ppm; 
Others < lOOppm 

la : most natural stones with N segregated into 
sheets; lb : synthetic stones; N dispersed; 
II : rare; N free 

meaned value at 25°C 

in presence of O ; (1500°C in inert atmosphere) 
- 6 

hardest known material (5700-10400 kg m Knoop scale) 

at initiation of flow, maximum tolerance 

at 20°C 

using Hg green (546.1 nm), Hg^ red (656.3 nm) 

at 293 K and 0.3 kHz 
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Plato 1.1 View of the open pit at Finsch (1979). 
A front end loader and shovel can bo 
seen on the eighth bench. 

\ 
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main part of the present chapter. The survey deals briefly with 

kimberlite geology and processing and in more detail with studies 

reported on the degradation of kimberlite minerals. The related 

subject of clay mineral synthesis is also considered in some detail. 

1.2 Kimberlite Geology and Processing 

1.2.1 Origin and location of diamondiferous ores 

There are two principal modes of occurrence of diamonds : in 

host rock associations, namely kimberlites, and as marine terrace and 

alluvial deposits, which are derived from kimberlite alteration and 

1 3 
erosion. ' Kimberlites are ultrabasic igneous rocks (silica content 

4 5 

of less than 40%) having a porphrytic texture ' (see later). They 

occur in volcanic pipes, which can be of substantial proportions : 

the outcrop at Premier Mine, as noted by Bruton,^" measured 883m x 

426m at surface and is estimated to extend into the mantle to a depth 

of 150 - 200 km. 

Figure 1.2.1 shows schematically the progressive stages of 

emplacement of a kimberlite pipe, which have been deduced by Woolsey 
6 7 8 

et al, McCallum and Harris and Middlemost. Magma originating at 

more than 600 km below the cratonic area is considered to have moved 

upwards by a process of "solution stoping". Stage A in the figure 

illustrates the situation to a depth of 150 - 200 km. The temperature 

at this depth was low enough for crystallization to commence. Major 

metallic elements - magnesium, iron, aluminium, calcium, sodium and 

silica began to be concentrated in the form of ferromagnesian minerals, ! 

leaving behind residual liquid and gaseous components consisting 

8 ' 
principally of water and carbon dioxide. The fluid character of the

 f 

magma and the associated high pressure caused the opening up of dyke-

like channels as shown. As the remaining magma progressed upwards, 



Pressure of intruded 
magma causes crust 
fracture. Initial 
magma crystallization. 

Exsolution of volatiles 
causes magma to behave 
as fluidized mass. 

Expansion of conduit to 
form cratonic area. 

Figure 1.2.1 
c 

Progressive stages of the formation of a kimberlite pipe 
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further cooling and release of volatile material caused the whole 

system to behave as a rapidly rising gas-liquid fluidised mass, eroding 

the walls of the conduit to form a funnel-shaped pipe called a 

diatreme (stage B). Eruption of the magma at the surface produced 

the crater shown in stage C. This type of crater was very susceptible 
3 

to erosion, the bulk of contained minerals at the surface being 

rapidly degraded and transported away in the drainage system. The 

most resistant minerals, ilmenite, garnet, magnetite and diamond were 

removed and concentrated either in river beds (alluvial deposits) or 

in the sea (in some cases later to form marine terraces). 

In general, kimberlites are confined to ancient shield areas 

9 10 

and platforms, and vary in age from 130 my (Mannhiem Kimberlite, USA) ' 

to 1750 my (Premier Kimberlite, South Africa) .
1 0 / 1 1

 The most numerous 

formations are found in the upland plateau of South Africa, the 

Tanzanian plateau and the Siberian Arnaback Shield. Other pipe locations 

include the North West Territories and Ontario (Canada); Montana, 

Wyoming and Colorado (USA);
1 0

 the Kola Peninsula, Sea of Azov and 
11 8 

Kharkov (USSR); and Sierra Leone; Botswana; Brazil; Western 

12 3 13 
Australia; Ghana, Zaire; and Czechoslovakia. The world wide 

distribution of Kimberlites is shown in Figure 1.2.2. Important 

alluvial deposits are found in India
1

 and the Orange Free State, South 

14 Africa. Marine terraces occur on the coast of South West Africa. 

1.2.2 Kimberlite processing 

Methods of diamond extraction have gradually developed over 

1 3 

many years, ' but it was not until the discovery of the diamondiferous 

kimberlite pipes at Koffiefontein in 187 0, and at Kimberley in 1871 

that extraction was carried out on a large scale.
1

 Most of the 

processing operations have been carried out in Southern Africa, and 



33 
Figure 1.2.2 Distribution of kimberlites 

Kimberlite provinces 1 = South Africa 2 = South West Africa 
3 = Tanzanian Plateau 4 = West Africa 
5 = Western Australia 6 = Yakutia USSR 
7 = Colorado Plateau USA 
Other occurrences given by o 
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these have been described by various authors. The stages of 

diamond processing can be subdivided into two g r o u p s
2 0

'
2 1

 concerned 

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

techniques employed (Figure 1.2.3) find application in the wider field 

22 

of mineral processing but a few have been developed to capitalise 

specifically on the particular characteristics of diamond namely 

a) intense fluorescence when subjected to X-ray 

radiation (employed in Sortex XR21 sorters in 

23 
extracting diamonds from concentrates ) 

b) high electrical conductivity (utilised in 

3 15 

electrostatic separators at CDM ' ) 

c) hydrophobicity (employed on grease tables at 

P r e m i e r a n d e l s e w h e r e ) . 

T h e m a i n t e c h n i q u e s o f d i a m o n d e x t r a c t i o n a r e s h o w n in t h e 

20 

generalised flow sheet in Figure 1.2.3. As can be seen, the run-of-

mine product is crushed to liberate contained diamonds in two or 

three stages of primary comminution (e.g. Finsch). 'Scrubbing
1

 with 

water then follows to remove fine sized materials, the resulting 

suspensions being thickened (settled) and dumped. The washed ore is 

graded by screening and conveyed as different size fractions to 

primary and secondary concentration sections. Undersize material, 

particles < 600 ym (Kimberley Area) or < 2 mm (CDM) join the tailings 

stream and are dumped. The primary and secondary concentration 

sections consist primarily of dense media separation (Premier) or 

washing pans (Finsch). A variety of recovery processes are subsequently 

employed. For example, at Finsch, magnetic separators are used to 

remove ilmenite and magnetite contaminants. Grease tables, followed by 

X-ray sorters produce the final concentrate. Coarse tailings are 
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g e n e r a l l y r o u t e d t o t h e p r e v i o u s c o n c e n t r a t i o n s t a g e o r r e c r u s h e d to 

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

a r e h a n d - s o r t e d a t t h e C e n t r a l S o r t i n g O f f i c e , K i m b e r l e y , f o r 

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

16 . 20 
A d a m s o n a n d N a p i e r - M u n n h a v e r e c o r d e d t h e p a r t i c u l a r 

p r o b l e m s e n c o u n t e r e d i n d i a m o n d e x t r a c t i o n . A c c o r d i n g t o t h e s e 

w o r k e r s t h e m a j o r p r o b l e m s a r e a s f o l l o w s : 

a) T h e h e a d g r a d e s o f d i a m o n d i f e r o u s k i m b e r l i t e s a r e e x t r e m e l y 

2 4 
l o w , a n d a c c o r d i n g t o C l e a s b y e t a l t h e r e i s a g r e a t v a r i a t i o n i n 

h e a d g r a d e w i t h i n t h e p i p e ( f r o m 0 . 0 1 - 0 . 6 p p m ) . A " t r e m e n d o u s " 

16,22 

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

o f o r e s . 

b ) O w i n g t o t h e m o r e t h a n e x p o n e n t i a l i n c r e a s e i n t h e v a l u e o f 20 

d i a m o n d s w i t h p a r t i c l e s i z e , t h e d i a m o n d s m u s t b e l i b e r a t e d a t t h e i r 

n a t u r a l g r a i n s i z e s a s f a r a s p o s s i b l e , w i t h o u t b r e a k a g e , d u r i n g 

c o m m i n u t i o n . 

c ) D i a m o n d s a r e v a l u e d a s d i s c r e t e e n t i t i e s w i t h a l a r g e r a n g e 
24 

o f s i z e s b e i n g e c o n o m i c a l l y r e c o v e r a b l e . T h i s l e a d s t o c o m p l e x 

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

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

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

'slime' s i z e C i . e . > 1 0 y m ) , d i a m o n d o p e r a t i o n s h a v e t o t a k e a c c o u n t 

o f t h e f a c t t h a t s t o n e s b e l o w 6 0 0 y m h a v e n o g e m v a l u e w h i l e a b o v e 
25 

6 0 0 y m t h e v a l u e i n c r e a s e s m o r e t h a n e x p o n e n t i a l l y w i t h s i z e . In 

p a r t i c u l a r , d i a m o n d s a r e v a l u e d a t t h e i r r e c o v e r e d s i z e , w h i c h w i l l 

b e l e s s t h a n t h e n a t u r a l g r a i n s i z e u n l e s s t h e p r o c e s s t e c h n i q u e s a r e 

h i g h l y e f f i c i e n t . I t m a y b e n o t e d t h a t i n d u s t r i a l d i a m o n d s h a v e v a l u e 

a t s i z e s a s l o w a s 2 y m b u t t h e s e a r e m o s t l y o b t a i n e d f r o m l a r g e r 

'flawed' s t o n e s a n d i n d u s t r i a l s y n t h e s e s . 
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I n d i a m o n d p l a n t c o m m i n u t i o n , p r o c e s s e s a r e c o n t r o l l e d t o 

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

s i z e a t w h i c h s e p a r a t i o n p r o c e s s e s c a n b e u s e d o n t h e l i b e r a t e d 

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

20 

s t o n e . T h e l a r g e s t s i z e a f t e r c r u s h i n g e m p l o y e d a t p r e s e n t i s 

16 20 26 4 0 m m ' ' a n d t h e k i m b e r l i t e i s p r o g r e s s i v e l y b r o k e n t o 4 m m 

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

4 0 m m h a v e b e e n r e c o v e r e d , b y g o o d f o r t u n e , b e f o r e t h e y e n t e r e d t h e 

4 

c r u s h i n g p l a n t ( e . g . t h e P r e m i e r R o s e ( 1 9 7 8 ) ) . M e a s u r e s t a k e n t o 

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

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

s o r t i n g o f t h e - 7 5 + 2 5 m m f e e d f r o m p r e l i m i n a r y s c r e e n i n g o f t h e r u n -

20 o f - m i n e o r e . T o e n s u r e r e c o v e r y o f d i a m o n d s o f i n t e r m e d i a t e s i z e 

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

20 21 21 
r e c r u s h c o a r s e t a i l i n g s ( e . g . P r e m i e r ' ) . A d a m s o n a n d H o d g s o n 

n o t e , h o w e v e r , t h a t l i b e r a t i o n p r o b l e m s s t i l l e x i s t a t f i n e r s i z e s . 

I n d e e d , t h e r e i s a p p a r e n t l y n o w e l l - e s t a b l i s h e d m e t h o d o f a s s e s s i n g 

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

b r e a k a g e d u r i n g p r o c e s s i n g . 

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

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

P h y s i c a l m e t h o d s : T h e s e m a k e u s e o f t h e t e x t u r a l p r o p e r t i e s o f t h e 

r o c k . E x p e r i m e n t a t i o n h a s t a k e n p l a c e a t t h e D i a m o n d R e s e a r c h 

L a b o r a t o r y ( J o h a n n e s b u r g , S o u t h A f r i c a ) t o e v a l u a t e t h e a p p l i c a t i o n o f 

2 7 
c o n t i n u o u s p l a n e t a r y m i l l i n g . T h e p l a n e t a r y m i l l u t i l i s e s t h e h i g h 

1 2 
r e s i s t a n c e o f d i a m o n d t o a b r a s i o n , ' t h e h o s t r o c k b e i n g p r e f e r e n t i a l l y 

a b r a i d e d . E l e c t r o - c r u s h i n g t e c h n i q u e s a r e b e i n g i n v e s t i g a t e d b y 

28 
A n d r e s . H e r e , h i g h v o l t a g e p u l s e s a r e a p p l i e d t o t h e r o c k v i a 
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s u i t a b l e e l e c t r o d e s i n a d i e l e c t r i c m e d i u m , t h u s c a u s i n g p r e f e r e n t i a l 

23 
f r a c t u r i n g a l o n g m i n e r a l g r a i n b o u n d a r i e s . 

P h y s i o c h e m i c a l d e g r a d a t i o n o f k i m b e r l i t e : S o m e e x a m p l e s a r e f o u n d t o r e a d i l y 
4 

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

k i m b e r l i t e p r o c e s s i n g , c a l l e d " N a t u r a l P u l v e r i z a t i o n " o r " F l o o r i n g " , 

i n w h i c h t h e k i m b e r l i t e a t B u l t f o n t e i n a n d D u t o i t s p a n w a s s p r e a d o u t 

a n d a l l o w e d t o w e a t h e r n a t u r a l l y . S o m e 1 2 - 1 8 m o n t h s w e r e r e q u i r e d 

t o g u a r a n t e e s u f f i c i e n t b r e a k d o w n f o r p r o c e s s i n g w i t h o u t i n t e n s i v e 

2 3 

c o m m i n u t i o n . T h e m e t h o d w a s l a b o u r i n t e n s i v e ( R h o d e s h i r e d 1 0 0 0 

c o n v i c t s f o r t h e p u r p o s e o f k i m b e r l i t e c o l l e c t i o n a t o n e t i m e
1

) a n d 

a p p l i c a b l e t o c e r t a i n t y p e s o f k i m b e r l i t e o n l y . R e c e n t w o r k h a s b e e n 

c a r r i e d o u t a t t h e W a r r e n S p r i n g L a b o r a t o r y ( S t e v e n a g e , U K ) b y L e R o u x 

2 9 

e t a l i n t o t h e b i o c h e m i c a l r e a c t i o n s t h a t o c c u r in k i m b e r l i t e . T h i s 

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

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

P r e m i e r , K i m b e r l e y , K o f f i e f o n t e i n , V o o r s p o e d a n d L e t s e n g , a n d d e m o n s t r a t e d 

t h e i r a b i l i t y t o d e g r a d e s o m e o f t h e m a t r i x m i n e r a l s . H y d r o t h e r m a l 

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

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

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

1 . 2 . 3 P e t r o l o g y o f k i m b e r l i t e 

T h e p e t r o l o g y (.the s t u d y o f m i n e r a l s a n d t e x t u r e s ) o f k i m b e r l i t e 

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

c o m p l e x s t u d y . I n a s i m p l e m a n n e r , k i m b e r l i t e m a y b e c l a s s i f i e d a s a 

3 0 
m i c a c e o u s p e r i d o t i t e , o n e t y p e o f u l t r a b a s i c r o c k o f m a n t l e o r i g i n , 

3 1 

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

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

i n c o r p o r a t i o n o f x e n o c r y s t s a n d x e n o l i t h s o f m a n t l e o r i g i n ( i . e . 
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d i f f e r e n t f r o m t h a t o f t h e k i m b e r l i f c e m a g m a ) i n t o a l i q u i d o r f l u i d 

o f v e r y d i f f e r e n t c h e m i c a l c o m p o s i t i o n " . T h e m a i n g r o u n d m a s s o r 

32 

m a t r i x m i n e r a l s (as r e c o r d e d b y C l e m e n t ) a r e o l i v i n e , m o n t i c e l l i t e , 

c l i n o p y r o x e n e , , o r . t h e p y r o x e n e , a m p h i b o l e , b i o t i t e - p h l o g o p i t e , 

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

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

b r e a k d o w n p r o d u c t s . 

I t i s g e n e r a l l y a g r e e d t h a t k i m b e r l i t e s p o s s e s s a p o r p h y r i t i c 

t e x t u r e . ^ ' ' 3 3 , 3 4 M c C a l l u m ^ s t a t e s t h a t k i m b e r l i t e p i p e s a r e 

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

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

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

35 

D a w s o n l i s t s t h e m i n e r a l s w h i c h c o n s t i t u t e t h e f i r s t o f t h e s e 

c a t e g o r i e s o f s u c h m a t e r i a l - e n t r a i n e d p h e n o c r y s t s : 
9 

a) O l i v i n e . N i x o n e t a l s t a t e t h a t t h e o l i v i n e - f o r m i n g 

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

r i c h . T h e o l i v i n e h a s b e e n n o t e d t o a l t e r a t G r o s s B r u k k a r o s , 

S o u t h W e s t A f r i c a , t o t h e s e r p e n t i n e m i n e r a l s c h r y s o t i l e , a n t i g o r i t e 
36 

( w i t h a s s o c i a t e d m a g n e t i t e ) , m i c a , s m e c t i t e a n d c a l c i t e . 

b ) G a r n e t . T h e m a g n e s i u m - r i c h g a r n e t s i n k i m b e r l i t e v a r y i n 

9 
c o m p o s i t i o n f r o m p y r o p e - a l m a n d m e , a n d d i f f e r f r o m t h o s e p r o d u c e d 

1 3 
b y r e g i o n a l m e t a m o r p h i c f o r c e s o r t h o s e f o u n d i n e c l o g i t e . R e i d 

1 3 9 
a n d M a n o r a n d N i x o n e t a l o b s e r v e t h a t t h e p h e n o c r y s t s t e n d , i n 

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

p r o d u c t t e r m e d k e l y p h i t e - a m i x t u r e o f b i o t i t e , p y r o x e n e , a m p h i b o l e 

a n d p l a g i o c l a s e f e l d s p a r . 

33 

c ) P y r o x e n e s . S t e p h e n s a n d D a w s o n h a v e r e c o g n i s e d f i v e 

c h e m i c a l l y d i s t i n c t o r t h o p y r o x e n e s ( e n s t a t i t e - b r o n z i t e g r o u p ) a n d t e n 
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d i f f e r e n t c l i n o p y r o x e n e s ( d i o p s i d e g r o u p ) i n k i m b e r l i t e . T r e m o l i t e 

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

d ) I l m e n i t e . P h e n o c r y s t s o f t h i s m i n e r a l a r e g e n e r a l l y p r e s e n t 

37 
i n k i m b e r l i t e . T h e y a r e a l s o m a g n e s i u m - r i c h a n d t o g e t h e r w i t h 

g a r n e t a n d d i o p s i d e a c t a s e x p l o r a t i o n " i n d i c a t o r " m i n e r a l s f o r 
3 

k i m b e r l i t e . 

9 

e) M i c a s . I n k i m b e r l i t e s t h e s e a r e p r i n c i p a l l y p h l o g o p i t e a n d 

i t s a l t e r a t i o n p r o d u c t v e r m i c u l i t e ? '
3

^ '
3

^ S m i t h e t _ a l
3

^ r e p o r t t h a t 

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

r i c h . 

f) L e s s c o m m o n p h e n o c r y s t s . S p i n e l , g r a p h i t e , c a r b o n a t e s , 

37 
c h r o m i t e a n d o t h e r s h a v e b e e n r e p o r t e d . 

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

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

n o d u l e s - o v a l b o d i e s n o t e x c e e d i n g 2 5 6 m m i n d i a m e t e r .
3 0

 S e v e n t y p e s 

o f n o d u l e s h a v e b e e n r e c o g n i s e d ,
4 0

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

9 

a ) L h e r z o l i t e s . T h e s e n o d u l e s a r e t h e m o s t c o m m o n i n k i m b e r l i t e . 

4 6 O ' H a r a e t a l l i s t c l i n o p y r o x e n e , o r t h o p y r o x e n e a n d o l i v i n e a s t h e m o s t 

4 1 4 5 
i m p o r t a n t m i n e r a l s . A d d i t i o n a l m i n e r a l s , p r i n c i p a l l y c h r o m i u m s p i n e l , ' 

r u t i l e
4 2

 a n d g a r n e t
3

^ '
4 4

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

4 6 
l h e r z o l i t e s ( g a r n e t l h e r z o l i t e b e i n g t h e m o s t c o m m o n ) . A c c e s s o r y 

4 4 4 5 
m i n e r a l s i n c l u d e p h l o g o p i t e , c h r o m i t e a n d g r a p h i t e . L h e r z o l i t e a r e 

4 6 4 1 
p r o d u c t s o f t h e o r i g i n a l m a n t l e m a g m a , c r y s t a l l i z i n g a t 1500°C. 

5 1 9 4 3 
M c C a l l u m e t a l a n d o t h e r s ' n o t e t h a t s u c h n o d u l e s i n N o r t h e r n 

C o l o r a d o , S o u t h e r n W y o m i n g a n d e l s e w h e r e c a n u n d e r g o e x t e n s i v e a l t e r a t i o n . 

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

q u a r t z , ^
1

 a m p h i b o l e , m i c a
4 3

 a n d k e l y p h i t e . F e r g u s o n e t a l
3

^ a t t r i b u t e 
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t h i s m e t a s o m a t i c c h a n g e t o f e n i t i z a t i o n ( d i s c u s s e d i n a l a t e r s e c t i o n ) 

b ) H a r z b u r g i t e s . T h e s e a r e s i m i l a r i n c o m p o s i t i o n t o l h e r z o l i t e s , 

t h e i m p o r t a n t m i n e r a l s b e i n g o r t h o p y r o x e n e
3 0

'
3 3

'
3 8

 a n d o l i v i n e
4 6

. 

4 1 , 4 5 4 1 
A g a i n c h r o m i u m s p i n e l a n d g a r n e t ( a l m a n d i n e ) s e r v e t o c l a s s i f y 

3 8 1 1 

t h e s e p h a s e s . B e y t h e t a l a n d D a w s o n n o t e c h r o m i t e , m a g n e t i t e a n d 

p y r i t e a s a c c e s s o r y m i n e r a l s . H a r z b u r g i t e s a l s o c r y s t a l l i z e a t 1500°C 

f o r m i n g f r o m a l h e r z o l i t e m e l t w i t h a s i m u l t a n e o u s i n c r e a s e i n t h e 

C a O / A l ^ O ^ r a t i o .
4 6 

. 4 0 
c) W e h r l i t e . W i l s h i r e a n d S h e r v a i s h a v e i d e n t i f i e d t h e s e o l i v i n e 

4 6 

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

4 3 o r m i c a c e o u s . 

d ) W e b s t e r i t e . T h i s n o d u l e t y p e a l s o c o n t a i n s c l i n o p y r o x e n e , 

4 1 4 6 

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

i n c r y s t a l l i z a t i o n t e m p e r a t u r e (520 - 620°C) a n d i n c h e m i c a l c o m p o s i t i o n . 

( W e b s t e r i t e h a s a l o w e r M g O a n d h i g h e r C a O , A ^ O ^
 a n <

^ P
r o

P
o r t

^
o n s

 •) 

4 6 
e) D u n i t e s . T h e s e c o n s i s t a l m o s t e n t i r e l y o f o l i v i n e . 

5 2 
f) E c l o g i t e s . T h e s e c o n s i s t e s s e n t i a l l y o f s o d i u m - a l u m i n i u m r i c h 

9 5 3 - 5 5 
c l i n o p y r o x e n e ( d i o p s i d e - j a d e i t e ) a n d g a r n e t ( p y r o p e - a l m a n d i n e - g r o s s u l a r ' ) 

i n t h a t d i a m o n d s a r e m a n y t h o u s a n d s o f t i m e s m o r e a b u n d a n t in t h e m t h a n i n 

55 
k i m b e r l i t e a s a w h o l e . D i a m o n d i f e r o u s e c l o g i t e s (as a t M i r , U S S R ) a r e , 

3 5 

h o w e v e r , c o m p a r a t i v e l y s c a r c e . E c l o g i t e s c r y s t a l l i z e a t s i m i l a r 

t e m p e r a t u r e s t o l h e r z o l i t e s a n d h a r z b u r g i t e s ^
0

 a n d a l t e r m a i n l y t o 
3 8 

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

g) P y r o x e n i t e s . A c c o r d i n g t o B o r l e y a n d S u d d a b y ^
6

, s u c h n o d u l e s 

a r e f o u n d i n t h e J a g e r s f o n t e i n k i m b e r l i t e . T h e g e n e r a l m i n e r a l o g y i s 

4 0 4 3 
f o r s t e r i t i c o l i v i n e , p h l o g o p i t e , d i o p s i d e - e n s t a t i t e a n d g a r n e t 
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114 

( p y r o p e - a l m a n d i n e ) . R o d g e r s e t a l n o t e t h e p r e s e n c e , a d d i t i o n a l l y , o f 

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

58 
T h e t h i r d c a t e g o r y o f i n c l u d e d m a t e r i a l i s x e n o l i t h i c . T h i s 

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

f i e l d : 

a ) B l o c k s o f r o c k t y p e s d e r i v e d f r o m f o r m a t i o n s w h i c h e x i s t e d a t 

t h e t i m e o f t h e k i m b e r l i t e i n t r u s i o n s b u t w h i c h w e r e e i t h e r i n c l u d e d i n 

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

h o r i z o n . T y p i c a l e x a m p l e s a r e d o l e r i t e s , s h a l e s a n d m u d s t o n e s (as 

35 
f o u n d m L e s o t h o k i m b e r l i t e s ) . 

55 
b) D e e p s e a t e d x e n o l i t h s . R i c k w o o d a n d M a t h i a s n o t e t h e s e t o 

33 
o r i g i n a t e f r o m h i g h m a n t l e l e v e l s . S t e p h e n s a n d D a w s o n s t a t e t h a t 

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

48 . 49 
a t M a t s o k u a n d t h e L a s h i r e v o l c a n o , T a n z a n i a , t y p i f y t h e m i n e r a l o g y 

o f t h e s e r o c k s , n a m e l y o l i v i n e , p y r o x e n e , g a r n e t a n d c h r o m i t e . 

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

p y r r h o t i t e , p e n t l a n d i t e a n d c h a l c o p y r i t e . 

c) I g n e o u s p o s t - e m p l a c e m e n t i n t r u s i o n s . A n e x a m p l e i s t h e 

d o l e r i t e - g a b b r o s i l l a t P r e m i e r M i n e , S o u t h A f r i c a . 

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

w i t h t h e i r n a t u r e o f f o r m a t i o n a n d c o m p o s i t i o n i s g i v e n i n A p p e n d i x 1 . 

T y p i c a l c h e m i c a l a n a l y s e s a r e a l s o g i v e n . 

.1.3 D e g r a d a t i o n o f K i m b e r l i t e M i n e r a l s 

T w o m a i n t y p e s o f a l t e r a t i o n p r o c e s s c a u s e d e g r a d a t i o n o f 

k i m b e r l i t e m i n e r a l s : w e a t h e r i n g a n d h y d r o t h e r m a l a l t e r a t i o n . 
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W e a t h e r i n g 

T h e e s s e n t i a l f e a t u r e o f w e a t h e r i n g i s t h a t i t a f f e c t s r o c k s in 

3 0 

situ. In this process rock is broken down and decomposed to varying 

degrees by the action of external agencies such as wind, rain, 

t e m p e r a t u r e c h a n g e s , p l a n t s a n d b a c t e r i a . W e a t h e r i n g a f f e c t s k i m b e r l i t e 
j ^

 £
 i -i 9 , 2 9 , 5 9 , 6 0 

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

a) Y e l l o w G r o u n d . T h i s i s a s u r f a c e f e a t u r e w h e r e t h e k i m b e r l i t e 

h a s b e e n e x t e n s i v e l y h y d r a t e d a n d o x i d i z e d t o f o r m l o o s e l y c o n s o l i d a t e d 

d e p o s i t s . Y e l l o w g r o u n d g e n e r a l l y e x t e n d s t o n o m o r e t h a n 3 0 m i n 

depth from the surface, but actual depths are quite variable depending 

5 

u p o n t h e p a r t i c u l a r c i r c u m s t a n c e s o f w e a t h e r i n g , e . g . K i m b e r l e y 1 9 . 8 m ; 

J a g e r s f o n t e i n 1 8 . 3 m ; V o o r s p o e d 2 7 . 4 m ; P r e m i e r 1 0 . 6 m ; K o f f i e f o n t e i n 

2 1 . 3 m . 

b) Blue Ground. In this case the kimberlite is deeper and has 

3 7 

u n d e r g o n e a l t e r a t i o n t o a l i m i t e d e x t e n t o n l y . ( P l a t e 1 . 2 i l l u s t r a t e s 

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

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

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

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

P l a t e 1 . 3 . 

37 

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

a d i a t r e m e o r h y p a b y s s a l f a c i e s , i . e . a t e x t u r e i n t e r m e d i a t e b e t w e e n 

t h a t o f v e r y f i n e g r a i n e d i g n e o u s r o c k s w h i c h c o o l e d q u i c k l y n e a r t h e 
3 0 

e a r t h ' s s u r f a c e o r t h a t o f v e r y d e e p l y e m p l a c e d m a g m a t i c i n t r u s i o n s . 

Hydrothermal Alteration 

Examples include serpentinizatijon and chloritization. Both 

involve thermal metamorphism by interaction with high temperature 

fluids originating from an external source or from the kimberlite 

magma itself. . Alteration takes place in the latter stages of 
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Plate 1.2 Samples of Blue and Yellow Ground as 

found in the Finsch open pit 

Plate 1.3 Sharp contact between the Blue and Yellow 

Ground at Finsch. The difference in the 

textures is apparent, in that some of the 

petrological features of the original 

kimberlite are visible (e.g. xenolithic, 

serpentitic) in the former, whereas the 

latter is completely degraded. 
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P l a t e 1 .5 

Plates 1.4 and 1.5 Alteration in Premier Type II kimberlite^
1 

(location : Heading T116)„ Both photographs were taken in 

the same development heading at Premier. Plate 1.4 

illustrates a competent kimberlite composed chiefly of 

pyroxenes, illite-phlogopite, serpentine and chlorite. 

Some 10m from the heading end where this kimberlite was 

examined the material illustrated in Plate 1.5 was o b s e r v e d . 

This rock was friable (reflected by the mesh support for 

grouting) and was composed of talc, montmorillonite, 

serpentine and chlorite. The proximity of the two 

kimberlites, below the yellow ground region, suggests that 

localised hydrothermal alteration occurred during 

consolidation of the pipe. 
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114 
c o o l i n g a n d c o n s o l i d a t i o n ( P l a t e s 1 . 4 - 1 . 5 ) . 

In d e t a i l , k i m b e r l i t e d e c o m p o s i t i o n r e a c t i o n s a r e c o m p l e x . 

T h e b e h a v i o u r o f e a c h m i n e r a l c o m p o n e n t i s d i s c u s s e d in t u r n . 

1 . 3 . 1 N a t u r a l _ a l t e r a t i o n _ o f _ o l i v i n e 

62-80 
T h e n a t u r a l a l t e r a t i o n o f o l i v i n e h a s b e e n w i d e l y r e p o r t e d . 

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

62 
v a r i e t y o f p r o d u c t s . I n d e e d , D e e r e t a l s t a t e t h a t s e r p e n t i n i z a t i o n 

6 3 

o f o l i v i n e i s o n e o f t h e m o s t c o m m o n l y ob'served a l t e r a t i o n p r o c e s s e s . 

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

p h y s i o - c h e m i c a l n a t u r e o f t h e e n v i r o n m e n t ; i n p a r t i c u l a r b y t h e p r o x i m i t y 

o f d i f f e r e n t r e a c t i v e p h a s e s ( s e e l a t e r ) . 

64 

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

c h e m i s t r y o f s e r p e n t i n i z a t i o n : 

2 M g
2
 S i 0

4
 + 3 H

2
0 -w- M g

3
 S i ^ (OH)

 4
 + M g ( 0 H )

2
 ( 1 . 3 . 1 ) 

M g - o l i v i n e s e r p e n t i n e 

2 M g
2
 S i 0

4
 + 2 H

2
0 -w- M g

3
 S i

2
0

5
( 0 H )

4
 + M g O ( 1 . 3 . 2 ) 

3 M g S i O . + 4 H 0 + S i O _ + + 2 M g , S i O . (OH) . ( 1 . 3 . 3 ) 
2 Q 2. 2. J 2 O 4 

In t h e i r d e s c r i p t i o n s o f s e r p e n t i n i z e d o l i v i n e t e x t u r e s , W i c k s 

65 6 6 
a n d W h i t t a k e r a n d B u t l e r h a v e n o t e d t h e p r e s e n c e o f b r u c i t e a s a n 

6 2 ~ 6 7 

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

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

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

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

s e r p e n t i n i z a t i o n e q u a t i o n s . P a r t i c u l a r c o n t r o v e r s y s u r r o u n d s t h e r o l e s 
64 

t h a t i r o n , o x y g e n a n d s i l i c a p l a y i n t h e p r o c e s s , a n d t h i s i s l i n k e d 

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



21 

114 

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

o f 3 0 - 4 0 % , w h i c h n e c e s s i t a t e s s i l i c a a d d i t i o n , a s in e q u a t i o n 1 . 3 . 3 . 

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

68 

T h a y e r h o w e v e r c o n s i d e r s s e r p e n t i n i z a t i o n t o b e a c o n s t a n t v o l u m e 

p r o c e s s , 3 0 % b y w e i g h t o f m a g n e s i a a n d s i l i c a b e i n g r e m o v e d f r o m t h e 

a l t e r e d h a r z b u r g i t e s , d u n i t e s a n d p e r i d o t i t e s s t u d i e d , a n d t h i s w e i g h t 

r e p l a c e d b y t h e e l e m e n t s o f w a t e r i n c l u d e d in t h e n e w l y f o r m e d s e r p e n t i n e . 
72 73 

A l a t e r p u b l i c a t i o n , a f t e r a d i s c u s s i o n b y P a g e , c o n c l u d e s t h a t " w h e r e 

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

s i g n i f i c a n t c h a n g e in v o l u m e b u t e x p a n s i o n m a y o c c u r in o t h e r s i t u a t i o n s " , 

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

5 M g
2
 S i 0

4
 + 4 H

2
0 «->• M g

3
 S i

2
0

5
( 0 H )

4
 + 4 M g 0 + S i 0

2
 ( r e m o v e d ) ( 1 . 3 . 4 ) 

64 

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

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

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

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

p e r m i t t i n g t h e r e l e a s e o f p r e s s u r e .
6

^ ^ 
7 1 

B a r n e s a n d O ' N e i l l f a v o u r t h e f o l l o w i n g s e q u e n c e o f r e a c t i o n s , 

( w h i c h o n a d d i t i o n i n s u i t a b l e p r o p o r t i o n s y i e l d e q u a t i o n ( 1 - 3 . 1 ) ) : 

M g
2
 S i 0

4
 + 4 H

+

 2 M g
2 +

 + H
4
 S i 0

4
 (.1.3.5) 

2+ 
M g + 2 0 H M g (OH) ( 1 . 3 . 6 ) 

2+ + 
3 M g + 2 H

4
 S i 0

4
 + H

2
0 M g

3
 S i

2
0

5
( 0 H )

4
 + 6 H ( 1 . 3 . 7 ) 

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

r o c k s a n d t h e i r s u b s e q u e n t a l t e r a t i o n p r o d u c t s t o a s i m p l i f i e d M g 0 - S i 0
2
~ 

H
2
0 s y s t e m i s " d a n g e r o u s " . T h e y s t a t e t h a t f e w s y s t e m s c a n b e e f f e c t i v e l y 

e x p l a i n e d u n l e s s a s y s t e m c o m p r i s i n g t h e f o l l o w i n g s p e c i e s i s e m p l o y e d : 
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C 0
2
- C r

2
0

3
- F e 0 - C a 0 - N i 0 - N a

2
0 - A l

2
0

3
- H

2
- 0

2
- F e

2
0

3
- M g 0 - S i 0

2
- H

2
0 , F o r e x a m p l e , 

64 

C o l e m a n g i v e s t h e f o l l o w i n g u n b a l a n c e d e q u a t i o n s c o v e r i n g r e a c t i o n s 

f o r d u n i t e s a n d h a r z b u r g i t e s c o n t a i n i n g i r o n : 

( M g , F e )
2
 S i 0

4
 + H

2
0 + 0

2
 ( M g , F e

2 +

) (OH)
 2
 + 

( M g , F e
2 +

) S i ^ (OH)
 4
 + 

c h r y s o t i l e 

( M g , F e
3 +

, F e
2 +

)
3
 S i

2
0

5
 ( O H )

4
 ± 

l i z a r d i t e 

F e
3
0

4
 ± F e N i 

m a g n e t i t e a w a r u i t e ( 1 . 3 . 8 ) 

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

72 
p r o d u c e d . C a r b o n d i o x i d e is q u o t e d b y D e e r e t a l a s a i d i n g t h e 

6 7 

s e r p e n t i n i z a t i o n r e a c t i o n b y r e m o v i n g m a g n e s i u m a s s o l u b l e c a r b o n a t e . 

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

s e r p e n t i n e s . 

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

t e m p e r a t u r e o f t h e a b o v e r e a c t i o n s ( e q u a t i o n s 1 . 3 . 1 - 4 ) : w e a t h e r i n g , o r 

h y d r o t h e r m a l r e a c t i o n s t a k i n g p l a c e in t h e c o o l i n g m a g m a . B a r n e s a n d 

7 1 O ' N e i l l f i r s t p u t f o r w a r d e v i d e n c e t h a t s e r p e n t i n i z a t i o n c o u l d t a k e 

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

7 3 
t h e e a r t h ' s s u r f a c e . C a m p b e l l s u p p o r t e d t h i s f r o m o b s e r v a t i o n s o f 

74 

p r e s e n t - d a y s e r p e n t i n i z a t i o n o c c u r r i n g i n W e s t e r n A u s t r a l i a . P a g e 

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

l i z a r d i t e , m a g n e t i t e a n d b r u c i t e c r y s t a l l i z e w i t h d e c r e a s i n g t e m p e r a t u r e . 

F r o m f i e l d s t u d i e s t h e m o s t i m p o r t a n t t e m p e r a t u r e n o t e d i s t h a t o f t h e 

o l i v i n s / s e r p e n t i n e t r a n s f o r m a t i o n . W i c k s a n d W h i t t a k e r
6 5

 s t a t e t h a t 

o l i v i n e c a n b e h y d r a t e d t o y i e l d s e r p e n t i n e±b r u c i t e±m a g n e s i a a t 380°C. 

64 C o l e m a n s t a t e s t h a t l o w e r t e m p e r a t u r e s a l s o r e s u l t i n t h i s h y d r a t i o n : 

67 
1 0 0 - 3 0 0°C , w h e r e a s H o s t e t l e r e t a l m e n t i o n 2 4 0 - 3 6 0°C i n t h e s a m e 



23 

c o n t e x t . 

114 
O t h e r a l t e r a t i o n p r o d u c t s h a v e b e e n n o t e d . C o l e m a n r e p o r t s 

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

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

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

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

7 5 

r e c o r d e d in L e s C a u s s e s d u L a r z a c a n d i s t h o u g h t t o h a v e b e e n f o r m e d 

by weathering processes involving iron ClI) oxidation, magnesium 

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

d i f f e r e n t e x a m p l e i s t h a t o f t h e c h l o r i t e a t L a d y J u l i a P e r c y I s l a n d 
76 

n e a r P o r t l a n d , A u s t r a l i a . T h i s c h l o r i t e i s b e l i e v e d t o h a v e b e e n 

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

u n d e r o x i d i z i n g c o n d i t i o n s d u r i n g th_e f i n a l c o o l i n g o f t h e m a g m a . 
77 78 

O t h e r s i m i l a r o c c u r r e n c e s a r e f o u n d a t K i l u a e a , a n d N e w M e x i c o . 

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

79 8 0 
p r o d u c t s : i d d i n g s i t e , b o w l i n g i t e , n o n t r o n i t e , s a p o n i t e , v e r m i c u l i t e 

81 
a n d o t h e r s m e c t i t e s . I n t h e l a t t e r c a s e W i l s h i r e a n d H o b b s r e c o g n i s e d 

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

82 
r o c k m a t r i x i n c o n j u n c t i o n witti s i l i c a a n d p o s s i b l y a l u m i n i u m . 

A l t e r n a t i v e l y o l i v i n e c a n a l t e r t o y i e l d a m o r e c o n s o l i d a t e d p r o d u c t ; 

f o r e x a m p l e , m e l i l i t e , p h l o g o p i t e a n d m a g n e t i t e a s a t S a l t p e t r e K o p , 

8 3 
S o u t h A f r i c a . 

1 . 3 . 2 L a b o r a t o r y a l t e r a t i o n o f o l i v i n e 

T h e r e h a v e b e e n r e l a t i v e l y f e w l a b o r a t o r y i n v e s t i g a t i o n s o f 

s e r p e n t i n i z a t i o n a n d o t h e r a l t e r a t i o n r e a c t i o n s o f o l i v i n e . H o w e v e r , 

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

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

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

t h e 0 - 600°C t e m p e r a t u r e r a n g e w i t h i n w h i c h d i a m o n d is s t a b l e w i t h 

r e s p e c t t o g r a p h i t i z a t i o n ( T a b l e 1 . 1 . 1 ) . 

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

8 4 

m a d e b y B o w e n a n d T u t t l e . B y r e a c t i n g m i x t u r e s o f f i n e l y g r o u n d 

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

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

t o b e 400°C, a b o v e w h i c h f o r s t e r i t e b e c a m e s t a b l e ; t h i s t e m p e r a t u r e 

d e c r e a s i n g w i t h t h e i r o n c o n t e n t o f t h e m i n e r a l s f o r m e d . A l t h o u g h 
8 5 8 6 8 7 

Y o d e r , K i t a h a r a a n d K e n n e d y a n d K i t a h a r a e t a l o b t a i n e d s i m i l a r 

88 

r e s u l t s f o r s i m i l a r r e a c t i o n t i m e s (10 h o u r s - 38 d a y s ) J o h a n n e s 

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

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

a t 60°C l o w e r t h a n 400°C i f s u f f i c i e n t t i m e f o r e q u i l i b r a t i o n i s 

a l l o w e d ( F i g u r e 1 . 3 . 1 ) . T h e w o r k e r f o u n d t h a t t h e e f f e c t o f t h e 

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

b e i n g 2 0° r a t h e r t h a n 80°C f o r a 1 0 % f a y a l i t i c (.iron-rich) o l i v i n e 

c o m p o s i t i o n . T h e p r i n c i p a l s e r p e n t i n e a l l o t r o p e f o r m e d w a s c h r y s o t i l e , 
64 8 9 

a s a l s o n o t e d b y C o l e m a n a n d M o o d y . I r o n a n d / o r a l u m i n i u m w e r e n o t e d 

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

( e . g . l i z a r d i t e ) w h i c h l a t e r t r a n s f o r m e d t o c h r y s o t i l e . I n t h e l a t t e r 

s t u d y , t h e e f f e c t o f p r e s s u r e w a s s l i g h t , i n t h e r a n g e 2 0 - 2 0 0 0 M P a . 

9 0 

H a z e n h a s c o n n e c t e d t h e r e l a t i v e e a s e o f s e r p e n t i n i z a t i o n o f f o r s t e r i t e 

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

s t r u c t u r e s . I r o n a p p e a r e d t o e n l a r g e t h e u n i t c e l l , t h u s f a c i l i t a t i n g 
8 9 

f a s t e r r e a c t i o n s . M o o d y s u m m a r i z e d t h e s e r p e n t i n i z a t i o n r e a c t i o n s 

b y c o n s i d e r i n g e n d m e m b e r e l e m e n t s Ccf e q u a t i o n 1 . 3 . 1 ) . 

5 M g
2
 S i 0

4
 + F e

2
 S i 0

4
 + 9 H

2
0 3 M g

3
 S i O g ( 0 H )

4
 + 

f o r s t e r i t e f a y a l i t e „ . „ 
* M g ( O E ) + 2 F e ( O H )

2
 ( 1 . 3 . 9 ) 
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temperature (°C) 

88 
Figure 1.3.1 Position of the phase boundary between 

forsterite and serpentine for various 
investigations in the system Mg0-Si0

0
-H

0
0 
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3Fe (OH) 2 FQ304 + 2H20 + H2 (1.3.10) 

9 1 

I n a l a t e r w o r k K o r y t k o v a e t a l a c h i e v e d s e r p e n t i n i z a t i o n a t 

l o w e r t e m p e r a t u r e s b y u t i l i z i n g a l k a l i n e a n d a c i d i c m e d i a . A l k a l i n e 

m e d i a (^ 0 . 7 5 M s o d i u m h y d r o x i d e ) r e a c t e d w i t h o l i v i n e t o y i e l d 

s e r p e n t i n e s a t 200°C. A c i d i c m e d i a p r o v e d m o r e e f f e c t i v e h o w e v e r , 
- 3 - 5 

c o n c e n t r a t i o n s a s l o w a s 1 0 - 1 0 M b e i n g s u f f i c i e n t t o a c h i e v e a 

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

1 . 3 . 3 N a t u r a l a l t e r a t i o n o f s e r p e n t i n e 

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

92 

s e r p e n t i n e d e g r a d a t i o n . F o r e x a m p l e T a n t a r B o r a s h s t a t e s t h a t i n 

t h e B e l o z e r s k A r e a , U S S R , t h e f o l l o w i n g m i n e r a l s r e s u l t e d f r o m t h e 

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

r i c h r o c k s o f t h e a r e a : t a l c ; c a l c i t e ; c h l o r i t e ; a c t i n o l i t e ; m a g n e t i t e ; 
66 9 3 

b i o t i t e ; i r o n o x i d e s ; q u a r t z ; b r e u n n e r i t e a n d o t h e r h y d r o x i d e s . B u t l e r ' 

r e p o r t s i l l i t e , k a o l i n i t e , m o n t m o r i l l o n i t e , c h l o r i t e a n d t a l c t o b e 

w e a t h e r i n g p r o d u c t s d e r i v e d f r o m s e r p e n t i n e s i n t h e L i z a r d , C o r n w a l l , 
61 9 4 

a n d N o r d m a r k a , N o r w a y a r e a s . V e r m i c u l i t e i s a n a l t e r n a t i v e p o s s i b i l i t y . ' 

95 7 2 
B r i c k e r e t a l a n d D e e r e t a l a l s o c o n f i r m t a l c a s a n a l t e r a t i o n 

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

M g
3
 S i

2
0

5
( 0 H )

4
 + 1 . 1 6 S i 0

2
 0 . 7 9 M g

3
 S i

4
0

1 Q
( 0 H )

2
 + 

0 . 6 3 M g O + 1 . 2 1 H
2
0 ( 1 . 3 . 1 1 ) 

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

f o r m a t i o n , w h i c h p r o v i d e s a m e a n s o f r e m o v i n g m a g n e s i u m , in t h e 

9 6 
c a r b o n a t i z a t i o n o f s e r p e n t m i z e d o l i v i n e t o y i e l d t a l c : 

2 M g
3
 S i

2
0

5
( 0 H )

4
 + 3 C 0

2
 -w- M g

3

 s i

4

0

1 0
(

0

H )
2
 + 3 M g C 0

3
 + 

3 H
2
0 ( 1 . 3 . 1 2 ) 
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F u r t h e r e v i d e n c e f o r c a r b o n a t i z a t i o n a c c o m p a n y i n g s e r p e n t i n i z a t i o n 

97 

i s q u o t e d b y N a l d r e t t w h e r e t a l c - c a r b o n a t e a l t e r a t i o n i s o b s e r v e d 

i n u l t r a m a f i c p e r i d o t i t e s i n O n t a r i o : 

1 6 . 7 5 M g
3
 S i

2
0

5
( 0 H )

4
 + 1 . 9 3 F e ^ + + 8 . 3 8 (Mg

 g Q
F e

 Q 2
) S i ^ O ^ (OH)

 2
 + 

+ 2 8 . 7 8 C 0
o
 2 8 . 7 8 (Mg

 O Q
F e _ _ ) C 0 _ + 

z . b y .IJ. 3 

0 . 7 1 F e
3
0

4
 + 2 5 . 1 2 H

2
0 + 

0 . 5 9 0
2
 ( 1 . 3 . 1 3 ) 

9 6 

M i l a s h e v h a s d e m o n s t r a t e d a c l o s e a s s o c i a t i o n b e t w e e n t h e 

s e r p e n t i n e a n d t a l c s t a b i l i t y f i e l d s in R u s s i a n k i m b e r l i t e s , t h e d e g r e e 

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

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

a c t i v i t i e s o f c a r b o n d i o x i d e a n d w a t e r . 

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

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

b r u c i t e l a y e r i n s e r p e n t i n e , g e n e r a t e s a m a g n e s i a n v e r m i c u l i t e . 

9 9 

W i l d m a n e t a l c o m p a r e d t h e t h e r m o d y n a m i c s t a b i l i t y o f s e r p e n t i n e w i t h 

t h e a s s o c i a t e d i r o n - r i c h m o n t m o r i l l o n i t e s f o u n d i n C a l i f o r n i a . I r o n 

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

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

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

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

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

a l t e r a t i o n t o p r o d u c e a l u m i n i u m - r i c h c l a y s .
1 0 0 

1 . 3 . 4 L a b o r a t o r y a l t e r a t i o n o f s e r p e n t i n e 

A s d i s c u s s e d a b o v e , t h e r e i s a m a x i m u m t e m p e r a t u r e (340°C -

8 4 8 8 

400°C ' ) f o r w h i c h s e r p e n t i n e i s s t a b l e w i t h r e s p e c t t o o l i v i n e . 

S e r p e n t i n e b r e a k d o w n w i l l p r o c e e d a t l o w e r t e m p e r a t u r e s . C o m p a r e d 
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w i t h o t h e r m i n e r a l s , e . g . t h e m i c a s , t h e r e a r e r e l a t i v e l y f e w 

i n v e s t i g a t i o n s r e p o r t e d . 

N a g y a n d B a t e s
1 0 1

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

c a n b e r e a d i l y a t t a c k e d b y h y d r o c h l o r i c a c i d a t 25°C, c h r y s o t i l e b e i n g 

102 

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

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

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

p a r t i n t h e b r e a k d o w n o f s e r p e n t i n i t e s i n s o i l : 

M g
3
 S i

2
0

5
( 0 H )

4
 + 6 H

+

 -*-»• 3 M g
2 +

 + 2 S i ( 0 H )
4
 + H

2
0 ( 1 . 3 . 1 4 ) 

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

1 0 3 
w a s p r o v i d e d b y S e y f r i e d a n d B i s c h o f f . In t h e i r s t u d i e s o n s e a w a t e r 

i n t e r a c t i o n o n b a s a l t s a t 70°C a t 1 0 M P a a n d 150°C a t 5 0 M P a t h e y c l e a r l y 

2+ 2+ 4 + 3+ + 2+ + 
s h o w e d t h a t i o n e x c h a n g e o f t h e s p e c i e s M g ;Ca ; S i ;Fe ;K ;Ba ;Na 

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

s e r p e n t i n e a s a n i m p o r t a n t c o n s t i t u e n t . 

1 . 3 . 5 A l t e r a t i o n o f p y r o x e n e - a m p h i b o l e g r o u p m i n e r a l s 

P y r o x e n e g r o u p m i n e r a l s a r e c o m m o n l y f o u n d i n k i m b e r l i t e 

a s s e m b l a g e s a n d f r e q u e n t l y f o u n d a s s o c i a t e d w i t h o l i v i n e a n d s e r p e n t i n e d ' ^
1 

A l t e r a t i o n s t u d i e s h a v e b e e n c o n c e r n e d w i t h s i m i l a r m i n e r a l a s s o c i a t i o n s 

96 

t h o u g h i n d i f f e r e n t i g n e o u s o r m e t a m o r p h i c r o c k s . B u t l e r q u o t e s t w o 

e x a m p l e s o f p y r o x e n e a l t e r a t i o n : i n s e r p e n t i n e r o c k s f r o m t h e L i z a r d , 
30 

C o r n w a l l , a n d m a h y p e r s t h e n e m o n z o n i t e (a p y r o x e n e - r i c h i g n e o u s r o c k ) 

66 

f r o m t h e N o r d m a r k a a r e a n e a r O s l o . I n b o t h c a s e s t h e i d e n t i t y o f t h e 

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

m i n e r a l s b u t i t w a s c o n c l u d e d t h a t t a l c f o r m e d t o g e t h e r w i t h c h l o r i t e -80 

v e r m i c u l i t e a s i n t e r m e d i a t e m i x e d l a y e r e d m i n e r a l s . W i l s h i r e 

d i s c u s s e d t h e a l t e r a t i o n o f A u s t r a l i a n a n d C a l i f o r n i a n o r t h o p y r o x e n e s 
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i n c o n j u n c t i o n w i t h t h a t o f o l i v i n e , t h e f i n a l p r o d u c t b e i n g s m e c t i t e -

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

a l a t e s t a g e o f c o n s o l i d a t i o n o f t h e m a g m a a n d i n v o l v e d l e a c h i n g o f 

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

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

1 0 4 
w o r k c a r r i e d o u t b y E l l i s a n d M a h o n o n t h e e f f e c t s o f t h e r m a l w a t e r 

7 1 

a c t i v i t y m N e w Z e a l a n d . B a r n e s a n d O ' N e i l l i n t h e i r a l t e r a t i o n 

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

o f p y r o x e n e s b y g r o u n d w a t e r t o t a k e p l a c e a t l o w t e r m p e r a t u r e s ( a p p r o x . 

25°C) b y : 

M g S i 0
3
 + 2 H

+

 + H
2
0 M g

2 +

 + S i ( 0 H )
4
 ( 1 . 3 . 1 5 ) 

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

1 0 5 

o f a s e r p e n t i n e t a l c / b r u c i t e a s s e m b l a g e . D e e r e t a l n o t e t h a t 

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

e i t h e r m e t e o r i c ( i . e . g r o u n d w a t e r ) o r h y d r o t h e r m a l o r i g i n c a n g e n e r a t e 

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

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

a r e a m p h i b o l e s . F o r e x a m p l e , i n t h e c r y s t a l l i z a t i o n o f g a b b r o i c a n d 

n o r i t i c m a g m a s c u m m i n g t o n i t e - t r e m o l i t e f o r m s : 

7 ( M g , F e ) S i 0
3
 + H

2
0 + S i 0

2
 -w- ( M g , F e )

 s i

g 0
2
2

( 0 H )

2 2 ( 1 . 3 . 1 6 ) 

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

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

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

1 0 C a ( M g , F e ) S i ^ + C a A l
2
 S i

2
0

Q
 + 5 H

2
0 ( 1 . 3 . 1 7 ) 

a n o r t h o s i t e 

«-»• C a
2
 ( M g , F e )

5
 S i

8
0

2 2
C 0 H )

2
 + ( M g , F e )

5
 A l

2
 S i

3
0

1 Q
C 0 H )

8 

+ 9 C a O + 1 1 S i O _ c h l o r i t e 
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C h l o r i t i z a t i o n c a n a l s o b e i n d u c e d b y i n t e r a c t i o n w i t h c h l o r i d e 

106 
r i c h w a t e r s . T h e i n t r o d u c t i o n o f a l u m i n i u m n o t e d i n e q u a t i o n 1 . 3 . 1 7 

61 
h a s a l s o b e e n o b s e r v e d m t h e c o n s o l i d a t i o n o f t h e P r e m i e r k i m b e r l i t e , 

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

1 0 7 
a l s o i n t e r a c t w i t h p y r o x e n e s . I n t h e c a r b o n a t i t e o c c u r r e n c e s 

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

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

9 2 

f o r m e d . I n t h e B e l o z e r s k a r e a a m p h i b o l e s a r e a l t e r e d b y c a r b o n 

d i o x i d e t o t a l c a n d d o l o m i t e : 

C a
2
 M g

5
 S i

Q
 0

2 2
( O H )

2
 + C 0

2
 - M g

3
 S i

4
 0 ^ (OH)

 2
 + 2 C a M g ( C C ^ 

+ 4 S i 0
2
 ( 1 . 3 . 1 8 ) 

108 

A l u m i n i u m i n t e r a c t i o n s m a y a l s o t a k e p l a c e . C u r r i e a n d F e r g u s o n 

h a v e o b s e r v e d t h e r e s u l t o f f e n i t i z a t i o n o n m a f i c r o c k s i n t h e C a l l e n d e r 

B a y C o m p l e x , O n t a r i o . F e n i t i z a t i o n i s d e s c r i b e d a s t h e i n t r o d u c t i o n o f 

t h e s p e c i e s K
+

/ N a
+

/ A l
3 +

/ C a
2 +

/ M g
2 +

/ F e
2 +

 a n d t h e r e m o v a l o f " S i
4 +

" 

A l
3 +

 + C a
2
 (Fe M g )

4
 A l

2
 S i

?
 0

2 2
 ( O H )

2
 + N a

+ 

C a . _ N a (Fe M g ) „ A l , S i . ( 0 H )
o
 + £ C a

2 +

 + "Si
4

*
1

*" ( 1 . 3 . 1 9 ) 
1 . 0 4 J o 22 2 

F e n i t i z a t i o n i s a n i m p o r t a n t p r o c e s s t o b e c o n s i d e r e d a s i t h a s 

106 

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

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

1 . 3 . 6 O t h e r a l t e r a t i o n s 

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

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

s t u d i e s . T h e f o r m a t i o n o f v e r m i c u l i t e - c h l o r i t e v i a h y d r o b i o t i t e 

i n t e r m e d i a r y w a s s h o w n in t h e f i e l d b y B u t l e r
6 6

' ^
3

 B a r s h a d
1

a n d 

o t h e r s .
1 1 0 1 1 2

 W i l s o n
1 1 3

 i n d i c a t e d t h e i m p o r t a n c e o f i n t e r l a y e r 
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114 
p o t a s s i u m r e m o v a l i n m i c a b r e a k d o w n . L a t e r S t o c h a n d S i k a r a 

v e r i f i e d W i l s o n ' s h y p o t h e s i s t h a t b i o t i t e c o u l d e v e n t u a l l y y i e l d a 

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

1 1 5 

l a b o r a t o r y , u s i n g a n i o n - e x c h a n g e a p p r o a c h b y B a r s h a d a n d N e w m a n 

116 a n d B r o w n w h o a l s o e m p h a s i z e d t h e i m p o r t a n c e o f a n o x i d i z i n g 

1 1 7 1 1 8 
e n v i r o n m e n t . H o d a a n d H o o d a n d R o b e r t r e l a t e d t h e e a s e o f 

1 1 9 

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

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

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

o f p o l y m e r i z i n g a l u m i n i u m h y d r o x i d e g r o u p s w a s f o u n d t o s t a b i l i s e 
120 

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

121 
b r e a k d o w n c o u l d b e p r e s e n t e d : 

+ + + 
m i c a - K + H ^ O m i c a - H + K + O H ( s i m p l e h y d r o l y s i s ) 

^ + , 3 + . ,34- + , , . . . 
m i c a - 3 H + A l m i c a - A l + 3 H ( a l u m i n i z a t i o n ) 

3+ 2+ + 3+ 
m i c a - A l + H

2
0 + + m i c a - A l O H + H (Al h y d r o x y l a t i o n ) 

R e f e r r i n g t o o t h e r k i m b e r l i t e m i n e r a l s o f c a l c i t e b r e a k d o w n 

122 
c o n s i s t s o f s i m p l e s o l i b u l i z a t i o n : 

C a C 0
3
 + 2 H

+

 C a
2 +

 + C 0
2
 4- H

2
0 ( 1 . 3 . 

92 
t h o u g h i t c a n b e i n v o l v e d i n m o r e c o m p l e x r e a c t i o n s o f o t h e r m i n e r a l s . 

1 2 3 

D i m a n c h e a n d B a r t h o l o n e h a v e o u t l i n e d t h e w e a t h e r i n g o f 

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

o x i d i z i n g e n v i r o n m e n t s . 

1 . 4 S y n t h e s i s o f C l a y M i n e r a l s 

T h e p r e v i o u s s e c t i o n d e s c r i b e d t h e r e a c t i o n s b y w h i c h k i m & d r l i t e 

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

m i n e r a l s a r e o f t e n p r o d u c t s o f t h e s e r e a c t i o n s a s m e n t i o n e d p r e v i o u s l y . 
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Plate 1.6 Model of a 1:1 (7A) layer silicate. The basal 

tetrahedral layer consists of (and A l ^
+

) 

ions (black) bonded to 0
2

~ (red). The 

second layer consists of cations ( M g
2 +

, F e
2 +

, 

A l
3

 ) (silver) octahedrally coordinated 

witli the 0
2

" and Oil anions. 

Examples : serpentine, kaolinite, septechlorites 

Plate 1.7 Model of a 2:1 (9A) layer silicate. The 

structure incorporates that of a 1:1 layer 

silicate. An additional tetrahedral layer is 

present and is bonded to the octahedral layer 

as shown. 

Examples : pyrophyllite, talc 
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Plate 1.8 Model of a 2:1 (14-IgA) silicate. This structure 
o 

is based on a 9A one. The additional octahedral o 
interlayer which separates the 9A structures 
consists of cations (silver) bonded either to Oil 
ions (chlorite) or water molecules by hydrogen 
bonding (vermiculite, smectite). 
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A l a r g e b o d y o f s e p a r a t e i n f o r m a t i o n a b o u t t h e f o r m a t i o n o f s u c h c l a y s 

e x i s t s a n d t h i s w i l l b e r e v i e w e d n o w i n t w o s e c t i o n s : t h e f o r m a t i o n 

o f s i m p l e 1 : 1 l a y e r (7&) k a n d i t e s t r u c t u r e s ( P l a t e 1 . 6 ) , e . g . k a o l i n i t e 

a n d r e l a t e d 9 A s t r u c t u r e s ( P l a t e 1 . 7 ) a n d t h e f o r m a t i o n o f 2 : 1 l a y e r 

( 1 0 - 1 6 A ) m i n e r a l s , e . g . s m e c t i t e s ( P l a t e 1 . 8 ) . 

o , 

1 . 4 . 1 S y n t h e s i s o f 1 : 1 l a y e r (7A) m i n e r a l s 

1 2 4 

I l e r s t a t e s t h a t t h e r e i s " c o n s i d e r a b l e e v i d e n c e " f o r t h e 

e x i s t e n c e o f s i l i c i l i c a c i d - S i ( O H ) ^ - i n s o l u t i o n , t h e s o l u b i l i t y - o f 

t h i s h y d r o x i d e b e i n g e n h a n c e d b y t h e p r e s e n c e o f c h l o r i d e i o n s a n d 
1 2 5 

a l k a l i n e s a l t s . F r o m F i g u r e 1 . 4 . 1 i t is e v i d e n t t h a t s a t u r a t e d 

s o l u t i o n s o f s i l i c a c o n t a i n i n g 2 - 3 m m o l 1
 1 c a n r e a

d i l y o b t a i n e d 

i n a c i d i c a n d n e u t r a l m e d i a . U n d e r t h e s e c o n d i t i o n s p o l y m e r i z a t i o n 

o f s i l i c i l i c a c i d i s a s s u m e d t o o c c u r t o y i e l d c r y s t a l l i n e , c r y p t o c r y s t a l l i n e 126 

o r g e l - l i k e s i l i c a t e s , d e p e n d i n g u p o n c o n d i t i o n s . W e y i n t e r p r e t s 

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

t e m p o r a r i l y a c h i e v e s o c t a h e d r a l c o o r d i n a t i o n : 
H 

2 S i ( O H )
4
 + 0 H ~ ( H O )

5
 S i " - 0 - S l (OH)

 3
 ( 1 . 4 . 1 ) 

_ H 
( H O )

c
 S i - O - S i ( O H ) _ + + ( H O ) _ S i - 0 - S i ( O H ) _ + O H + H

o
0 ( 1 . 4 . 2 ) 

o o J J 2 

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

1 2 4 
m o l e c u l a r w e i g h t s p e c i e s c o m m o n l y a s a s o l o r g e l . I l e r n o t e s s e v e r a l 

r e a g e n t s w h i c h c a n a f f e c t t h e r a t e o f c o n d e n s a t i o n , n a m e l y p H ( F i g u r e 1 . 4 . 2 ) 

3 + 

a n d t h e c o n c e n t r a t i o n s o f t h e s p e c i e s F - a n d A l . D e t a i l s o f F i g u r e 1 . 4 . 2 

w i l l ! b e c o n s i d e r e d l a t e r . 

V a r i o u s a t t e m p t s h a v e b e e n m a d e t o s y n t h e s i z e h y d r o u s a l u m i n i u m 

silicjates b y s i l i c i l i c a c i d g e l s . R e s u l t s h a v e b e e n s u m m a r i z e d b y R o y 

1 2 7 

a n d O s b o r n a n d a r e g i v e n i n T a b l e 1 . 4 . 1 . T h e y i n d i c a t e a r a n g e o f 

p l a t y a l u m i n o s i l i c a t e s a r e o b t a i n a b l e . T h e w o r k e r s c a r r i e d o u t 2 0 0 0 r u n s 
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P H 

1 2 5 
F i g u r e 1 . 4 . 1 S o l u b i l i t y i n r e l a t i o n t o p H 

(^ 25°C) 

F i g u r e 1 . 4 . 2 S o l s t a b i l i t y : r e l a t i o n b e t w e e n l o g (gel t i m e ) 

a n d p H 
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T A B L E 1 . 4 . 1 S T A B I L I T Y D A T A F O R A L U M I N I U M - S I L I C A T E 

1 2 7 HYDRATES 

M i n e r a l 

M i n i m u m 

T e m p e r a t u r e 

(°C) 

M a x i m u m 

T e m p e r a t u r e 

<°C) 

M i n i m u m 

P r e s s u r e 

(MPa) 

M a x i m u m 

P r e s s u r e 

(MPa) 

T i m e f o r 

F o r m a t i o n 

(days) 

k a o U n i t e 

d i c k i t e 

n a c r i t e 

b e i d e l l i t e 

m o n t m o r i l l o n i t e 

p y r o p h y l l i t e 

2 5 0 

3 4 5 

3 3 5 

3 5 0 

3 1 0 / 4 0 0 

365 

390 

4 . 1 4 

1 5 . 9 7 

3 1 . 0 3 

1 7 . 2 4 

S a m e r a n g e s a s k a o l i n i t e 

4 0 0 5 0 0 3 1 . 0 3 

10.00/ 
3 1 . 0 3 

20.68 

26.89 

55.17 

10 

10 

6 

10 
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u s i n g c o p r e c i p i t a t e d a l u m i n a t e - s i l i c a t e g e l s m a d e s u b j e c t t o v a r i o u s 

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

o f s y s t e m ( A 1
2
0

3
~ H

2
0 a n d A l

2
0

3
- S i 0

2
- H

2
0 ) a r e s h o w n i n F i g u r e s 1 . 4 . 3 a n d 

1 . 4 . 4 . T h e f o r m e r i l l u s t r a t e s t h e s t a g e w i s e d e h y d r a t i o n o f h y d r o u s 

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

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

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

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

128 

s u b s t a n t i a t e d i n a l a t e r s t u d y . F i g u r e 1 . 4 . 4 r e p r e s e n t s t h e 

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

r e l a t i v e d i f f i c u l t y e x p e r i e n c e d i n t h e s y n t h e s i s o f 2 : 1 l a y e r m i n e r a l s 
1 2 7 

e . g . p y r o p h y l l i t e . R o y a n d O s b o r n a t t r i b u t e d t h i s t o s o m e o f t h e 

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

w h e r e a s in a l l o t h e r c a s e s a t l o w e r t e m p e r a t u r e s , i t w a s p r e s e n t i n t h e 
1 2 9 

o c t a h e d r a l s t a t e . I n a l a t e r w o r k S a n d e t a l s h o w e d t h a t b y a d d i n g 

s o d i u m t o t h e a b o v e t e r n a r y ( A l
2
0

3
~ S i 0

2
- H

2
0 ) s y s t e m a m o r e v a r i e d p h a s e 

d i a g r a m f r o m w h i c h u p p e r s t a b i l i t y l i m i t s f o r s o d i u m - m o n t m o r i l l o n i t e , 
1 3 0 13L 

s o d a l i t e , a n a l c i t e a n d p a r a g o n i t e c o u l d b e o b t a i n e d . C a r r a n d F y f e ' 

i n v e s t i g a t e d t h e t e r n a r y s y s t e m A l
2
0

3
- S i 0

2
- H

2
0 i n m o r e d e t a i l , c o n c l u d i n g 

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

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

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

i n i t i a l r e a c t a n t s 

r
c o r u n d u m a m o r p h o u s A l ^ O ^ + q u a r t z 

k a o l i n i t e - > p y r o p h y l l i t e ^ — j » m u l l i t e k a o l i n i t e + a m o r p h o u s s i l i c a 

k

a n d u l u s i t e / k a o l i n i t e + q u a r t z 

m u l l i t e 

1 3 2 

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

k a o l i n i t e f o r m a t i o n a t 1 7 5 - 2 5 0°C u s i n g a l u m i n o - s i l i c i l i c g e l s a t p H 0 - 4 . 8 . 

I t c o u l d b e s e e n t h a t k a o l i n i t e c r y s t a l l i z e d a t 200°C (pH 4 . 8 ) , t h e d e g r e e 
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g i b b s i t e 130°C 

A l ( O H ) „ 

b o e h m i t e 

A l O O H 

385°C
 v

 Y - A 1
2
0

3 

A 1
2
0

3
 ( c u b i c ) 

275°C 

> 1 3 . 7 M P a 

Y 

d i a s p o r e 

A l O O H 

< 1 3 . 7 M P a 

400°C 

385°C 

Y 

c o r u n d u m 

A 1

2° 3 

1 2 7 
F i g u r e 1 . 4 . 3 S c h e m a t i c r e p r e s e n t a t i o n o f r e l a t i o n s h i p s a m o n g 

p h a s e s i n t h e s y s t e m A 1
2
0

3
- H

2
0 

180 

1 3 5 

a) 
u 
ca 
ca 
<1> 

ft 

9 0 

4 5 

• 
-

a) o a) 
-P •p n 3 
•H •H o N 
6 £ a c 4J 
J2 ,2 ca 3 U 

w <0 0) aj SH td" 
o o •H O 
A TJ O o

1 

a) 
•p 
•H 
ca 

rH rt 
!H 

o T3 
-p O >1 
•H -P .fl 

» W •H 1 
A C a) 
A O -P 
•H CD rH •H 
Cn <D •P a) «H rH 

-P •H -P •H rH 
•H / M •H M >1 <u 
H / >i Q x: p 
rH / Oi •H S ft •H 
<D / rH rH -P 0 rH 

rH o c rH 
A / as (d O >1 
<u / .C e ft e 

100 200 3 0 0 4 0 0 

t e m p e r a t u r e (°C) 

5 0 0 600 

F i g u r e 1 . 4 . 4 
127 

P h a s e d i a g r a m f o r m i n e r a l s i n t h e A 1
2
0 -

S i 0
2
~ H

2
0 . s y s t e m 
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o f c r y s t a l l i n i t y i n c r e a s i n g w i t h t e m p e r a t u r e (up t o 250°C) a n d i n c r e a s i n g 

a c i d i t y a b o v e 220°C. O t h e r a s s o c i a t e d p r o d u c t s w e r e b o e h m i t e a n d 

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

u s e d . T h e w o r k e r s n o t e d t h a t k a o l i n i t e f o r m e d d i r e c t l y f r o m a 

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

1 3 3 . . 
a b o e h m i t e i n t e r m e d i a r y . T h i s d i r e c t t r a n s f o r m a t i o n r e q u i r e s a 

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

c r y s t a l l i n e a l u n i c s u p p o r t " ( i . e . b o e h m i t e ) w h i c h i s i n a c c o r d a n c e 

1 3 4 

w i t h t h e o b s e r v a t i o n s m a d e i n l o w e r t e m p e r a t u r e s y s t e m s . 

T h e h y d r o t h e r m a l r e l a t i o n s h i p s b e t w e e n k a o l i n i t e , p y r o p h y l l i t e 

a n d o t h e r a s s o c i a t e d s p e c i e s a t h i g h e r t e m p e r a t u r e s (350-450°C) w a s 
1 3 5 

i n v e s t i g a t e d b y E b e r l a n d H o w e r . U s i n g g e l s m s e a l e d g o l d t u b e s 

r e a c t e d f o r 12 - 1 0 0 d a y s t h e y d e m o n s t r a t e d t h a t t h e s i l i c o n / a l u m i n i u m 

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

t h e r m a l s t a b i l i t y o f k a o l i n i t e p r o d u c t s . F o r r a t i o s g r e a t e r t h a n 2 , 

k a o l i n i t e r e a c t e d w i t h q u a r t z t o f o r m p y r o p h y l l i t e a t 345°C : 

A l
2
 S i

2
0

5
( 0 H )

4
 + 2 S i 0

2
 - w A l

2
 S i

4
0

1 Q
( 0 H )

2
 + H

2
0 (1.4.3) 

F o r s i l i c o n / a l u m i n i u m r a t i o s l e s s t h a n 2 t h e t r a n s i t i o n o c c u r s 

a t 405°C : 

2A1_ S i - O
c
( O H ) „ «-»• A l _ S i .0

n
 (OH) + 2 A 1 0 0 H + 2 H - 0 (1.4.4) 

2 2 D 4 2 4 1 U 2 2 

O r d e r e d k a o l i n i t e w a s f a v o u r e d b y h i g h t e m p e r a t u r e a n d a l o w 

s i l i c o n a l u m i n i u m r a t i o , b e i n g f o r m e d a t t e m p e r a t u r e s o f 150°C o r 

a b o v e f r o m a h a l l o y s i t e p o l y m o r p h . E x t e n d i n g t h e s t u d y i n a l a t e r 

1 3 6 

w o r k , E b e r l g e n e r a t e d p y r o p h y l l i t e s a n d a s s o c i a t e d m i x e d l a y e r s 

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

s t o i c h i o m e t r i c r a t i o s a t 350°-450°C o v e r a p e r i o d o f 1 1 - 38 d a y s . 

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

o f s y n t h e s i s a t l o w e r t e m p e r a t u r e s ( 2 5 - ] 5 0°C), s o a s t o m o d e l p r e s e n t 

1 3 7 

d a y w e a t h e r i n g p h e n o m e n a . B r i n d l e y a n d D e k i m p e s y n t h e s i z e d 

k a o l i n i t e f r o m a g i t a t e d a l u m i n o - s i l i c i l i c g e l s a t 150°C, 5 0 0 k P a , a n d 

p H 1 . 5 o r b e l o w . F o r p H s g r e a t e r t h a n 1 . 9 g i b b s i t e w a s t h e s o l e 
1 3 8 

c r y s t a l l i n e p h a s e . D e k i m p e e t a l f u r t h e r e d t h e s t u d y b y d e m o n s t r a t i n g 

t h a t t h e f o r m a t i o n o f k a o l i n i t e a t l o w p H s w a s f a c i l i t a t e d b y s t a b i l i s a t i o n 

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

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

c o o r d i n a t e d a l u m i n i u m i n c r e a s i n g i n t h e g e l s t r u c t u r e t o a m a x i m u m 
1 3 3 

v a l u e o f 3 0 - 4 0 % o f t h e t o t a l a l u m i n o s i l i c a t e l a y e r . M a g n e s i u m c l a y s 

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

p o l y m e r i s a t i o n r e a c t i o n s . F r o m b a s e e x c h a n g e c a p a c i t y m e a s u r e m e n t s
1 3 8 

1 3 3 

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

t h e t w o c o o r d i n a t i o n s t a t e s o f a l u m i n i u m h a v e b e e n d e d u c e d . A s c h e m e i s 

s h o w n b e l o w . 

i i i 
0 O 0 
1 I I 

- O - S i - O - O - S i - O - O - S i - O O H ?\ ? \ . ?V 
- O - S i - 0 - A l - O H - O - S i - O - A l — O H (H ) <-» - O - S i - O - A l - O H \! \ / I /\ 
- O - S i - O - O - S i - O - O - S i - O O H 

I I I 
0 O O 1 I I 

p H > 5 d e c r e a s i n g p H p H < 4 . 5 

i n c r e a s i n g [ A l ] / [Al] + [Si] 
y 

d e h y d r o x y l a t i o n 

F i g u r e 1 . 4 . 5 C o o r d i n a t i o n s t a t e s o f a l u m i n i u m r e l a t i v e 

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

( 1 2 4 , 1 3 3 , 1 3 8 / 1 3 9 ) 
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F o l l o w i n g s y n t h e s e s o f k a o l i n i t e f r o m g i b b s i t e - e t h y l s i l i c a t e 

m i x t u r e s i n a c i d i c c o n d i t i o n s ( p H l - 2 ) a t 170°C f o r 1 0 d a y s , D e k i m p e 

1 3 9 1 3 3 
e t a l a n d D e k i m p e s h o w e d t i m e a n d t e m p e r a t u r e t o b e t h e m o s t 

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

k a o l i n i t e a t p H 1 . 5 - 2 . 0 . A t e m p e r a t u r e i n c r e a s e w a s a t t r i b u t e d t o 

i n c r e a s e t h e c r y s t a l l i z a t i o n r a t e , n a m e l y t h e r a t e o f s i l i c a f i x a t i o n 

w i t h r e s p e c t t o t h e A l - O H l a y e r . T h e m o d e l p r o p o s e d f o r k a o l i n i t e 

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

V I 
p h a s e i n c o r p o r a t i n g A l - O - S i p o l y m e r i z a t i o n a s o p p o s e d t o o n e o f 

d i s s o l u t i o n - r e p r e c i p i t a t i o n , w a s f u r t h e r s u b s t a n t i a t e d b y D e k i m p e 

1 3 4 

a n d F r i p i a t . T h i s w o r k i n v o l v e d a c i d h y d r o l y s i s o f z e o l i t e s a n d 

t h e i r s u b s e q u e n t c o n v e r s i o n t o k a o l i n i t e . H o w e v e r , b y n o t i n g t h e 
1 4 0 - 2 

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

K i t t r i c k a c h i e v e d k a o l i n i z a t i o n o f m o n t m o r i l l o n i t e s o v e r a p e r i o d o f 

3 - 4 y e a r s a c c o r d i n g t o t h e p r e c i p i t a t i o n r e a c t i o n w h i c h a s s u m e s t h e 

p r i o r b r e a k d o w n o f m o n t m o r i l l o n i t e t o m o n o m e r i c s i l i c a 

2 A 1
3 +

 + 2 S i ( O H )
4
 + H

2
0 6 H

+

 + A l S i
2
 0

5
 ( O H )

4
 (1.4 

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

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

T h e c r i t e r i a d i s c u s s e d a b o v e w e r e s u c c e s s f u l l y e x p l o i t e d b y 

1 4 4 

L i n a r e s a n d H u e s t a s t o p r o d u c e a v a r i e t y o f s e m i - c r y s t a l l i n e 

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

s o u r c e , r e a c t i o n s a t 20°C f o r 1 m o n t h w i t h a l u m i n i u m in t h e f o r m o f 

f u l v i c a c i d c o m p l e x e s g a v e t h e p r o d u c t s i l l u s t r a t e d i n F i g u r e 1 . 4 , 6 . 

T h e d i a g r a m s h o w s t h a t , r e g a r d l e s s o f p H , p r o v i d e d t h e a l u m i n i u m 

c o n c e n t r a t i o n i s h i g h e n o u g h , t h e h e x a c o o r d i n a t e d s t a t e o f t h e i o n (as 

s t a b i l i s e d b y f u l v i c a c i d ) c a n f o r c e k a o l i n i t e p r e c i p i t a t i o n . A t l o w 

a l u m i n i u m c o n c e n t r a t i o n s t h e p r o d u c t s g r a d e t h r o u g h t h e v a r i o u s 
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a
 4 

Qa 

/ / / / / / / / 
. . / / 

g i b b s i t e / , 

/ l 
^ ^ I / J k a o l i n i t e 

j b a y e r i t e S / 

'
 7

 / 
p s e u d o - j / ' 

b o e h m i t e j / / 
8

1" /
 7

 / 
I / a l l o p h a n e . 

lJ /-J -I L , 
0 . 1 0 . 5 1 2 1 0 

S i O ^ / A l ^ O ^ ( m o l a l r a t i o ) o f s o l u t i o n 

1 4 4 
F i g u r e 1 . 4 . 6 P h a s e d i a g r a m o f m i n e r a l s s y n t h e s i z e d a t 

20°C s h o w i n g t h e i r r e l a t i o n s h i p t o i n i t i a l 

S i O ^ / A l ^ O ^ c o m p o s i t i o n a n d e q u i l i b r i u m p H 

1 5 3 
F i g u r e 1 . 4 . 7 R e l a t i o n s h i p b e t w e e n t h e c o n c e n t r a t i o n s o f 

t h e s p e c i e s A l
3 +

, S i ( O H ) 4 , H
+

 a n d t h e 

n a t u r e o f t h e m i n e r a l s f o r m e d a t 20°C, 

l O O k P a . 
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a l u m i n i u m h y d r o x y o x i d e s . S i m i l a r r e s u l t s w e r e o b t a i n e d b y M c H a r d y a n d 

1 4 5 1 4 6 
T h o m p s o n a n d H e m a n d L i n d . I n t h e l a t t e r s t u d y q u e r c u t i n w a s 

f o u n d t o e n h a n c e A l - O - S i b o n d i n g i n k a o l i n i t e f o r m a t i o n in t e s t s w h i c h 

t o o k p l a c e o v e r 6 m o n t h s a t 25°C. 

1 4 7 

S i f f e r t a n d W e y s u m m a r i s e d t h e p r i n c i p a l d i f f i c u l t y 

e n c o u n t e r e d in k a o l i n i t e c r y s t a l l i z a t i o n a s t h e t e n d e n c y o f a l u m i n i u m 

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

m o l e c u l e s a n d / o r t h e f o r m a t i o n o f s p a r i n g l y s o l u b l e a l u m i n i u m p o l y c a t i o n s . 
1 4 8 1 4 9 

C o m p l e x i n g u s i n g o r g a n i c a c i d s ' is o n e m e t h o d o f o v e r c o m i n g t h i s , 

a n a l t e r n a t i v e i s t h e p r e v e n t i o n o f W w ^ c o n c e n t r a t e d z o n e s o f i o n s b y 

1 4 8 
s l o w l y c h a n g i n g t h e p H o f t h e r e a c t i o n s o l u t i o n e m p l o y i n g a n i o n i c 

i o n - e x c h a n g e r e s i n s i n t h e (OH) f o r m . T h e a n i o n i c n a t u r e o f t h e s o l u t i o n 

1 4 8 
w a s n o t e d b y L a I g l e s i a a n d M a r t i n V i v a l d i t o h a v e a n e f f e c t : t h e 

s p e c i e s N O ^ , C I , C H ^ C O O y i e l d e d f l o c c u l e n t p r e c i p i t a t e s o f k a o l i n i t e 

2 - - 2 -

w h e r e a s S O ^ , C O O , (COO)
 2
 y i e l d e d b a s i c s a l t s t o t h e d e t r i m e n t o f 

k a o l i n i t e f o r m a t i o n . T e s t s u s i n g a l k a l i n e s o l u t i o n s in c o n t a c t w i t h 

c a t i o n i c r e s i n s i n t h e ( H
+

) f o r m ,
1

^ a n d h o m o g e n o u s p r e c i p i t a t i o n 

f o l l o w i n g f e l d s p a r h y d r o l y s i s h a v e a l s o r e n d e r e d g o o d r e s u l t s .
1

^
1 

K A l S i
3
 0 ( 0 H )

2
 + 4 H

+

 + H
2
0 A l

2
 S i

2
 0

5
 ( 0 H )

4
 + K

+ 

+ A l
3 +

 + S i ( O H ) ^ (1.4.6) 

1 5 2 

L a I g l e s i a a n d V a n O o s t e r w y c k G a s t a u c h e s u m m a r i s e d t h e 

c r y s t a l l i z a t i o n c o n d i t i o n s a t l o w t e m p e r a t u r e f o r k a o l i n i t e - g i b b s i t e 

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

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

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

3+ + 

s p e c i e s A l , S i ( O H )
4
, H r e q u i r e d f o r m i n e r a l c r y s t a l l i z a t i o n a s 

s h o w n i n F i g u r e 1 . 4 . 7 . U s i n g t h e s u c c e s s f u l s y n t h e s i s r e s u l t s b a s e d 

o n t h e i n f o r m a t i o n g i v e n i n F i g u r e 1 . 4 . 7 t h e m e t h o d s b y w h i c h k a o l i n i t e 
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c o u l d b e s u c c e s s f u l l y s y n t h e s i s e d w e r e s u m m a r i s e d a s f o l l o w s : 

a) D i r e c t p r e c i p i t a t i o n f r o m s o l u t i o n 

b) S l o w i n t r o d u c t i o n / d e p a r t u r e o f i o n s o n a 

c r y s t a l l i z a t i o n b a s e o r i g i n a t i n g f r o m e i t h e r 

s l o w f o r m a t i o n / d i s s o l u t i o n o f g e l s / c r y s t a l l i n e 

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

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

T h e r a t e o f t h e r e a c t i o n : 

V I 
A l - S i g e l ( 0 , 0 H ) H ^ O -*• h a l l o y s i t e m e t a h a l l o y s i t e 

k a o l i n i t e ( 1 . 4 . 7 ) 

1 5 3 

w a s d i s c u s s e d i n a s e c o n d p a p e r , i n c o n j u n c t i o n w i t h h i g h t e m p e r a t u r e 

s y n t h e s e s . I n c o n c l u s i o n , 

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

o o 

l o w t e m p e r a t u r e s f a v o u r i n g 1 : 1 ( 7 A ) k a n d i t e s , h i g h t e m p e r a t u r e s 2 : 1 ( 9 A ) 

l a y e r e d m i n e r a l s ; 

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

g r o u n d o x i d e s ; 

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

r a n g e i n t h e s t a b i l i t y l i m i t s t o b e r e p o r t e d ( t h e r e i s a n e e d f o r 

s t a n d a r d i z a t i o n o f e q u i p m e n t ) ; 
3 + + 

d ) a l t h o u g h t h e s p e c i e s A l , S i C O H ) ^ , H m u s t r e a c t in t h e c o r r e c t 

r a t i o , t h e c o n c e n t r a t i o n r e q u i r e d f o r c r y s t a l l i z a t i o n i s v e r y l o w ; a n d 

e) a c i d i c p H s f a v o u r k a o l i n i t e f o r m a t i o n . 

1 . 4 . 2 S y n t h e s i s o f _ 2 : l l a y e r ( 1 0 - 1 6 A ) m i n e r a l s 

C o n t e m p o r a r y w i t h t h e s t u d i e s m a d e i n t o 7 A k a n d i t e s y n t h e s i s 

v a r i o u s i n v e s t i g a t i o n s w e r e m a d e i n t o t h e c o n d i t i o n s f o r t h e f o r m a t i o n 
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o , o 
o f 1 0 - 1 6 A m i n e r a l s , w h i c h a r e b a s e d o n t h e 9 A p y r o p h y l l i t e - t a l c 

s t r u c t u r e ( P l a t e 1 . 7 ) a n d p o s s e s s a n i n t e r l a y e r c o n s i s t i n g o f c a t i o n s 

1 5 4 

b o n d e d t o e i t h e r w a t e r m o l e c u l e s o r h y d r o x i d e i o n s ( P l a t e 1 . 8 ) . 

T h e p r e s e n t l i t e r a t u r e s u r v e y c o n s i d e r s t h e c o n d i t i o n s r e q u i r e d t o 

f o r m a m i n e r a l t y p e w h i c h i n c l u d e s t h e l o K m i c a s , 1 4 & c h l o r i t e s a n d 

v e n t r i c u l i t e s , a n d 1 5 - 1 6 A s m e c t i t e s , w h i c h f r o m f i e l d e v i d e n c e a r e m o s t 

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

9 35 

d e g r a d a t i o n . ' T h e p r o b l e m o f s y n t h e s i s h a s b e e n a p p r o a c h e d f r o m t w o 

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

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

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

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

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

c l a y m i n e r a l t y p e t o a n o t h e r . E x a m p l e s i n c l u d e l e a c h i n g o f p o t a s s i u m 
1 5 5 

f r o m i l l i t e t o p r o d u c e m o n t m o r i l l o n i t e ; h y d r o l y s i s o f s w e l l i n g 

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

f o r m a t i o n a s s e e n in n a t u r e .
1

^
6 8

 T h e a d d i t i o n o f a l k a l i o r m a g n e s i u m 
1 5 9 

c a t i o n s r e v e r s e s s u c h c h l o n t e - s m e c t i t e t r a n s f o r m a t i o n s . O t h e r 

160 161 
d e h y d r o x y l a t i o n s o f c h l o r i t e s h a v e b e e n s t u d i e d . ' 

S y n t h e s i s a t e l e v a t e d t e m p e r a t u r e s (100-500°C) : T h e i n i t i a l s t u d i e s i n 

t h i s f i e l d u s e d a s i m i l a r a p p r o a c h t o t h o s e i n s e c t i o n 1 . 4 . 1 , d i f f e r i n g 

1 6 2 1 6 3 

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

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

a p p a r a t u s ( i n c o n e l , s t e l l i t e a n d s t a i n l e s s s t e e l p r e s s u r e v e s s e l s ) 

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

t e m p e r a t u r e s a n d p r e s s u r e s u p t o 900°C, 9 - 1 3 8 M P a r e s p e c t i v e l y . T h e i r 

r e s u l t s a r e s h o w n i n t h e p h a s e d i a g r a m i n F i g u r e 1 . 4 . 8 w h i c h i l l u s t r a t e s 

t h e s t a b i l i t y l i m i t s f o r m i n e r a l s i n t h e s y s t e m M g O - A l 0 - S i O - H O . 
M J Z A 
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m e t a s t a b l e k a o l i n i t e , m o n t m o r i l l o n i t e , c h l o r i t e i n t e r l a y e r s i n 

a b s e n c e o f H
2
0 ; A l s e r p e n t i n e a n d c l i n o c h l o r e 

A b b r e v i a t i o n s : f o r s t . f o r s t e r i t e ; m o n t . m o n t m o r i l l o n i t e 

p y r o . p y r o p h y l 1 i t e ; q t z . q u a r t z 

F i g u r e 1 . 4 . 8 E f f e c t o f s y s t e m s t u d i e d a n d t e m p e r a t u r e o n n a t u r e o f p r o d u c t s 

s y n t h e s i z e d ^ 4 
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D i f f i c u l t i e s w e r e e x p e r i e n c e d i n c h l o r i t e s y n t h e s i s . T h e s e w e r e 

1 6 4 

f u r t h e r s t u d i e d b y N e l s o n a n d R o y w h o , u s i n g s i m i l a r p r o c e d u r e s , 

m a n a g e d t o g e n e r a t e c h l o r i t e s a b o v e 400°C. A s i n d i c a t e d i n t h e p r e v i o u s 

w o r k ,
1

* ^ '
1

^
3

 7 A m a g n e s i u m - a l u m i n i u m k a n d i t e s w e r e p r o d u c e d , w h i c h d u e to 
1 6 4 

t h e i r c h e m i c a l s i m i l a r i t y t o c h l o r i t e s , w e r e t e r m e d s e p t e c h l o r i t e s . 

T h e s t r u c t u r a l r e l a t i o n s h i p b e t w e e n s e p t e c h l o r i t e s a n d c h l o r i t e s i s s h o w n 

1 6 4 

i n P l a t e s 1 . 6 a n d 1 . 8 . N e l s o n a n d R o y s y n t h e s i z e d a c o m p l e t e s e r i e s 

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

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

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

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

r e s p e c t i v e l y . I n c o n j u n c t i o n w i t h i r o n , a l u m i n i u m c o n c e n t r a t i o n h a s a 

g r e a t e f f e c t o n t h e r e s u l t a n t c h l o r i t e s t r u c t u r e f o r m e d . I n v e s t i g a t i o n s 
166 

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

R e a c t i n g g e l s o f t h e c o m p o s i t i o n ( 6 — x ) M g 0 ( 4 — x ) S i O _ x A l 0 . i n t h e r a n g e 

4 0 0 - 6 2 0°C, 1 0 3 - 3 8 6 M P a , c h l o r i t e s w e r e g e n e r a t e d h a v i n g a c o m p o s i t i o n 

( S i . A l ) (Mg_ A l ) 0 , _ ( 0 H ) _ w h e r e x h a s a v a l u e l a r g e r t h a n 0 . 5 p r o v i d e d 
4 - x x 6 - x x 1 0 8

 r

 ^ 

t h e t e m p e r a t u r e e x c e e d e d 500°C. T h e w o r k e r p u t f o r w a r d a p h a s e d i a g r a m 

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

a l u m i n i u m t o t h e v a r i o u s p h a s e s p r o d u c e d ( F i g u r e 1 . 4 . 9 ) . 

S y n t h e s i s o f d i o c t a h e d r a l c l a y m i n e r a l s ( n a m e l y t h o s e c o n t a i n i n g 

t r i v a l e n t r a t h e r t h a n d i v a l e n t i o n s i n t h e o c t a h e d r a l l a y e r ) w a s a c h i e v e d 

1 6 7 

b y G r a n q u i s t a n d P o l l o c k . B y r e a c t i n g d i a t o m a c e o u s e a r t h s l u r r i e s 

w i t h s o d i u m a n d a l u m i n i u m h y d r o x i d e s o l u t i o n s a t 280-300°C f o r 72 h o u r s , 

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

p u t f o r w a r d f r o m k i n e t i c s t u d i e s a s f o l l o w s : 



48-

a m , s o l i d
 + A

K O H )
3 s o

l i d
f
g i b b s i t e 

t 
[

H 0 >
S i

< ' s o l u t i o n
 +

 t A l ~ ' , A l ( 0 H ) - , A 1 0
2
] 

e n u c l e a t i o n ) 

,H0 , . 3 + + 

t 
[ A l

4
A l S i

7
0

2 Q
( O H )

4
] ~ M

+

 n u c l e u s 

. ( c r y s t a l g r o w t h ) 

t 
[ A l

4
A l S i

?
O

2 0
( O H )

4
] " M

+

 p r o d u c t 

F i g u r e 1 . 4 . 1 0 F o r m a t i o n o f m i c a - m o n t m o r i l l o n i t e 

f r o m g e l s
1 6 7 

1 6 8 1 6 9 
I l y a m a a n d R o y a n d V e l d e h a v e a l s o s y n t h e s i z e d s a p o n i t e s 

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

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

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

S y n t h e s i s a t l o w t e m p e r a t u r e s (25-100°C) : I n i t i a l i n v e s t i g a t i o n s i n v o l v e d 

1 7 0 

p r e c i p i t a t i o n f r o m s o l u t i o n . H e n i n u s e d v e r y d i l u t e s o l u t i o n s (^ O . l p p m ) 

o f s i l i c a c o n t a i n i n g m e t a l h y d r o x i d e s a t 60°C to y i e l d m o n t m o r i l l o n i t e s a n d 

a n t i g o r i t e s . O r i e n t a t i o n b e t w e e n t h e r e a c t i n g s p e c i e s w a s f o u n d t o b e 

i m p o r t a n t i n f a c i l i t a t i n g a b s o r p t i o n b y t h e p o l y m e r i z i n g s i l i c a t e l a y e r 
1 7 1 

o f t h e c a t i o n s . W e y a n d S i f f e r t o b t a i n e d s i m i l a r r e s u l t s n o t i n g t h a t 

+ - 2 - 2 + 
t h e s p e c i e s N a , C I , S 0

4
 , C a h a d n o b e n e f i c i a l e f f e c t . C a i l l & r e a n d 

1 7 2 8 2 
H e n i n a n d G a s t a u c h e e t a l s t a t e t h a t s u c h p h y l l o s i l i c a t e f o r m a t i o n 

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

" c o n s e r v e s t h e o r g a n i z a t i o n o f t h e c l a y s t r u c t u r e " . T h e i r e x p e r i m e n t s 

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

s i l i c a p r e c i p i t a t i o n a n d t h a t i n a l k a l i n e c o n d i t i o n s , 2 : 1 l a y e r s t r u c t u r e s 

f o r m e d ( c f . s e c t i o n 1 . 4 . 1 ) . T h e i n c o r p o r a t i o n o f m a g n e s i u m w i t h i n t h e 

1 5 9 
c l a y p r o d u c t o n l y o c c u r r e d i n t h e p H r a n g e 6 . 8 - 1 0 . 4 . I n s u m m a r i s i n g 
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1.0 1 . 5 2.0 

P h a s e d i a g r a m f o r l l a n d 1 4 A m i n e r a l s 

g e n e r a t e d i n t h e r a n g e 420-600°C i n a 

M g O - S i O ^ - A l ^ O s y s t e m 

3 . 0 . 

S 
ft 

2.0 -

1.0 -

a m o r p h o u s 
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0.0 

- 1 . 0 

F i g u r e 1 . 4 . 1 1 

p H 
10 

S m e c t i t e m i n e r a l f o r m a t i o n a s r e l a t e d t o 

i n i t i a l m a g n e s i u m c o n t e n t a n d p H o f 

s o l u t i o n . ( C o n d i t i o n s 3 0 p p m S i 0 2 , 

3 p p m A l
2
0

3 /
 20°C, 3 m o n t h s ' r e a c t i o n t i m e ) 
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1 7 3 7 4 1 7 5 

t h e r e s u l t s o f t h e s e a n d o t h e r w o r k e r s , ' H a r d e r l i s t e d i m p o r t a n t 

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

s p e c i e s b y s i l i c a w h i c h r e s u l t s i n c l a y p r e c i p i t a t i o n : 

a ) P o l y m e r i z e d S i C O H ) ^ p r e f e r e n t i a l l y a d s o r b s m e t a l 

h y d r o x i d e s 

b ) R a t i o o f a l u m i n i u m t o s i l i c o n in t h e i n i t i a l 

s o l u t i o n 

c ) M o r e s i l i c a i s f o u n d o n h y d r o x i d e p r e c i p i t a t e s 

a t l o w e r t e m p e r a t u r e s 

d ) H y d r o x i d e p r e c i p i t a t i o n i s c o n t r o l l e d b y p H 

e) S o r p t i o n t a k e s p l a c e m o r e r e a d i l y o n a m o r p h o u s 

m a t e r i a l t h a n o n c r y s t a l l i z e d f o r m s . 

1 7 5 

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

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

g i b b s i t e i n t e r l a y e r s in t h e c l a y m i n e r a l s t r u c t u r e . A c r i t i c a l b a l a n c e 

e x i s t s b e t w e e n t h e a l u m i n i u m , s i l i c a a n d m a g n e s i u m c o n c e n t r a t i o n s w h i c h 
1 7 6 

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

b y t h e m i n i m u m c o n c e n t r a t i o n r e q u i r e m e n t f o r s m e c t i t e f o r m a t i o n a s s h o w n 

1 7 7 

i n F i g u r e 1 . 4 . 1 1 . H a r d e r u n d e r t o o k a s i m i l a r i n v e s t i g a t i o n c o n c e r n i n g 

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

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

w a s 1 : 1 0 - 1 : 3 o r c h a m o s i t e Ca s e p t e c h l o r i t e ) s y n t h e s i s w h e r e t h e s a m e r a t i o 

r a n g e s f r o m 1 : 1 t o 1 : 2 . 

1 . 5 D i s c u s s i o n 

I t i s n o w w i d e l y a c c e p t e d t h a t d i a m o n d s a r e b r o k e n in t h e 

c o m m i n u t i o n s t a g e s o f p r o c e s s i n g . S e v e r a l i n v e s t i g a t i o n s a r e p r e s e n t l y 

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

e l i m i n a t e d , e . g . e l e c t r o c r u s h i n g . A n o t h e r a p p r o a c h , w h i c h a w a i t s r e s e a r c h , 
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i n v o l v e s t h e n a t u r a l d e g r a d a t i o n o f k i m b e r l i t e . K i m b e r l i t e i s a 

c o m p l e x r o c k t e x t u r a l l y a n d m i n e r a l o g i c a l l y , s o m e e x a m p l e s o f w h i c h 

e x h i b i t e x t e n s i v e a l t e r a t i o n . M u c h w o r k h a s b e e n d o n e o n m i n e r a l 

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

s y n t h e s i s o f c l a y s f r o m g e l s u n d e r i d e a l i s e d c o n d i t i o n s . L i t t l e w o r k 

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

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

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

T h e o b j e c t i v e s o f t h i s n e w s t u d y c a n b e s u m m a r i s e d a s : 

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

s u c h t h a t t h e t w o a s p e c t s o f r o c k d i s r u p t i o n a n d 

s u b s e q u e n t s y n t h e s i s o f a n e w s u i t e o f m i n e r a l s 

a r e i n t e r - r e l a t e d . 

b ) P r o p o s i n g a n o p t i m u m m e t h o d o f l i b e r a t i n g d i a m o n d , 

w i t h o u t c o m m i n u t i o n , b y e m p l o y i n g s u c h r e a c t i o n s . 
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C H A P T E R 2 

A N A L Y T I C A L M E T H O D S 

2 . 1 I n t r o d u c t i o n 

T h e m i n e r a l o g i c a l a n d c h e m i c a l c o m p l e x i t y o f k i m b e r l i t e 

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

i f r e p r o d u c i b l e r e s u l t s a r e t o b e o b t a i n e d in e x p e r i m e n t a l w o r k . I n 

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

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

t h e ( r e p r e s e n t a t i v e ) s a m p l e s t o b e h a n d l e d c o n v e n i e n t l y in t h e 

l a b o r a t o r y . F u r t h e r m o r e , a s d e f i n i t i v e p h a s e a n d e l e m e n t a l a n a l y s i s 

o f k i m b e r l i t e c a n n o t b e e x p e c t e d f r o m t h e d i r e c t a p p l i c a t i o n o f 

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

s u p p o r t i v e , m e t h o d s n e e d s t o b e a v a i l a b l e . 

T h i s c h a p t e r d e a l s p r i n c i p a l l y w i t h , f i r s t l y , t h e s a m p l i n g 

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

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

X - r a y d i f f r a c t i o n , t h e r m a l a n a l y s i s a n d i n f r a - r e d s p e c t r o s c o p y . T h e 

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

m e t h o d s h a v e b e e n e x t e n d e d i n c o n s i d e r a t i o n o f t h e a n a l y t i c a l r e q u i r e m e n t s 

o f t h e e x p e r i m e n t a l w o r k . A n e w m e t h o d h a s b e e n d e v e l o p e d f o r e s t i m a t i n g 

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

r e a c t i o n . 

2 . 2 S a m p l i n g a n d P r e l i m i n a r y A n a l y s i s o f t h e K i m b e r l i t e 

2 . 2 . 1 S a m p l i n g a n d s a m p l e p r e p a r a t i o n 

T h e b l o c k s o f k i m b e r l i t e u s e d i n t h e t e s t w o r k h a d a t o t a l m a s s 
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o f 1 2 0 k g a n d w e r e t h r e e o f a n u m b e r , w h i c h h a d b e e n e x c a v a t e d f r o m t h e 

o p e n p i t a t W e s s e l t o n i n 1 8 9 6 a n d s e n t t o t h e R o y a l S c h o o l o f M i n e s 

f o r e x h i b i t i o n p u r p o s e s . P r e l i m i n a r y e x a m i n a t i o n o f h a n d s p e c i m e n s 

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

i d e a l f o r a d e g r a d a t i o n s t u d y . 

T h e s a m p l i n g s c h e m e i n F i g u r e 2 . 2 . 1 w a s a d o p t e d t o f a c i l i t a t e 

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

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

w o r k . T h e s c h e m e w a s b a s e d o n p r e l i m i n a r y m i n e r a l o g i c a l i n v e s t i g a t i o n s • 

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

s e l e c t e d h a n d s a m p l e s (see l a t e r f o r d e t a i l s o f t h e s e m e t h o d s ) . T h e 

p r e s e n c e o f o l i v i n e , s e r p e n t i n e , m i c a a n d c a l c i t e w a s r e v e a l e d . 

R o u g h e s t i m a t e s o f l i b e r a t i o n s i z e w e r e m a d e b y m e a s u r i n g t h e g r a i n 

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

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

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

i s d e s c r i b e d i n S e c t i o n 2 . 2 . 2 . T h e d a t a o b t a i n e d e n a b l e d s a m p l i n g 

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

1 7 8 1 7 9 
s a m p l i n g e r r o r e s t i m a t i o n , ' s o m e i n v o l v i n g n o n - g a u s s i a n 

J- 4. 4.- 1 8 0 .. . . „ , 1 8 1 _ ^ 1 8 2 , 1 8 3 , . 
d i s t r i b u t i o n s ; t h o s e d u e t o B a r b e r y a n d G? b e i n g 

e m p l o y e d in t h i s c a s e . I n t h e s e c a l c u l a t i o n s , a p h a s e o f i n t e r e s t 

( c h a r a c t e r i s i n g t h e s a m p l e ) r e q u i r e d t o b e s e l e c t e d . C a l c i t e w a s 

c h o s e n , a s t h i s m i n e r a l h a d a n a p p r o p r i a t e h e a d a s s a y ( a b o u t 1 0 % ) . 

I n g e n e r a l , s i z e f r a c t i o n s w e r e t a k e n h a v i n g o v e r a l l e r r o r s n o t 

e x c e e d i n g ! 3 . 5 % t h u s e n s u r i n g t h a t t h e f r a c t i o n s w e r e r e a s o n a b l y 

r e p r e s e n t a t i v e o f t h e k i m b e r l i t e a s a w h o l e . 

'ijhe s a m p l i n g s c h e m e s t a r t e d w i t h t h e b r e a k i n g o f t h e t h r e e 

i 

l a r g e b l o c k s o f k i m b e r l i t e b y m e a n s o f a s l e d g e h a m m e r . A s s o o n a s 

s u i t a b l y s i z e d f r a g m e n t s w e r e o b t a i n e d t h e y w e r e f e d t o a B l a k e 1 5 0 m m 
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3 b l o c k s k i m b e r l i t e 1 2 0 k g 

I 
b r e a k i n g i 

150 mm jaw crusher i 
c o n e a n d q u a r t e r i n g 

5 6 . 0 k g 

s t o r e d 

5 8 . 4 k g e = 0 . 5 % 

7 5 m m j a w c r u s h e r i 
9 p o i n t s a m p l e 

4 5 . 7 g I 13 k g e = 1 . 3 % 

9 p o i n t s a m p l e s c r e e n e d f r a c t i o n s 

2 9 . 7 k g 

s t o r e d 

c o n e 

c r u s h e r 

s c r e e n 

+ 9 . 5 0 m m 

- 9 . 5 0 + 6 . 2 8 m m 

- 6 . 2 8 + 3 . 1 8 m m 

- 3 . 1 8 m m 

4 1 5 2 g 

2 8 9 1 g 

2 1 1 4 g 

3 5 8 0 g 

e = 3 . 5 % 

s c r e e n e d f r a c t i o n s 

- 1 7 0 0 + 1 1 8 0 y m 1 9 7 4 

- 1 1 8 0 + 8 5 0 y m 3 6 2 8 

- 8 5 0 + 6 0 0 y m 2 2 9 0 

- 6 0 0 + 4 2 0 y m 1 8 0 0 

- 4 2 0 + 1 8 0 y m 2 9 7 1 

- 1 8 0 y m 3 3 3 7 e = 1 . 0 % 

1 0 g f o r t e s t w o r k 

e = 1 . 0 % 

N o t e s (a) C u m u l a t i v e e r r o r d e n o t e d b y e , s t a t e d a t e a c h s i z e 

(b) E r r o r c a l c u l a t i o n b a s e d o n 1 0 % c a l c i t e , l i b e r a t i o n 

s i z e 1 5 0 y m 

(c) G r i n d i n g s t a g e s o p e r a t e d t o m i n i m i s e f i n e s p r o d u c t i o n 

F i g u r e 2 . 2 . 1 S a m p l i n g s c h e m e f o r k i m b e r l i t e 
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j a w c r u s h e r . C a r e w a s t a k e n t o e n s u r e t h a t t h e r o c k w a s f r a c t u r e d , 

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

t h e e x i t s e t o f t h e c r u s h e r w a s a d j u s t e d t o i t s m a x i m u m v a l u e ( 4 4 . 5 m m ) . 

A f t e r a l l t h e k i m b e r l i t e h a d b e e n c r u s h e d a t t h i s s e t t i n g , i t w a s d i v i d e d 

i n t o t w o p o r t i o n s o f 5 6 . 0 a n d 5 8 . 4 k g b y t h e c o n i n g a n d q u a r t e r i n g 

t e c h n i q u e . T h e 5 6 . 0 k g p o r t i o n w a s s t o r e d w h e r e a s t h e o t h e r w a s 

f u r t h e r b r o k e n i n a l a b o r a t o r y B l a k e 7 5 m m j a w c r u s h e r s e t a t 1 0 m m . 

H e r e , t h e e q u i p m e n t w a s 'choke f e d ' t o f u r t h e r r e d u c e f i n e s p r o d u c t i o n . 

T h e b r o k e n k i m b e r l i t e w a s a g a i n s e p a r a t e d i n t o t w o s t r e a m s , 13 k g 

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

u s e d f o r f u r t h e r m i n e r a l i n v e s t i g a t i o n a n d s t a n d a r d s e x t r a c t i o n . T h e 

o t h e r s t r e a m ( 4 5 . 7 k g ) w a s r e s e r v e d e x c l u s i v e l y f o r t h e p r e p a r a t i o n 

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

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

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

s c r e e n e d , i n c l o s e d c i r c u i t , u n t i l a l l t h e k i m b e r l i t e p a s s e d 1 . 7 m m . 

T h e m a t e r i a l w a s c l o s e l y s c r e e n e d i n t o f r a c t i o n s b e t w e e n 1 7 0 0 a n d 1 8 0 y m . 

T h e - 1 1 8 0 + 8 5 0 y m f r a c t i o n w a s s e l e c t e d f o r t e s t w o r k , a s t h i s s i z e r a n g e 

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

w a s a p p r o x i m a t e l y a t t e n t i m e s l i b e r a t i o n s i z e (see l a t e r ) w h i l e a 

s a m p l e o f 1 0 g m a s s c o u l d b e t a k e n w i t h a s a m p l i n g e r r o r o f 1 % . T h i s 

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

2 . 2 . 2 M i n e r a l a n a l y s i s 

M a k i n g u s e o f t h e - 3 . 1 8 m m f r a c t i o n ( F i g u r e 2 . 2 . 1 ) , 3 3 0 g w a s 

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

i n t e r m e d i a t e s i z e f r a c t i o n s b e t w e e n 2 4 0 0 a n d 4 5 y m . E a c h , w h e n 

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

c a l c i t e w a s l i b e r a t e d a t 6 2 0 y m , e s s e n t i a l l y c o m p l e t e l i b e r a t i o n o f a l l 
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t h e m a j o r p h e n o c r y s t i c a n d m a t r i x m i n e r a l s a p p a r e n t l y o c c u r r e d o n l y 

a t s i z e s b e l o w 1 5 0 y m . T h e r e w a s n o e v i d e n c e o f e x t e n s i v e 

p r e f e r e n t i a l l i b e r a t i o n . C o n s e q u e n t l y t h e - 1 5 0 + 1 0 6 y m p o r t i o n w a s 

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

T w e n t y g r a m m e q u a n t i t i e s o f t h e - 1 5 0 + 1 0 6 y m f r a c t i o n w e r e 

1 8 4 

s u b j e c t e d t o d e n s e m e d i u m s e p a r a t i o n a t a r e l a t i v e d e n s i t y o f 2 . 9 6 

( u s i n g t e t r a b r o m o e t h a n e i n c o n j u n c t i o n w i t h a s m a l l s e p a r a t i n g f u n n e l 

a n d f i l t e r ) . T h e ' s i n k s ' w e r e f u r t h e r s e p a r a t e d i n t o + 3 . 2 6 a n d - 3 . 2 6 

+ 2 . 9 6 d e n s i t y p r o d u c t s u s i n g d i - i o d o m e t h a n e . T h e 'floats' w e r e 

s u b d i v i d e d i n t o f o u r l e s s d e n s e p o r t i o n s : - 2 . 3 8 ; - 2 . 6 0 + 2 . 3 8 ; - 2 . 7 0 

+ 2 . 6 0 ; - 2 . 9 6 + 2 . 7 0 w i t h t h e a i d o f v a r i o u s t e t r a b r o m o e t h a n e - t r i c h l o r o -

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

a c e t o n e o r a l c o h o l , d r i e d , w e i g h e d a n d e x a m i n e d u n d e r t h e b i n o c u l a r 

m i c r o s c o p e . S a m p l e s o f e a c h w e r e a l s o t a k e n f o r a n a l y s i s b y X - r a y 

d i f f r a c t i o n . R e s u l t s a r e s h o w n i n T a b l e 2 . 2 . 1 . A s c a n b e s e e n t h e 

p r i n c i p a l p h a s e s w e r e s e r p e n t i n e , o l i v i n e , c a l c i t e a n d m i c a . S m a l l e r 

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

a n d i l m e n i t e . 

T A B L E 2 . 2 . 1 Q U A L I T A T I V E A N A L Y S E S O F R E L A T I V E 

D E N S I T Y F R A C T I O N S 

F r a c t i o n 

- 2 . 3 8 

- 2 . 6 0 + 2 . 3 8 

- 2 . 7 0 + 2 . 6 0 

- 2 . 9 6 + 2 . 7 0 

- 3 . 2 6 + 2 . 9 6 

+ 3 . 2 6 

h i g h 

c a l c i t e 

s e r p e n t i n e 

m i c a 

m i c a 

o l i v i n e 

o l i v i n e 

A b u n d a n c e 

m e d i u m 

s e r p e n t i n e 

c a l c i t e m i c a 

c a l c i t e s e r p e n t i n e 

c a l c i t e s e r p e n t i n e 

l o w 

p y r o x e n e 

s e r p e n t i n e s p i n e l 

o l i v i n e 

i l m e n i t e 

c a l c i t e m i c a 

i l m e n i t e 

a p a t i t e 

c l i n o e n s t a t i t e m i c a 

s e r p e n t i n e i l m e n i t e 

m a g n e s i o f e r r i t e 

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

a p a t i t e 
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T o o b t a i n a s e m i - q u a n t i t a t i v e a n a l y s i s , 5 0 g o f t h e c o a r s e s t 

1 8 3 

f r a c t i o n ( + 9 . 5 0 m m ) w a s t a k e n i n a c c o r d a n c e w i t h G y ' s p r o c e d u r e . 

T h e s a m p l e w a s p r o g r e s s i v e l y b r o k e n t o - 1 5 0 y m b y t h e l a b o r a t o r y c o n e 

c r u s h e r . T h e r e s u l t i n g (12 g ) - 1 5 0 + 1 0 6 y m f r a c t i o n w a s d e s l i m e d , 

r i f f l e d , s e p a r a t e d b y t e t r a b r o m o e t h a n e a n d b o t h s i n k s a n d f l o a t s 

s u b j e c t e d t o a s s a y b y t h e f o l l o w i n g m e t h o d , w h i c h e m p l o y e d t h e b i n o c u l a r 

m i c r o s c o p e . 

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

w h e n o b s e r v e d u n d e r a b i n o c u l a r m i c r o s c o p e , 1 0 - 2 0 g r a i n s o f e a c h 

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

r i f f l i n g . T h e s e g r a i n s w e r e t h e n s u b j e c t e d t o t e s t s o u t l i n e d b y 

1 8 4 

J o n e s a n d F l e m i n g f o r s y s t e m a t i c p a r t i c l e i d e n t i f i c a t i o n . T h e s e 

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

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

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

h a b i t w e r e p a r t i c u l a r l y u s e f u l p r o p e r t i e s . F o r e x a m p l e , m i c a w a s 

d i s t i n g u i s h e d b y i t s f l a k y , l a m e l l a r h a b i t , w h e r e a s o l i v i n e g r a i n s 

w e r e l i g h t g r e e n a n d o p a q u e , w i t h a s u b h e d r a l h a b i t . S e r p e n t i n e g r a i n s 

w e r e d a r k e r g r e e n w i t h a p o o r e r h a b i t . T h e t w o f r a c t i o n s o f s a m p l e d 

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

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

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

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

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

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

c o u n t s o b t a i n e d y i e l d e d t h e f o l l o w i n g a s s a y s o u t l i n e d in T a b l e 2 . 2 . 2 , 
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T A B L E 2 . 2 . 2 M I N E R A L A S S A Y S E V A L U A T E D F R O M 

P A R T I C L E P O I N T C O U N T I N G 

M i n e r a l A s s a y (%) E r r o r (±%) 

s e r p e n t i n e 6 8 ± 3 

o l i v i n e 20 ± 0 . 5 

c a l c i t e 9 ± 1 

m i c a 2 ± 0 . 8 

s p i n e l s a n d 0 . 6 ± 0 . 2 

o t h e r s 

T h e e r r o r g i v e n w a s t h a t e n c o u n t e r e d in e s t i m a t i n g t h e p r o p o r t i o n 

o f t h e p h a s e o f i n t e r e s t , a s b a s e d o n t h e b i n o m i a l t h e o r e m ( A p p e n d i x 2 ) . 

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

l a c k o f l i b e r a t i o n . 

T h e k i m b e r l i t e w a s f u r t h e r e x a m i n e d i n t h i n s e c t i o n . T h e t h i n 

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

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

d e a e r a t e d a r a l d i t e . T h e d e s i r e d t h i c k n e s s o f 3 0 y m w a s t h e n a t t a i n e d 

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

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

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

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

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

e x t i n c t i o n a n d b i r e f r i n g e n c e . P h o t o m i c r o g r a p h s w e r e t a k e n o f s e l e c t e d 

v i e w s u s i n g a s p e c i a l l y a d a p t e d b i n o c u l a r p e t r o l o g i c a l m i c r o s c o p e 

e q u i p p e d w i t h a c a m e r a . T h e s e p h o t o m i c r o g r a p h s a r e s h o w n in P l a t e s 2 . 1 -

2 . 8 a n d i l l u s t r a t e t h e p o r p h y r i t i c t e x t u r e . T h e m a j o r i t y o f t h e l i g h t 

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

i n v a r y i n g d e g r e e s r a n g i n g f r o m t h a t r e s t r i c t e d t o s u p e r f i c i a l e f f e c t s 
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P l a t e s 2 . 1 - 2 . 8 P h o t o m i c r o g r a p h s o f W e s s e l t o n k i m b e r l i t e in 

t h i n s e c t i o n (all u n d e r c r o s s e d n i c o l s ) . 

Plate 2.1 General view (xll). The plate shows the 

heterogeneous porphrytic texture of Wesselton 
kimberlite. The prominent phenocrysts consist 
of olivine (bottom left); phlogopite (centre 
left) and serpentine (top left). Calcite is 
discretely disseminated through serpentitic matrix. 

Plates 2.2 - 2.4 Progressive alteration of olivine. 

Plate 2.2 Unaltered olivine (x35). 
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Plate 2.3 Sorpentinization of olivine (x35). As 
shown, serpentine replaces the olivine 
forming characteristic fibrous crystallites. 
It appears that alteration of olivine occurred 
after consolidation of the kimberlite as 
indicated by the two stages of serpentine 
crystallisation, the reaction channels crossing 
the olivine and the cavity which has developed 
between the two minerals. 

Plate 2.4 A serpentine pseudomorph after olivine (x70). 
Here, serpentine has completely replaced 
olivine. Large crystals have grown in the 
interior of the cavity so formed, with finer 
crystallites bordering the pseudomorph. 
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Plate 2 . 5 A reaction rim (cf.Plate 2 . 3 ) with 
serpentine replacing olivine (x70). 
The plate indicates the presence of 
reaction channels (arrowed) which seem 
to provide access for alteration solutions 
from the rock (left) to the olivine (right). 
Note the uneven contact between the 
olivine and serpentine. 

Plate 2.6 Unaltered phlogopite-biotite (xll). A 
narrow diffuse reaction rim (cf.Plate 
2.7) is seen next to this otherwise 
unaltered phenocryst. 
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Plate 2.7 Altered phlogopite-biotite (x35). As 
shown the phenocryst has broken into 
lighter coloured buff microcrystallites 
and is surrounded by a band of 
recrystallised calcite (multicoloured). 
Serpentinized olivine is at the top 
right and bottom left. 

Plate 2.8 Kimberlite matrix (x70). The matrix 
consists of microcrystallites of 
serpentine (dark), calcite (blue, red, 
green), disseminated olivine (light) and 
alteration products. The plate is 
indicative of the small liberation size 
about < 70 ym of the mineral grains. 
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(Plate 2.2) to complete pseudomorphic replacement by serpentine (Plate 

2.4). Serpentine was distinguishable by its darker green colour and 

fibrous habit, and formed a substantial proportion of the finely-

grained matrix. Phlogopite-biotite exhibited some alteration, the 

vivid yellow brown unaltered lathes (Plate 2.6) contrasting sharply 

with the dull brown product (Plate 2.7) believed to be hydrobiotite-

vermiculite. No other alteration products were apparent. 

A quantitative analysis was then made, noting the textural 

distribution of each of the mineral constituents. The analytical 

procedure involved decentralising the stage of the petrological 

microscope and recording the mineral that intersected with the 

cross wires as the stage was rotated at regular intervals of 360°. 

By moving the position of the slide on the stage most of the area of 

the section could be covered. The results are shown in Table 2.2.3. 

TABLE 2.2.3 MINERAL ASSAYS EVALUATED FROM 
THIN SECTION ANALYSIS 

Mineral Phenocryst Matrix 
assay distribution assay distribution 

(%) (%) (%) (%) 

Total 
Assay 
(%) 

Error 

(± %) 

serpentine 61 71 

olivine 22 60 

calcite 8 52 

mica 2 77 

altered mica 1.7 100 

spinels 1.3 100 

others 3 100 

51 

32 

16 

1 

29 

40 

48 

23 

57 

26 

11 

2 
1 

1 

2 

± 3 

± 3 

± 2 

± 0.9 

± 0.7 

± 0.5 

± 1 

Notes : (a) Phenocryst proportion of rock : 68% 
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The error was calculated in a similar manner to that already 

described before. 

2.2.3 Analytical requirements 

The work in the preceding sections confirmed that Wesselton 

kimberlite, although less complex in mineral associations than many 

more altered k i m b e r l i t e s " ^ ' - ^ 5 188
 n e v e r

.
t
]

i e
;i_

e s s
 represented a 

complex starting material for fundamental testwork. Table 2.2.4 

shows some of the methods of elemental and phase analysis which 

might be attempted in such testwork. The table, which is an 

189 

adaptation and extension of that of Zussman, lists a series of 

methods varying widely in the nature of information provided, general 

complexity and precision attainable. It follows from the discussion 

below that no single method is suitable for comprehensively describing 

the mineralogical transformations that occur in kimberlite alteration. 

A combination of techniques had therefore to be used to build up an 

overall representation of these reactions and their sequences. 

Furthermore, the information obtainable had to be set against the 

availability and 'turnaround' time of equipment. 

The first three methods listed in the table have already been 

discussed, their use being principally limited to the petrological 

analysis of the kimberlite. Although microscopic examination is in 

principle a complete tool for phase analysis, the method is too 

laborious for routine work and cannot deal effectively with finely 

divided solids. Of the chemical methods available, gravimetry and 

titrimetry can be laborious, subject to various forms of chemical 

interferences and require experienced operators. They are relatively 

precise being employed in umpire analyses of 'one-off' samples, rather 

than for routine work. Colo .rmetric methods can be faster though 
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TABLE 2.2.4 ANALYTICAL METHODS U S E D IN MINERAL ANALYSIS ' 

Method Use Advantages Disadvantages 

Hand specimen 
Examination 
(Visual inspection) 

Mineral Separations 

Microscopy 

Qualitative overview of 
petrographic features i 
textures, mineral 
proportions 

Preparation of concentrates 
suitable for testwork 

Detailing o f observations 

made from hand specimen 

Readily performed, 
equipment required 

No special 

Inexpensive. Can yield 
quantitative estimates of 
phases present. Insensitive 
to scale of operation 

Inexpensive. Good qualitative 
and quantitative tool (errors 
^5%). Sole means of assessing 
rock textures 

Requires trained and experienced 
observer for good assessments to 
be made. Misinterpretations 
common 

Requires previous knowledge of 
phases for selection of separtcing 
process. Slow. Separations 
between silicates difficult. 
Essentially complete liberation 
required 

Requires experienced observer* 
especially in silicate identification. 
Slow. Restricted to analysis of 
+100 um particles and is laborious 
in quantitative work 

Classical Methods 

Gravimetry 

Titrimetry 

Colourimetry 

Umpire analysis 

Umpire and evaluation 
analysis 

Rough estimation of 
solubilised complexed 
phases 

Extremely precise 

Extremely precise 

Precise in well defined system. 
Fast 

Very slow. Applicable to major 
constituents only 

Very slow. Applicable to major 
constituents only 

Imprecise due to interference!. 

Instrumental Methods 

X-ray Fluorescence 
(XRF) 

Emission Spectrography 

Qualitative and quantitative 
analysis of elements (at no. 
3 3) 
Qualitative and quantitative 
3tudy of trace element 
distribution (at no. S 3) 

Wide sensitivity range (100%-
ppm). Very good 
reproducibility (0.4%) 

Rapid method which cam 
analyse up to 20 elements 
simultaneously. Relatively 
cheap (bar capital cost). 
Limited structural data can 
be deduced 

Expensive. Slow. Lack of simple 
concentration-intensity 
relationship 

Calibration complex. Experienced 
operator needed. Reproducibility 
2-10%. Mot applicable to non-
metals. Sensitivity range ("U ppm 
-1%). Interferences 

Electron Probe Micro-
analysis/Microscopy 

Autoradiography 

Qualitative and quantitative 
elemental distribution. 
Microstructure investigations 

Qualitative and quantitative 
analysis of radioactive 
materials 

Analysis of small regions 
(1 um

2

) 

Sensitive to extremely low 
concentrations 

Expensive. Slow. Careful sample 
preparation required 

Limited to radioactive minerals 
only 

Nuclear Magnetic 
Resonance (NMR) 

Atomic Absorption (AA) 

X-ray Diffraction 
(XRD) 

Thermal Analysis 
DTA, TG, DTG 

Infra-Red 
Spectroscopy (IR) 

Qualitative determinations 
of hydrated minerals 

Qualitative and quantitative 
elemental analysis (at no. 
* 3) 

Qualitative and semi-
quantitative mineral 
analysis 

Qualitative mineral 
analysis 

Analysis of structural 
groups 

Fast. Readily performed. 
Relatively inexpensive 

Only rapid instrumental method 
for general mineral phase 
analysis. Cain be made quant-
itative under carefully 
controlled conditions 

Rapid. DTA and TG very useful 
for clay mineral studies. TG 
useful for quantitative 
studies. Very sensitive 

Only known method for this 
purpose. Fast, readily 
performed 

Limited in application, especially 
in the case of silicates. 
Quantitative measurement very rare 

Sensitivity range dependent on 
element. Element interferences. 
Reproducibility error 2-5% 

Sensitivity relatively low and 
varies with type and crystalline 
nature of phase. Numerous corrections 
required in accurate work. X-ray 
intensity affected by many factors. 
Quantitative silicate analysis 
difficult. Not suitable for direct 
quantitative assay of clay minerals 

DTA peaks virtually irreprodvcible. 
Clay minerals are only silicate 
minerals that can be analysed as 
well as other simple compounds 

Very limited qual. and quant, use 
still to be fully extended in the 
mineral analysis field 
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h a v e s i m i l a r l i m i t a t i o n s a s a b o v e . 

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

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

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

a p p l i c a t i o n i n k i m b e r l i t e a n a l y s i s . X - r a y f l u o r e s c e n c e a n a l y s i s a n d 

e l e c t r o n p r o b e m i c r o a n a l y s i s ( i n c l u d i n g e l e c t r o n d i f f r a c t i o n ) c a n b e 

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

a n d m o n e y f o r r o u t i n e u s e . T h e f o r m e r i s l i m i t e d t o e l e m e n t a l a s s a y s 

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

a r e a s o f a s a m p l e s u r f a c e . A t o m i c a b s o r p t i o n , h o w e v e r , f i n d s a p p l i c a t i o n 

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

a b o u t 5 % ( r e l a t i v e ) . I t i s n o t d e s i g n e d f o r p h a s e i d e n t i f i c a t i o n -

u n l i k e X - r a y d i f f r a c t i o n . 

X R D i n p r i n c i p l e , p r o v i d e s , l i k e m i c r o s c o p y , a c o m p l e t e t o o l 

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

a s s a y . I t c a n b e r e a d i l y a p p l i e d t o t h e i n v e s t i g a t i o n o f f i n e s i z e d 

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

b e e x t e n d e d t o y i e l d q u a n t i t a t i v e e s t i m a t e s . T h e r m a l m e t h o d s a r e 

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

c o m p o u n d s ( e . g . s u b l i m a t i o n , a b s o r p t i o n , c r y s t a l l i s a t i o n ) . V a r i o u s 

a p p r o a c h e s a r e p r a c t i s e d : d i f f e r e n t i a l t h e r m a l a n a l y s i s (DTA) w h i c h , 

i n c l a y m i n e r a l w o r k g i v e s g o o d q u a l i t a t i v e i n f o r m a t i o n . T h e r m o -

g r a v i m e t r y (TG) a n d d i f f e r e n t i a l t h e r m o g r a v i m e t r y (DTG) c a n b e a d a p t e d 

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

r e q u i r e s a m p l e s w i t h a h i g h d e g r e e o f p u r i t y a s t h e d a t a g e n e r a t e d i s 

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

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

o p e r a t e d w i t h e a s e . 

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

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

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

to b e e x a m i n e d in g r e a t e r d e t a i l . I t s u s e a s a q u a l i t a t i v e a n d 

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

F r o m t h e t a b l e i t w a s c o n c l u d e d t h a t X R D w a s s u i t a b l e f o r 

m i n e r a l p h a s e a n a l y s i s a n d A A S f o r e l e m e n t a l a s s a y . T h e r m a l m e t h o d s 

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

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

m i n e r a l s w o u l d b e b e s t s t u d i e d u s i n g I R . 

2 . 3 X - R a y D i f f r a c t i o n 

2 . 3 . 1 P r i n c i p l e s 

1 8 9 

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

F i g u r e 2 . 3 . 1 M o n o c h r o m a t i c X - r a y s , g e n e r a t e d a t t h e s o u r c e a r e i n c i d e n t 

u p o n t h e s a m p l e a t a n a n g l e 0 a n d a r e d i f f r a c t e d o n s t r i k i n g t h e 

s t r u c t u r a l p l a n e s o f t h e m i n e r a l ( s ) t o e m e r g e (also a t a n a n g l e 9) o n 

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

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

s e p a r a t i o n b e t w e e n t h e l a y e r s ) , a n d i n t e r f e r e u p o n e m e r g e n c e i n 

a c c o r d a n c e w i t h t h e p r i n c i p l e o f s u p e r p o s i t i o n . C e r t a i n v a l u e s o f 9 

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

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

t h e f u n d a m e n t a l s t r u c t u r e s o f t h e m i n e r a l ( s ) i n t h e s a m p l e , p r o v i d e d 

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

P o w d e r e d s a m p l e s o f f e r t h e s i m p l e s t m e a n s o f o b t a i n i n g X R D 

d a t a . T h e y c o n s i s t o f r a n d o m l y - o r i e n t a t e d , f i n e l y - d i v i d e d c r y s t a l s . 

W h e n X - r a y s s t r i k e t h e s a m p l e a n u m b e r o f t h e c r y s t a l s a r e i n t h e 

c o r r e c t o r i e n t a t i o n t o ' r e f l e c t ' t h e b e a m , w h i c h o u t l i n e s a c o n e o f 



m o n o c h r o m a t i c 

X - r a y b e a m 

d i f f r a c t e d 

X - r a y s 

S a m p l e i n c a v i t y o r 

s m e a r m o u n t 

X-ray-

b e a m 

S a m p l e s u r f a c e 

l a t t i c e p l a n e s 

o f c r y s t a l 

F o r p o s i t i v e i n t e r f e r e n c e 

n A = 2 d s i n 0 

F i g u r e 2 . 3 . 1 P r i n c i p l e s o f X - r a y d i f f r a c t i o n a n a l y s i s 
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s c a t t e r e d r a d i a t i o n , p a r t o f w h i c h is d e t e c t e d . D i f f e r e n t p l a n e s o f a 

c r y s t a l g i v e r e i n f o r c e m e n t s a t d i f f e r e n t v a l u e s o f 0 , a n d t h e d i f f r a c t i o n 

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

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

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

t o t h e p h a s e c o n c e n t r a t i o n i n t h e s a m p l e . E a c h p e a k c o r r e s p o n d s t o a 

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

3 0 
d u e t o M i l l e r e . g . t h e m a i n c l e a v a g e p l a n e o f m i c a i s t e r m e d 0 0 1 . 

2 . 3 . 2 Q u a l i t a t i v e m e t h o d s 

T h e p r i n c i p a l c r i t e r i o n w h i c h g o v e r n s t h e e a s e o f i d e n t i f i c a t i o n 

1 8 9 

o f a m i n e r a l b y X R D i s t h e d e g r e e o f c r y s t a l l i n i t y . F i g u r e 2 . 3 . 2 

illustrates X-ray diffractograms recorded for Wesselton kimberlites (a) 

a n d i t s c o n s t i t u e n t m i n e r a l s ((b) - ( e ) ) . O l i v i n e (c), c a l c i t e (d) a n d 

m i c a (e) h a v e a h i g h d e g r e e o f c r y s t a l l i n i t y a s s h o w n b y t h e s y m m e t r i c a l 

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

c a s e f o r s e r p e n t i n e (b) w h e r e t h e p e a k s a r e b r o a d e r a n d l e s s i n t e n s e , 

r e f l e c t i n g a m o r e v a r i a b l e c h e m i c a l c o m p o s i t i o n . P a r t o f t h e s e r p e n t i n e 

is of secondary origin being an alteration product of olivine. A more 

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

b e t w e e n F i g u r e 2 . 3 . 2 c - e a n d F i g u r e 2 . 3 . 2 f w h i c h i s a n a m o r p h o u s a l u m i n i u m 

hydroxyoxide. In the latter no peaks are discernible. A combination 

o f t h e s p e c t r a F i g u r e 2 . 3 . 2 b - e i n s u i t a b l e p h a s e p r o p o r t i o n l e a d s t o a 

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

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

l i k e o l i v i n e g r e a t l y f a c i l i t a t e s theifr i d e n t i f i c a t i o n b y X R D . I n t h e 

c a s e o f c l a y m i n e r a l s , h o w e v e r , t h e Tv^rkedly s m a l l e r n a t u r a l g r a i n s i z e 

1 u m ) , t h e m o r e v a r i a b l e c h e m i c a l ' C o m p o s i t i o n , a n d t h e p o o r e r 

crystalline state renders XRD identification difficult. Ameliorative 

m e a s u r e s i n c l u d e " o r i e n t a t i n g " t h e s a m p l e (by c a r e f u l s e d i m e n t a t i o n o r 
1 9 5 

p r e p a r i n g t h e s a m p l e a s a s m e a r m o u n t ) o r b y c h e m i c a l t r e a t m e n t s t o 
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Figure 2.3.2 X-ray diffractogram for 

(a) Wesselton kimberlite 
(b) serpentine 



Figure 2.3.2 
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K-ray diffractograms for 

(c) olivine 
(d) calcite 



Figure 2.3.2 X-ray diffractograms for 

(e) phlogopite-biotite 
(f) aluminium hydroxyoxides (amorphous) 

to 



73-

produce characteristic peak shifts in the diffractograms. Greene-

197 
Kelly employed lithium as an exchange ion for montmorillonite 

recognition. Glycolation which expands the clay lattice was used by 

198 199 

Gibbs and Carroll who summarised the effects of heating and 

glycolation of clays (Table 2.3.1). Table 2.3.1 lists the most 

important lattice or 'd' spacings of the principal clay mineral 

groupings. Montmorillonites are typified by glycolation, whereas the 

others exhibit differing reactions to heat treatment. T h o r e z ^ ^ gives 

a comprehensive survey of chemical and physical pre-treatments for 

clay mineral identification (e.g. saturation with potassium salt 

solutions). 

2.3.3 Quantitative methods 

Various authors acknowledge that the peak intensity of 

diffracted X-rays can be a quantitative measure of the concentration 

of the associated mineral species in a mixture.^^ ^ ^ For quantitative 

determinations it is necessary to include two types of standard. One, 

a mineral standard, which is used to make up a set of known mixtures 

against which an unknown is compared and the second, an internal 

standard. The latter accounts for errors inherent in the apparatus 

(e.g. short-term instability) in that the recorded diffractogram of 

the standard is an indicator of the behaviour of the equipment at a 

particular time, more or less independent of varying concentrations of 

205 

phases of interest. Cody and Thompson have listed the requirements 

of an internal standard. Such a compound 

a) exhibits suitable crystallinity and sharp peaks,. 

b) is readily available, 

c) does not cause superimposition of the peaks of 

interest, and 



74-

T A B L E 2 . 3 . 1 E F F E C T O F G L Y C O L A T I O N A N D H E A T I N G 

O N V A R I O U S C L A Y M I N E R A L S 

M i n e r a l 

M o s t i n t e n s e 

b a s a l 

s p a c i n g s (i) 

G l y c o l a t i o n 

e f f e c t 

1 h r 60°C 

H e a t i n g e f f e c t 

(1 h r ) 

F e - C h l o r i t e 

M g - C h l o r i t e 

14 

14 

C 800°C+ 

I 650°C 

C 800°C+ 

I l l i t e 10 I o n w a t e r l o s s 

700°C s i m i l a r 

t o m i c a 

M i c a 1 0 , 5 I o n h e a t i n g t o 

700°C 

M o n t m o r i l l o n i t e 1 5 e x p a n d s t o o 
1 7 A 

B e c o m e s 9 A a t 

300°C+ 

V e r m i c u l i t e 14 300°C+ d e h y d r a t e s 

1 4 - 1 3 . 8 - 1 1 . 6 - 9 A 

M i x e d l a y e r e d 

m i n e r a l s 

K a o l i n i t e 7 . 1 5 , 3 . 7 5 

e x p a n d s i f 

m o n t . 

p r e s e n t 

V a r i e d a c c o r d i n g 

t o c o m p o s i t i o n 

A m o r p h o u s a t 5 7 5 -

625°C+ 

D i c k i t e 

N a c r i t e 

H a l l o y s i t e 

s i m i l a r t o k a o l i n i t e 

1 0 - 7 . 2 D e h y d r a t e s a t 110°C 

A b b r e v i a t i o n s I I n t e n s i f i e s 

C C o l l a p s e s 
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d ) i s n o t o t h e r w i s e p r e s e n t i n t h e s a m p l e t o b e 

a n a l y s e d . 

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

2 0 4 
f l u o r i d e , a l u m i n i u m o x i d e , c a l c i u m f l u o r i d e a n d p o t a s s i u m c h l o r i d e , 

2 0 5 
m o l y b d e n u m s u l p h i d e , z i n c h y d r o x i d e a n d a l u m i n i u m . 

E x a m p l e s o f q u a n t i t a t i v e m e t h o d s i n v o l v i n g i n t e r n a l s t a n d a r d s 

2 0 2 2 0 3 
i n c l u d e t h o s e d u e t o M i t c h e l l , N o r r i s h a n d T a y l o r a n d C o d y a n d 

2 0 5 

T h o m p s o n . M i t c h e l l e x p r e s s e s t h e a m o u n t o f u n k n o w n c o m p o n e n t , x , 

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

x = ( 1 0 0 a I I ) / ( s I I ) ( 2 . 3 . 1 ) 
m x s x s m 

w h e r e a i s t h e w e i g h t o f i n t e r n a l s t a n d a r d u s e d ; I i s t h e m e a s u r e d 
m x 

i n t e n s i t y o f l i n e o f u n k n o w n ; I t h e a r b i t r a r y s c a l e i n t e n s i t y o f l i n e 

o f t h e s t a n d a r d ; s , t h e w e i g h t o f s a m p l e u s e d ; t h e a r b i t r a r y s c a l e 

i n t e n s i t y o f u n k n o w n p e a k ; I , t h e m e a s u r e d i n t e n s i t y o f l i n e o f 
s m 

s t a n d a r d . 

2 0 3 

N o r r i s h a n d T a y l o r ' s m e t h o d a l s o i n v o l v e d t h e s e t t i n g o f 

a n a r b i t r a r y s c a l e b u t t h e i r e x p r e s s i o n r e l a t e d p e a k i n t e n s i t y t o 

i n t e n s i v e p r o p e r t i e s ( e . g . m a s s a b s o r p t i o n c o e f f i c i e n t ) w h i c h a f f e c t 

t h e p a t h o f t h e X - r a y s t h r o u g h t h e c r y s t a l . A s i m i l a r e x p r e s s i o n w a s 
2 0 5 

g i v e n b y C o d y a n d T h o m p s o n w h o a l s o i n c l u d e d c o r r e c t i o n s f o r 

o r i e n t a t i o n e f f e c t s : 

(I__ x _ / I _ x _ ) = (K a _ a _ I ) / ( K a „ a ^ I ) (2.3.2 
J A J u s A J A u J u s A J u A s A J A s u 

w h e r e I d e n o t e s t h e i n t e n s i t y o f t h e p e a k a s i n f e r r e d f r o m t h e s u b s c r i p t s ? 

A : m i n e r a l s t a n d a r d ; J : c o m p o n e n t i n u n k n o w n s a m p l e u; s : i n t e r n a l 

s t a n d a r d , a d e n o t e s a n a b s o r p t i o n c o e f f i c i e n t a n d K i s a c o n s t a n t 
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d e p e n d i n g o n t h e c h a r a c t e r i s t i c s o f c o m p o n e n t J i n t h e u n k n o w n s a m p l e u 

a n d o n t h e g e o m e t r y o f t h e X - r a y d i f f r a c t o m e t e r . 

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

b y c o m p a r i s o n o f p e a k i n t e n s i t i e s c a n n o t b e p e r f o r m e d o w i n g t o 

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

o r i e n t a t i o n , m o u n t t h i c k n e s s , u n e v e n n e s s o f s p r e a d , d i f f e r e n c e s i n 

1 9 5 
c r y s t a l p e r f e c t i o n , p o l y t y p i s m , a n d o t h e r s . O r d i n a r y m i n e r a l 

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

1 9 9 
a s i m i l a r c r y s t a l l i n e s t a t e a s t h e c l a y s o f i n t e r e s t . U s i n g 

1 9 8 

s t a n d a r d s e x t r a c t e d f r o m t h e s a m p l e s , G i b b s p u t f o r w a r d t h e 

f o l l o w i n g e x p r e s s i o n f o r t h e c o n c e n t r a t i o n o f a n u n k n o w n c o m p o n e n t , x : 

x = k l / I (2.3.3) 

w h e r e K i s c o n s t a n t ; I , t h e p e a k a r e a i n t e n s i t y o f 1 , t h e u n k n o w n 

m i n e r a l ; s , t h e s t a n d a r d . 

G i b b s w a s s u c c e s s f u l b u t h e h a d t o a d o p t a v e r y c o m p l i c a t e d 

s e p a r a t i o n a n d p u r i f i c a t i o n p r o c e d u r e f o r s t a n d a r d e x t r a c t i o n . I n a 

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

s a m p l e s t o b e a n a l y s e d . 

2 . 3 . 4 E r r o r s o u r c e s a n d t h e i r c o r r e c t i o n 

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

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

w i t h r e f e r e n c e t o q u a n t i t a t i v e c l a y a n a l y s i s . O r i e n t a t i o n , w h i c h r e s u l t s 

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

b e e n c o n t r o l l e d in v a r i o u s w a y s : 

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

206 2 0 7 
c e m e n t t o y i e l d e q u i d i m e n s i o n a l p a r t i c l e s ' 
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1 9 9 2 0 8 
b ) s m e a r i n g t h e s a m p l e o n a g l a s s s l i d e ' a n d 

208 
c) u s e o f p a r t i a l l y o r i e n t a t e d p o w d e r p r e s s . 

D i l u t i o n o f t h e s a m p l e u s i n g a n X - r a y a m o r p h o u s m a t e r i a l , 

e . g . g u m a r a b l e , c a n r e d u c e a b s o r p t i o n e f f e c t s .
2 0 4 

P a r t i c l e s i z e is a p a r t i c u l a r l y i m p o r t a n t f a c t o r a f f e c t i n g 

. . . 1 9 7 , 1 9 8 , 2 0 3 - 2 0 5 , 2 0 7 - 2 1 0 „ _ ^
 T T

 . 2 0 9 . 
p e a k i n t e n s i t y . G o r d o n a n d H a r r i s , f o r 

i n s t a n c e , s h o w e d t h a t a m a x i m u m p e a k i n t e n s i t y o c c u r r e d a t 1 0 - 2 0 y m 

f o r q u a r t z g r a i n s . O t h e r m i n e r a l s h a v e a p p a r e n t l y n o t b e e n s t u d i e d 

in t h i s r e s p e c t . 

2 . 3 . 5 O l i v i n e a n d _ s e r p e n t i n e q u a n t i t a t i v e a n a l y s i s : a s s u m p t i o n s 

o n w h i c h t h e m e t h o d i s b a s e d 

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

i s p r o v i d e d b y t h e m a s s o f t h e u n r e a c t e d m a j o r c o n s t i t u e n t s . F u r t h e r 

t o t h e c o n s i d e r a t i o n s i n S e c t i o n s 2 . 3 . 3 - 3 . 4 q u a n t i t a t i v e m e t h o d s f o r 

t h e a n a l y s i s o f o l i v i n e a n d s e r p e n t i n e i n k i m b e r l i t e w e r e d e v e l o p e d 

o n t h e f o l l o w i n g a s s u m p t i o n s . 

a ) T h e p h a s e p r o p o r t i o n s o f b o t h l i b e r a t e d a n d u n l i b e r a t e d 

g r a i n s a r e b e s t d e t e r m i n e d b y r e f e r e n c e t o s t a n d a r d s e x t r a c t e d f r o m 

t h e k i m b e r l i t e s a m p l e s t h e m s e l v e s . 

b ) I n t e r g r a n u l a r e f f e c t s ( s u c h a s v a r y i n g p a r t i c l e o r i e n t a t i o n 

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

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

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

c ) P e a k i n t e n s i t y c a n b e m e a s u r e d b y p e a k a r e a , i n t h e f o r m 

o f t h e p r o d u c t o f t h e h e i g h t , h , a n d t h e w i d t h a t h / 2 . 

d) T h e m e a s u r e m e n t o f t h e r a t i o o f i n t e n s i t i e s o f o l i v i n e 

(or s e r p e n t i n e ) t o t h a t o f m o l y b d e n u m s u l p h i d e o r o t h e r i n t e r n a l 

s t a n d a r d c a n e l i m i n a t e e r r o r s a r i s i n g f r o m i n s t r u m e n t a l i n s t a b i l i t y . 
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e) T h e ( l a r g e ) e f f e c t o f v a r i a t i o n s i n p a r t i c l e s i z e 

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

e m p l o y i n g a s i z e p a r a m e t e r . 

T h e e x t r a c t i o n o f s t a n d a r d s i n a c c o r d a n c e w i t h (a) n o w f o l l o w s . 

2 . 3 . 6 E x t r a c t i o n o f o l i v i n e a n d s e r p e n t i n e s t a n d a r d s 

P r e l i m i n a r y t e s t w o r k t o e x t r a c t p u r i f i e d m i n e r a l s t a n d a r d s w a s 

c a r r i e d o u t u s i n g t h e - 1 5 0 + 1 0 6 y m d e n s i t y f r a c t i o n s d e s c r i b e d i n 

S e c t i o n 2 . 2 . 2 . L e a c h i n g t e c h n i q u e s w e r e s t u d i e d , w i t h t h e o b j e c t i v e 

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

o l i v i n e - a n d s e r p e n t i n e - r i c h d e n s i t y p r o d u c t s . A l t h o u g h c a l c i t e 

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

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

( e . g . c o n c e n t r a t e d (18M) s u l p h u r i c a c i d s e e m e d t o h a v e n o e f f e c t o v e r 

a p e r i o d o f 6 6 h r s ) . P r o l o n g e d a c i d a t t a c k , h o w e v e r , a f f e c t e d t h e 

o l i v i n e . I t w a s c o n c l u d e d t h a t a c i d t r e a t m e n t w a s o f l i m i t e d u s e : 

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

d e l e t e r i o u s e f f e c t s o n b o t h s e r p e n t i n e a n d o l i v i n e . T h e t e s t s a l s o 

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

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

211 212 
u t i l i s i n g c o n d i t i o n s r e c o m m e n d e d b y B e a r s o n e t a l a n d o t h e r s . 

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

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

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

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

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

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

A n o t h e r u s e f u l p r o p e r t y f o r s e p a r a t i o n w a s f o u n d t o b e 

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

a t t r a c t e d t o w a r d s a h a n d m a g n e t . T h e o l i v i n e w a s n o n - m a g n e t i c . 

B y u t i l i s i n g a s p e c t r a t i o ( s h a p e ) , r e l a t i v e d e n s i t y a n d 

r e l a t i v e m a g n e t i s m a s criteria.-
1

" f o r s e p a r a t i o n , o l i v i n e a n d s e r p e n t i n e 

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

F i g u r e 2 . 3 . 3 . D e t a i l s a r e g i v e n b e l o w . 

T h e r e m a i n d e r o f t h e - 3 m m f r a c t i o n ( F i g u r e 2 . 2 . 1 ) w a s r i f f l e d 

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

c o n e c r u s h e r . U n d e r s i z e w a s s c r e e n e d o u t a t 4 2 0 y m . A l l m a t e r i a l 

p a s s i n g 4 2 0 y m w a s t h e n s i z e d t o o b t a i n t h e - 1 5 0 + 1 0 6 y m f r a c t i o n w h i c h 

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

T h e - 1 5 0 + 1 0 6 f r a c t i o n w a s d e s l i m e d b y w e t s c r e e n i n g a t 7 5 y m 

a n d t a b l e d t w i c e e m p l o y i n g a W i f l e y l a b o r a t o r y s h a k i n g t a b l e . T h e 

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

a c c e p t t h r e e p r o d u c t s . I n t h e f i r s t s e p a r a t i o n t h e i n c l i n a t i o n a n d 

s p e e d o f v i b r a t i o n o f t h e t a b l e w a s a d j u s t e d s o t h a t a m a j o r i t y o f 

l a r g e m i c a f l a k e s r e m a i n e d o n t a b l e s u r f a c e . O l i v i n e a n d s e r p e n t i n e 

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

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

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

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

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

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

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

a p p r o x i m a t e l y 5 0 - 7 0 % o f t h e m i c a , c o a r s e r s e r p e n t i n e p a r t i c l e s h a d 

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

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

b r o m o e t h a n e m e d i a , o f r e l a t i v e d e n s i t y ( 2 . 9 6 ) i n t e r m e d i a t e b e t w e e n t h a t 

o f o l i v i n e a n d s e r p e n t i n e , w e r e u s e d f i r s t a n d t h e s i n k s a n d f l o a t s 



80-
5 0 0 g 

d e s l i m e d - 1 5 0 + 1 0 5 y m 

r e s i d u a l m i c a o n t a b l e r e m o v e d 

T a b l e 

o l f r a c t i o n 

'vllOg 

s i n k f 
L I MS 

-v20g 

magin-mag 

i l m e n i t e 

s p i n e l s 

% 1 0 g 

s e r p f r a c t i o n 

o»370g 

mica 
<L0g 

2 . 9 6 2 . 9 6 

3 . 2 3 

% 1 8 0 g 

2 . 7 1 

l ^ 3 0 0 g 

s i n k f l o a t 

f l o a t f 
L I M S 

o»150g 

- m a g 

s e r p - m i c a 

^20g 

m i d d l i n g s 

( s t o r e d ) 

-vlOOg s i n k 

} 
58 

JCjO. 

2 . 5 8 9 

0/2 Q O g 

f l o a t 

H N 0
3
 l e a c h H N 0

3
 l e a c h 

c a l c (aq) 

H C l l e a c h 

^ 1 2 O g 

e l u t r i a t i o n 

^ 1 4 O g 

c a l c (aq) <r 

e l u t r i a t i o n 

r 
e l u t r i a t i o n 

^30g 

s e r p c o n c 

o l - m i c a s e r p -

'vlOg m i c a 

'vlOg 
p a p e r 

m i c a s e r p c o n c m i c a 

^ l g v L g 

p a p e r 

O L I V I N E S T A N D A R D 

'vlOOg 

S E R P E N T I N E S T A N D A R D 

'vlSOg 
m i c a 

^lg 

F i g u r e 2 . 3 . 3 F l o w s h e e t f o r e x t r a c t i o n o f o l i v i n e a n d 

s e r p e n t i n e X R D s t a n d a r d s 

N o t e s : (a) A b b r e v i a t i o n s : o l = o l i v i n e ; s e r p = s e r p e n t i n e ; c a l c = c a l c i t e 
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t r e a t e d w i t h d i - i o d o m e t h a n e ( s . g . - 3 . 2 3 ) a n d t e t r a b r o m o e t h a n e -

t r i c h l o r o e t h a n e ( s . g . = 2 . 7 1 ) r e s p e c t i v e l y . T h e r e l a t i v e d e n s i t i e s 

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

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

s e r p e n t i n e . A t t h i s s t a g e c a r e w a s t a k e n t o m i n i m i s e c r o w d i n g a n d 

a g g l o m e r a t i o n e f f e c t s i n t h e s e p a r a t i n g f l a s k s . A " d i l u t e " f e e d w a s 

s u b s e q u e n t l y u s e d i n e a c h s e p a r a t i o n a n d t h e m i x t u r e w a s s t i r r e d a t 

v a r i o u s i n t e r v a l s b e f o r e b e i n g a l l o w e d t o s e t t l e . 

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

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

t h e + 3 . 2 3 f r a c t i o n a n d m a g n e t i c s e r p e n t i n e s f r o m t h e - 3 . 2 3 + 2 . 9 6 

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

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

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

c a l c i t e . D i l u t e a c i d w a s a d d e d t o t h i s p r o d u c t t o s o l u b i l i z e t h e 

c a l c i t e . A s s o o n a s e f f e r v e s c e n c e c e a s e d , t h e a c i d w a s q u i c k l y d i l u t e d 

w i t h a n e x c e s s o f w a t e r t o r e n d e r a t t a c k o n t h e o l i v i n e n e g l i g i b l e . 

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

t e c h n i q u e w a s e m p l o y e d . T h e e l u t r i a t i o n a p p a r a t u s w a s t h a t a s u s e d 

2 1 3 

b y B e a v a n a n d N a p i e r - M u n n a n d i s i l l u s t r a t e d i n P l a t e s 2 . 9 a n d 2 . 1 0 . 

The: a p p a r a t u s c o n s i s t e d o f a c o n s t a n t h e a d t a n k w h i c h s u p p l i e d a m i x i n g 

c h a m b e r , e m p l o y e d f o r h o m o g e n i z i n g t h e f e e d w i t h w a t e r , p r i o r t o e n t r y 

i n t o t h e e l u t r i a t i o n t u b e s . T h e s e t u b e s a r e s h o w n i n P l a t e 2 . 1 0 w h i c h w e r e 

a r r a n g e d in o r d e r o f i n c r e a s i n g d i a m e t e r . A s t h e f e e d e n t e r e d a t u b e , 

f i n e r p a r t i c l e s o f l a r g e r a s p e c t ( d i a m e t e r / t h i c k n e s s ) r a t i o werei s w e p t 

u p w a r d w i t h t h e c u r r e n t f l o w . T h e v e l o c i t y o f t h e w a t e r c u r r e n t ^ w a s 

c o n t r o l l e d b y t h e w i d t h o f t h e g l a s s e l u t r i a t i o n v e s s e l . Coarsbjc 

r o u n d e d p a r t i c l e s g r a v i t a t e d d o w n w a r d s f o r c o l l e c t i o n . M i c a c o u l d b e 

r e a d i l y e x t r a c t e d f r o m t h e o l i v i n e c o n c e n t r a t e f e e d , a m a j o r i t y o f t h e 
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P l a t e 2 . 9 
2 1 3 

E l u t r i a t i o n a p p a r a t u s e m p l o y e d i n 

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

s e p a r a t i o n s . 



P l a t e 2 . 1 0 D e t a i l o f t h e e l u t r i a t i o n t u b e s . T h e f l o w o f t h e 

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

d e n s e r g r a i n s o n e n t e r i n g t h e t u b e g r a v i t a t e t h r o u g h 

t h e a p e r t u r e a t t h e b o t t o m o f t h e i n t e r n a l t u b e . 

L a m e l l a r , l i g h t e r p a r t i c l e s a r e s w e p t u p w a r d s b y t h e 

water stream. 
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f l a k e s r e p o r t i n g t o t h e w i d e r b o r e t u b e s . T o i n c r e a s e g r a v i t a t i o n 

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

2 1 4 

w e r e i n c l i n e d . A f i n a l o l i v i n e s t a n d a r d c o n c e n t r a t e w a s o b t a i n e d . 

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

f l o a t e d a t a s . g . o f 2 . 7 1 . T h e a s s o c i a t e d s i n k s w e r e s t o r e d a s 

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

s e p a r a t e d i n a m e d i u m o f s . g . 2 . 6 0 s o a s t o o b v i a t e a n y d e l e t e r i o u s 

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

w e r e l e a c h e d w i t h d i l u t e n i t r i c a c i d t o r e m o v e c a l c i t e . N i t r i c a c i d 

w a s p r e f e r r e d t o h y d r o c h l o r i c a c i d w h i c h h a s b e e n r e c o r d e d a s r e a d i l y 
7 2 

a t t a c k i n g s e r p e n t i n e . E l u t r i a t i o n f o l l o w e d , a s i m i l a r p r o c e d u r e 

b e i n g a d o p t e d t o t h a t u s e d b e f o r e . G r e a t c a r e h a d t o b e e x e r c i s e d i n 

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

o f t h e e l u t r i a t i o n v e s s e l s . T h e o p t i m u m a n g l e w a s 4 0° f r o m t h e 

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

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

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

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

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

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

s e p a r a t e s e r p e n t i n e m i n e r a l s t a n d a r d w a s p r o d u c e d . 

T h e t w o s t a n d a r d s w e r e a n a l y s e d b y X - r a y d i f f r a c t i o n . T h e 

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

t o c o n t a i n r e s i d u a l m i c a g r a i n s . P o i n t c o u n t i n g h o w e v e r , s h o w e d t h e 

e x t r a c t e d s t a n d a r d t o b e 9 9 . 5 5 ± 0 . 7 % s e r p e n t i n e w i t h n e g l i g i b l e m i c a . 

The^ X - r a y d i f f r a c t i o n r e s u l t m i g h t b e a t t r i b u t a b l e t o o r i e n t a t i o n V'
1 

ef^facts. 

C h e m i c a l a n d m i n e r a l o g i c a l p r o p e r t i e s f o r t h e e x t r a c t e d 

s t a n d a r d s a r e l i s t e d i n T a b l e 2 . 3 . 2 b e l o w : 
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T A B L E 2 . 3 . 2 P R O P E R T I E S O F T H E O L I V I N E A N D 

S E R P E N T I N E S T A N D A R D S 

P r o p e r t y Olivine Serpentine 

C o l o u r 

L u s t r e 

C l e a v a g e 

D e n s i t y 

H a r d n e s s ( M o h ' s 

S c a l e ) 

C o m p o s i t i o n M g % 

S i % 

F e % 

C a % 

A l % 

l i g h t g r e e n 

v i t r e o u s 

i m p e r f e c t 

3 . 2 - 3.4 

6 - 7 

2 5 . 9 

1 8 . 5 

7 . 6 

1 . 7 

0.1 

d a r k g r e e n 

d u l l , r e s i n o u s 

p l a t y o n o c c a s i o n s 

2 . 4 - 2 . 7 

2 - 3 

1 7 . 8 

18.2 
7 . 3 

3 . 1 

2 . 4 

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

c a l c u l a t e d a t t h i s s t a g e . F u r t h e r d a t a w e r e r e q u i r e d a s o u t l i n e d in 

S e c t i o n 2 . 4 . 

2 . 3 . 7 F o r m u l a t i o n o f s a m p l e m i x t u r e f o r a n a l y s i s 

I n a c c o r d a n c e w i t h t h e s e c o n d a s s u m p t i o n i n S e c t i o n 2 . 5 . 5 

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

a n a l y s i s i n o r d e r t o c o n t r o l e f f e c t s m e n t i o n e d t h e r e . T w o a d d i t i v e s 

2 0 5 
w e r e s e l e c t e d a t f i r s t : g u m a r a b i c t o r e d u c e a b s o r p t i o n e f f e c t s a n d 

2 0 4 

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

m i x t u r e s o f e a c h s t a n d a r d ( p u r i f i e d o l i v i n e o r s e r p e n t i n e ) w e r e c o m b i n e d 

w i t h t h e t w o a d d i t i v e s i n v a r i o u s p r o p o r t i o n s so a s t o e s t i m a t e t h e 

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

a r e s u m m a r i s e d i n T a b l e 2 . 3 . 3 . 
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T A B L E 2 . 3 . 3 C O M P O S I T I O N O F T H E S A M P L E M I X T U R E 

F O R Q U A N T I T A T I V E X - R A Y D I F F R A C T I O N 

A N A L Y S I S 

C o m p o n e n t M a s s (g) N o t e s 

t e s t s a m p l e 0.6000 

s o d i u m f l u o r i d e 0 . 1 0 0 0 d i l u e n t 

m o l y b d e n u m s u l p h i d e 0 . 0 0 5 0 i n t e r n a l s t a n d a r d 

g u m a r a b i c 0 . 2 9 5 0 a b s o r p t i o n c o r r e c t i o n 

T O T A L 1.0000 

T h e p o w d e r m i x t u r e (in 1 g a m o u n t s ) w a s m a d e h o m o g e n e o u s b y 

m e a n s o f a v i b r a t o r y m i l l , c h a r g e d w i t h g l a s s b a l l s . T h e l i g h t n e s s 

o f t h e b a l l s a n d t h e s h o r t , b u t e f f i c i e n t m i x i n g t i m e ('v 3 0 s) c a u s e d 

m i n i m a l c o m m i n u t i o n . ( O b s e r v a t i o n s u s i n g a b i n o c u l a r m i c r o s c o p e 

c o n f i r m e d t h a t t h e m i x t u r e w a s h o m o g e n e o u s . ) F o r e a c h m i x t u r e , 0 . 8 g 

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

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

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

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

a n a l y t i c a l t e s t w o r k ) : a P h i l l i p s P W 1 3 1 0 X - r a y g e n e r a t o r a n d P W 1 0 5 0 / 2 5 

g o n i o m e t e r u s i n g C u K ^ r a d i a t i o n ; 2° s l i t ; t i m e c o n s t a n t 2 s; r e c o r d i n g 

r a t e 1 0 0 0 c o u n t s / s ( P h i l l i p s P W 1 3 5 2 c o u n t e r a n d s c a l e r ) a n d s c a n n e d 

a t 2 ° 2 9 / m i n . 

F r o m t h e s e i n i t i a l t r i a l s t h e f o l l o w i n g w e r e e v i d e n t : 

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

s o t h a t s h a r p p e a k s w e r e o b s e r v e d a n d a f u l l s c a l e d e f l e c t i o n r e c o r d e d 
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f o r c o n c e n t r a t i o n o f t h e o r d e r o f 6 0 % o l i v i n e . O n t h e o t h e r h a n d 

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

g i v i n g 4 0 % f u l l s c a l e d e f l e c t i o n . 

b ) T h e d i f f r a c t i o n p a t t e r n o f t h e m o l y b d e n u m s u l p h i d e d i d n o t 

i n t e r f e r e w i t h t h a t o f o l i v i n e o r s e r p e n t i n e o v e r t h e r a n g e o f 

c o n c e n t r a t i o n s o f i n t e r n a l s t a n d a r d e m p l o y e d ( 0 . 5 - 5 % ) . I t s p l a t y 

m o r p h o l o g y g a v e o n e p r i n c i p a l , d i s t i n c t , p e a k a t 6 . 0 3 L I n p r a c t i c e 

a v e r y s m a l l c o n c e n t r a t i o n w a s r e q u i r e d i n t h e m i x t u r e (0.5% o v e r a l l ) 

t o p r o d u c e a p e a k o f s u i t a b l e s i z e a n d a n y o r i e n t a t i o n e f f e c t s w e r e 

c o n s e q u e n t l y s m a l l . 

c) G u m a r a b i c (a p o l y s a c c a h r i d e ) h a d a s u b s t a n t i a l e f f e c t o n 

t h e d i f f r a c t o g r a m s : a n i n c r e a s e i n c o n c e n t r a t i o n e n h a n c e d t h e p e a k 

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

O w i n g t o ( c ) , a n o t h e r i n e r t a d d i t i v e , s o d i u m f l u o r i d e , w a s 

a d d e d a s a d i l u e n t . T h i s w a s n e c e s s a r y b e c a u s e i n t h e r e l a t i o n s h i p 

b e t w e e n X R D r e s p o n s e a n d v a r y i n g c o n c e n t r a t i o n o f t h e s t a n d a r d m a t e r i a l 

(see l a t e r ) i t w a s d e s i r a b l e t o k e e p c o n s t a n t t h e o v e r a l l m a s s o f t h e 

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

w a s s e t a t 2 9 . 5 0 % f o r e a c h s a m p l e ( T a b l e 2 . 3 . 3 ) . T h i s p e r c e n t a g e 

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

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

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

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

p e a k s o f o l i v i n e , s e r p e n t i n e , a n d m o l y b d e n u m s u l p h i d e . 

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

i n t h e c a s e o f m o l y b d e n u m s u l p h i d e ) s p e c i a l c a r e w a s t a k e n o v e r t h e 

t a r i n g a n d r e - z e r o i n g o f t h e b a l a n c e , b e f o r e a n d a f t e r e a c h w e i g h i n g . 

T h e s a m e O e r t l i n g t w o p a n b a l a n c e w a s e m p l o y e d t h r o u g h o u t , so t h a t 

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

r e p l i c a t e s w a s ± 1 . 3 % . 

2 . 3 . 8 S i z e c a l i b r a t i o n 

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

f r o m t h e e x p e r i m e n t a l w o r k (2-6 g ) a n d t h e n e e d f o r r a p i d a n d p r e c i s e 

r e s u l t s , s i z e d i s t r i b u t i o n s o f g r o u n d m a t e r i a l w e r e d e t e r m i n e d b y 

m e a n s o f a C o u l t e r C o u n t e r ( m o d e l z B I I ) . T h e a p p a r a t u s i s i l l u s t r a t e d 

i n P l a t e 2 . 1 1 . B r i e f l y , a p o t e n t i a l w a s s e t b e t w e e n t w o e l e c t r o d e s 

o n e i t h e r s i d e o f a n a p e r t u r e o f k n o w n d i m e n s i o n s (200 y m d i a m e t e r i n 

t h i s c a s e ) . T h e g r o u n d s a m p l e w a s s u s p e n d e d i n a s p e c i a l a z i d e f r e e 

e l e c t r o l y t e ( I s o t o n II) i n w h i c h t h e t u b e c o n t a i n i n g t h e o r i f i c e 

w a s i m m e r s e d . A s e t v o l u m e (0.5 m l ) o f t h e s u s p e n s i o n w a s d r a w n 

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

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

b e a q u a n t i t a t i v e m e a s u r e o f t h e p a r t i c l e s i z e . T h e s e t t h r e s h o l d 

v o l t a g e i t s e l f w a s c a l i b r a t e d i n t e r m s o f p a r t i c l e s i z e u s i n g s p e c i a l l y 

p r e p a r e d l a t e x s t a n d a r d s , t h e s i z e d i s t r i b u t i o n o f w h i c h w a s f i x e d 

b e t w e e n c l o s e l y d e f i n e d l i m i t s . S y s t e m a t i c v a r i a t i o n o f t h e t h r e s h o l d 

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

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

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

C o u l t e r C o u n t e r d a t a ( A p p e n d i x 3 ) . 

S a m p l e s o f t h e o l i v i n e a n d s e r p e n t i n e s t a n d a r d s w e r e s e p a r a t e l y 

g r o u n d f o r t i m e s v a r y i n g f r o m 2 t o 1 6 m i n u t e s u s i n g a v i b r a t o r y a g a t e 

m i l l . A n e t h a n o l m e d i u m w a s e m p l o y e d so a s t o p r e s e r v e t h e d e g r e e o f 

c r y s t a l l i n i t y o f t h e s t a n d a r d s . E a c h s a m p l e w a s t h e n s i z e d b y t h e 

C o u l t e r C o u n t e r . I n t h e a n a l y s i s o f t h e c o m p u t e d d a t a , i t w a s 

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

t h e s i z e d i s t r i b u t i o n o f a s a m p l e a d e q u a t e l y b y m e a n s o f a s i n g l e v a l u e . 
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Plate 2.11 Coulter Counter as used in sizing 
ground samples for quantitative XRD. 
The aperture is sited at the base of 
the tube dipping into the electrolyte. 
The tap being manipulated draws a set 
volume of liquid upwards and a count is 
recorded. 
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214 215 
C o n s e q u e n t l y G a u d i n S c h u m a n n a n d R o s i n R a m m l e r f u n c t i o n s ' w e r e 

f i t t e d t o t h e d a t a w i t h t h e a i d o f a l i n e a r r e g r e s s i o n s u b r o u t i n e . 

T h i s s u b r o u t i n e w a s b a s e d o n t h e m e t h o d o f l e a s t s q u a r e s . T h e 

f u n c t i o n s w e r e e x p r e s s e d a s f o l l o w s : 

G a u d i n S c h u m a n n : W _ = 1 0 0 ( x / k )
m

 (2.3.4) 
F 

w h e r e W i s t h e c u m u l a t i v e w e i g h t p e r c e n t f i n e r t h a n p a r t i c l e s i z e x? 
F 

k , t h e s i z e m o d u l u s ; m , t h e d i s t r i b u t i o n m o d u l u s . 

R o s i n R a m m l e r : W = (100 - W ) 
R F 

= 1 0 0 e x p - ( x / x
Q
)

n

 (2.3.5) 

w h e r e W i s t h e c u m u l a t i v e w e i g h t p e r c e n t c o a r s e r t h a n p a r t i c l e s i z e x ; 

X
q /
 t h e a b s o l u t e s i z e c o n s t a n t ; n , t h e u n i f o r m i t y c o e f f i c i e n t . 

A n e x a m p l e o f t h e a g r e e m e n t b e t w e e n t h e d a t a o b t a i n e d a n d t h e 

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

in F i g u r e 2 . 3 . 4 . A s c a n b e s e e n , b o t h f u n c t i o n s f i t t e d t h e d a t a 

c l o s e l y , t h e c o r r e l a t i o n c o e f f i c i e n t s b e i n g g r e a t e r t h a n 0 . 9 5 i n b o t h 

c a s e s . N o f u r t h e r d i s t r i b u t i o n m o d e l s w e r e c o n s i d e r e d . T h e m o s t 

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

m o d u l u s (SM) f r o m t h e G a u d i n S c h u m a n n r e g r e s s i o n f i t a n d t h e a b s o l u t e 

s i z e c o n s t a n t (ASC) f r o m t h e R o s i n R a m m l e r f u n c t i o n . T h e S M a n d A S C 

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

g r i n d i n g a n d a r e s h o w n i n F i g u r e 2 . 3 . 5 . F r o m t h e f i g u r e a l a r g e r 

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

s o t h e m o r e s e n s i t i v e A S C w a s s e l e c t e d f o r f u r t h e r w o r k . 

S a m p l e s o f t h e e x t r a c t e d o l i v i n e a n d s e r p e n t i n e f r a c t i o n s 

w e r e g r o u n d , s i z e d a n d p r e p a r e d f o r a n a l y s i s i n a c c o r d a n c e w i t h t h e 
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100 

80 

60 

4 0 

G a u d i n S c h u m a n n 

R o s i n R a m m l e r 

20 

20 4 0 60 

s i z e (ym) 

80 100 

F i g u r e 2 . 3 . 4 S i z e d i s t r i b u t i o n s f o r g r o u n d o l i v i n e : 

C o u l t e r c o u n t e r d a t a a s i n d i c a t e d b y Q 

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

t h e G a u d i n S c h u m a n n a n d R o s i n R a m m l e r 

F u n c t i o n s . 
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7 0 . 0 

O 

60.0 

5 0 . 0 
O 

S M o l i v i n e 

4 0 . 0 

V 

3 0 . 0 

S M s e r p e n t i n e 

20.0 N 
A S C o l i v i n e 

10.0 

A S C s e r p e n t i n e 

8 12 
t i m e o f g r i n d (min) 

16 

F i g u r e 2 . 3 . 5 V a r i a t i o n i n m a g n i t u d e o f a b s o l u t e s i z e c o n s t a n t 

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

c o m m i n u t i o n o f m i n e r a l s t a n d a r d s 
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m i x t u r e p r o p o r t i o n s l i s t e d i n S e c t i o n 2 . 3 . 7 . I n t h e c a s e o f o l i v i n e 

0 . 0 9 0 0 g o f s t a n d a r d w a s u s e d w h i c h w a s e q u i v a l e n t t o a n u n k n o w n 

s a m p l e c o n c e n t r a t i o n o f ( 0 . 0 9 / 0 . 6 0 ) , 1 0 0 o r 1 5 % . (9% o v e r a l l f o r 

t h e m i x t u r e a s p r e p a r e d . ) T h i s v a l u e w a s c h o s e n t o b e r o u g h l y e q u i v a l e n t 

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

( S e c t i o n 2 . 2 . 2 ) . F o r a s i m i l a r r e a s o n 0 . 3 0 g o f t h e s e r p e n t i n e 

s t a n d a r d w a s u s e d i n s e p a r a t e l y p r e p a r e d m i x t u r e s . W h e n s u b j e c t e d t o 

X R D a n a l y s i s p e a k i n t e n s i t i e s w e r e m e a s u r e d b y t h e p e a k a r e a ( a s s u m p t i o n 

( c ) , S e c t i o n 2 . 3 . 5 ) a n d t h e r e s p o n s e e x p r e s s e d a s t h e r a t i o o f t h e 

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

t h a t o f t h e i n t e r n a l s t a n d a r d . F o u r s u c h l i n e s w e r e t e s t e d f o r 

o l i v i n e a t 5 . 1 0 A , 2 . 7 6 A , 2 . 4 6 A , 1 . 7 5 A . H o w e v e r , o n l y t h e 

p e n u l t i m a t e o f t h e s e y i e l d e d a r e l a t i o n s h i p b e t w e e n X R D r e s p o n s e a n d 

A S C . T h e 2 . 4 6 A l i n e c o r r e s p o n d e d t o t h e 1 0 0 ( h k l = 1 1 2 ) l i n e f o r 

f o r s t e r i t e . T h i s i s i l l u s t r a t e d i n F i g u r e 2 . 3 . 6 . T h e S - s h a p e d g r a p h 

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

2 0 9 

q u a r t z b y G o r d o n a n d H a r r i s ( i n s e t ) . I t w o u l d a p p e a r t h a t t h e f i n e r 

t h e g r a i n s i z e t h e g r e a t e r t h e i n t e n s i t y o f t h e d i f f r a c t e d X - r a y s . T o 

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

o v e r a l l e q u a t i o n f o r o l i v i n e (as d e d u c e d l a t e r ) a B - s p l i n e c u r v e f i t 

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

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

A c o r r e l a t i o n i s t h e n m a d e f o r e a c h o f t h e s e c t i o n s i n t u r n . T h e 

r e g r e s s i o n s w e r e m a d e b y u s e o f N A G F I L E s u b r o u t i n e E 0 2 B A F m a d e 

a v a i l a b l e b y t h e I m p e r i a l C o l l e g e C o m p u t e r C e n t r e a n d t h e r e s u l t s 

a r e l i s t e d i n A p p e n d i x 4 . F o r A S C v a l u e s r a n g i n g f r o m 33 t o 5 2 , t h e 

B - s p l i n e f i t t e d t h e d a t a q u i t e w e l l . T h i s w a s n o t t h e c a s e f o r v a l u e s 

2 1 - 3 3 y m , a n d a l i n e a r r e g r e s s i o n p r o v i d e d a b e t t e r f i t . A s u m m a r y 

o f t h e e q u a t i o n s a n d v a l u e s u s e d f o r t h e o l i v i n e s t a n d a r d s i z e 
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Size calibration for olivine standard : relation 
between relative peak intensity and absolute 
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 9 

is shown inset) 



>1 -p 
•H CO 
-P G •H 
X 
<d 
a) 
ft 
d) > 
•H 
-P 
r<J 
H 
(1) 
>H 

0 . 9 0 

0.80 

0 . 7 0 

0.60 

0 . 5 0 

0 . 4 0 

0 . 3 0 

20 3 0 4 0 5 0 

a b s o l u t e s i z e c o n s t a n t (ym) 

F i g u r e 2 . 3 . 7 S i z e c a l i b r a t i o n f o r s e r p e n t i n e s t a n d a r d : r e l a t i o n b e t w e e n 
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c a l i b r a t i o n c u r v e i s g i v e n b e l o w : 

T A B L E 2 . 3 . 4 S I Z E C A L I B R A T I O N F O R O L I V I N E 

A b s o l u t e s i z e c o n s t a n t r a n g e (ym) V a l u e / e q u a t i o n f o r 

r e l a t i v e i n t e n s i t y 

X

s , o l 

< 2 1 0 . 9 0 

2 1 - 3 3 1 . 0 6 - 0 . 0 0 7 8 (ASC) 

33 - 52 B - s p l i n e 

> 5 2 0 . 3 7 

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

w h i c h i s i l l u s t r a t e d i n F i g u r e 2 . 3 . 7 . T h i s l i n e a r r e l a t i o n s h i p i s 

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

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

T h e r e g r e s s i o n e q u a t i o n w a s f o u n d t o b e : 

X = 1 . 4 5 4 - 0 . 0 2 3 1 (ASC) ( 2 . 3 . 6 ) 
s , s p 

w h e r e X i s t h e v a l u e f o r t h e r e l a t i v e i n t e n s i t y o f s e r p e n t i n e (sp) 

s , s p 

f o r v a r y i n g s i z e (s) , c o n c e n t r a t i o n c o n s t a n t (at 3 7 . 2 % ) . 

i 

2.3.9 Concentration calibration 

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

l i " 
s t a n d a r d m i n e r a l s a n d t h e X R D R e s p o n s e . T h e m a s s r a t i o o f e a c h s t a n d a r d 

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

a g a i n s t p e a k i n t e n s i t y . T h e s e w e r e l i n e a r . 
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O n f u r t h e r e x a m i n a t i o n o f t h e X R D t r a c e s i t w a s e v i d e n t 

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

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

i n t h e e x t r a c t i v e p r o c e d u r e . T o c o r r e c t f o r t h i s p e a k i n t e n s i t i e s 

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

i n t h e s e r p e n t i n e s i z e a n d c o n c e n t r a t i o n c a l i b r a t i o n s . M a k i n g u s e o f 

t h e s i z e c a l i b r a t i o n i n F i g u r e 2 . 3 . 6 t h e s e r e l a t i v e p e a k i n t e n s i t i e s 

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

c a l i b r a t i o n g r a p h f o r o l i v i n e ( F i g u r e 2 . 3 . 8 ) . (An e x a m p l e o f t h i s 

c a l c u l a t i o n i s g i v e n i n A p p e n d i x 4 . ) T h e c o n c e n t r a t i o n s o f o l i v i n e 

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

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

t o t h e m a s s e s o f t h e s e r p e n t i n e s t a n d a r d t h a t h a d b e e n u s e d . A v e r a g e d 

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

s t a n d a r d w a s 25 ± 1 . 5 % . T h e c o n c e n t r a t i o n c a l i b r a t i o n p l o t w a s r e d r a w n 

f o r s e r p e n t i n e , a s s h o w n i n 2 . 3 . 9 . T h e c o r r e l a t i o n e q u a t i o n s w e r e : 

X
c q 1

 = - 0 . 0 9 5 + 0 . 0 3 5 % o i (ASC = 4 2 y m ) (2.3.7) 

X = 0 . 0 1 0 + 0 . 0 1 6 % s p (ASC = 39 y m ) (2.3.8) 
c , s p 

w h e r e X i s t h e r e l a t i v e p e a k i n t e n s i t y f o r x o f c o n c e n t r a t i o n c . 
c , x 

2 . 3 . 1 0 E r r o r c o r r e c t i o n a n d f i n a l f o r m 

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

s t a n d a r d s w e r e t r e a t e d a c c o r d i n g t o t h e p r o c e d u r e d e s c r i b e d ( S e c t i o n 

2 . 3 . 7 ) . T h e t h e o r e t i c a l a n d e x p e r i m e n t a l i n t e n s i t i e s a r e s h o w n i n 

F i g u r e s 2 . 3 . 1 0 a n d 2 . 3 . 1 1 . I n t h e c a s e o f o l i v i n e t h e g r a d i e n t w a s 

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

i n t h e m e t h o d . A t h i g h e r c o n c e n t r a t i o n l e v e l s ( i . e . a t r e l a t i v e 



100 

2 . 5 

2.0 

>i -p 
•H 01 fl (I) 
-P C 
•H 

03 
<D 
ft 

CD > 
•H 
-P nj 
H 
CD 
U 

•P fi 
<o 

U 
<a 
ft 
x: 
0) 

1 . 5 

1.0 

0 . 5 

0.0 

0 .0 0 . 5 1 . 0 1 . 5 

t h e o r e t i c a l r e l a t i v e p e a k i n t e n s i t y 

F i g u r e 2 . 3 . 1 0 E r r o r c a l i b r a t i o n f o r o l i v i n e s t a n d a r d 



0 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 

t h e o r e t i c a l r e l a t i v e p e a k i n t e n s i t y 

o i—• 

F i g u r e 2 . 3 . 1 1 E r r o r c a l i b r a t i o n f o r s e r p e n t i n e s t a n d a r d 



102-

i n t e n s i t i e s g r e a t e r t h a n 1 . 0 ) t h e r e w a s a p r o g r e s s i v e d e v i a t i o n . 

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

w a s l e s s t h a n u n i t y . I t w a s e v i d e n t t h a t t h o u g h e f f e c t s d i s c u s s e d 

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

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

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

d e d u c e d a f t e r f u r t h e r t r i a l s : 

X.. . = 0 . 1 3 5 + 0 . 4 7 4 X _ + 0 . 7 3 1 X
2

 , . (2.3.9) 
t h , o l a p p , o l a p p , o l 

X ^ = - 0 . 0 2 2 + 0 . 8 1 5 X (2.3.10) 
t h , s p a p p , s p 

w h e r e X , i s t h e t h e o r e t i c a l i n t e n s i t y o f s t a n d a r d x; X t h e 
t h , x

 J

 a p p , x 

e x p e r i m e n t a l l y f o u n d i n t e n s i t y . 

T o o b t a i n t h e f i n a l f o r m s of t h e a n a l y t i c a l m e t h o d t h e s i z e 

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

w i t h t h e e r r o r c a l i b r a t i o n s a b o v e . T h e t w o s e p a r a t e e q u a t i o n s r e a l i s e d 

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

s e r p e n t i n e i n t e r m s o f X R D i n t e n s i t y a n d s i z e ( d e t a i l s a r e g i v e n i n 

A p p e n d i x 4 ) . 

% o l = (1.66 + 5 . 8 1 X _ + 8 . 9 6 X
2

 , ) / X . + 2 . 7 3 ( 2 . 3 . 1 1 ) 
a p p , o l a p p , o l s , o l 

% s p = ( 5 2 . 2 X - 1 . 4 1 ) / ( 2 . 4 5 - 0 . 0 3 9 A S C ) - 0 . 6 5 5 (2.3.12) 
a p p , s p 

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

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

w e r e f o u n d t o b e 3 4 . 6 ± 1 . 3 % o l i v i n e , 4 7 . 3 ± 1 . 8 % s e r p e n t i n e . T h e s e 

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

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



103-

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

F u r t h e r m o r e k i m b e r l i t e s f r o m t h e K i m b e r l e y a r e a h a v e b e e n f o u n d t o 

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

216 

b y t h e X R D m e t h o d . I t i s i n t e r e s t i n g t o n o t e t h a t t h e o l i v i n e 

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

s e c t i o n s , 2 5 . 8 a n d 5 7 . 6 % r e s p e c t i v e l y , w e r e c o m p a r a b l e w i t h t h e X R D 

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

a p p e a r t h a t t h i s n e w X R D m e t h o d o f q u a n t i t a t i v e l y e s t i m a t i n g o l i v i n e 

a n d s e r p e n t i n e h a s t h e s a m e o r d e r o f p r e c i s i o n a n d i s m o r e c o n v e n i e n t 

a n d r e l i a b l e t h a n t h e o n l y a l t e r n a t i v e m e t h o d a v a i l a b l e , n a m e l y t h i n 

s e c t i o n m i c r o s c o p y . 

2 . 4 O t h e r A n a l y t i c a l M e t h o d s 

A s s t a t e d i n S e c t i o n 2 . 2 . 3 t h e m o s t a p p r o p r i a t e t e c h n i q u e s 

(in a d d i t i o n t o X R D ) f o r s t u d y i n g a l t e r a t i o n p h e n o m e n a w e r e t h e r m a l 

a n a l y s i s , i n f r a - r e d s p e c t r o s c o p y a n d a t o m i c a b s o r p t i o n s p e c t r o s c o p y . 

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

b e l o w . 

2 . 4 . 1 T h e m a l a n a l y s i s 

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

t o m i n e r a l o g i c a l i n v e s t i g a t i o n s : d i f f e r e n t i a l t h e r m a l a n a l y s i s ( D T A ) , 

t h e r m o g r a v i m e t r i c a n a l y s i s (TGA) a n d d i f f e r e n t i a l t h e r m o g r a v i m e t r i c 

2 1 7 

a n a l y s i s ( D T G ) , o f w h i c h t h e f i r s t t w o a r e c o n s i d e r e d t h e m o s t 

i m p o r t a n t . D T A i n v o l v e s t w o s a m p l e s , o n e a n u n k n o w n , t h e o t h e r a n 

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

e v o l u t i o n a n d / o r a b s o r p t i o n o f h e a t b y t h e u n k n o w n i s m a d e b y m e a n s o f 

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

a r e h e a t e d . In T G A t h e m a s s o f t h e s a m p l e i s c o n t i n u a l l y m e a s u r e d a s 
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i t i s h e a t e d . T h e p r o p o r t i o n a t e l y l a r g e w e i g h t l o s s e s i n v a r i o u s 

t e m p e r a t u r e r a n g e s r e p r e s e n t t h e d a t a o f p r i m a r y i n t e r e s t . B o t h 

D T A a n d T G A a r e d i a g n o s t i c o f t h e d y n a m i c t h e r m a l r e a c t i o n s t h a t 

1 8 9 , 2 1 8 
o c c u r . 

2 1 9 
M o s t m i n e r a l s a r e d e t e c t a b l i s b y D T A . S e v e r a l a u t h o r s 

2 0 4 2 1 9 2 2 0 
g i v e t a b l e s a n d g r a p h s o f m a n y c o m p o u n d s ' ' w h i c h i l l u s t r a t e 

t h e u s e f u l n e s s o f t h e m e t h o d a s a q u a l i t a t i v e t o o l . T h e a p p l i c a t i o n 

221 
o f D T A t o q u a n t i t a t i v e a n a l y s i s , i n p a r t i c u l a r t o c l a y s ( G r i m , 

2 2 2 2 2 3 2 2 4 
C a r t h e w a n d o t h e r s ' ) h a s p r o v e d s u c c e s s f u l u n d e r c l o s e l y 

c o n t r o l l e d c o n d i t i o n s . W h e n s u i t a b l e s t a n d a r d s a r e n o t a v a i l a b l e , 

h o w e v e r , q u a n t i t a t i v e i n t e r p r e t a t i o n s f o r c o m p l e x m i x t u r e s a r e v i r t u a l l y 

i m p o s s i b l e . I n t h e p r e s e n t w o r k a t t e m p t s w e r e m a d e t o p r o d u c e a n 

a u x i l l i a r y q u a n t i t a t i v e m e t h o d f o r s e r p e n t i n e a n a l y s i s u s i n g D T A , b u t 

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

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

2 2 0 2 2 3 
p a r t i c l e s i z e , v a r i a t i o n i n c h e m i c a l c o m p o s i t i o n o f t h e s a m p l e 

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

t h e s a m p l e
2 2

^ a n d t h e h e a t i n g r a t e .
2 2

^ S i m i l a r c o m m e n t s a p p l y t o T G A
2 2

^ 

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

s t a n d a r d i s e d c o n d i t i o n s . I t i s s o m e t i m e s p o s s i b l e t o m a k e q u a n t i t a t i v e 

u s e o f o v e r a l l w e i g h t l o s s e s f o r q u i t e c o m p l i c a t e d m i x t u r e s (see l a t e r ) , 

a l t h o u g h t h e q u a l i t a t i v e a p p l i c a t i o n o f t h e m e t h o d i s l i m i t e d . I n t h e 

t e s t w o r k a S t a n t o n " M a s s f l o w " t h e r m o b a l a n c e w a s e m p l o y e d a n d t h i s i s 

i l l u s t r a t e d i n P l a t e 2 . 1 2 . A n e x a m p l e o f t h e d a t a p r o d u c e d i s g i v e n o n 

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

c h a r t e d s i d e b y s i d e w i t h t e m p e r a t u r e r i s e . T h e i n s t r u m e n t w a s o p e r a t e d 

i n a c c o r d a n c e w i t h t h e m a n u f a c t u r e r ' s r e c o m m e n d e d p r o c e d u r e s . I t w a s 

f o u n d u n n e c e s s a r y t o e m p l o y a n i n e r t a t m o s p h e r e i n t h e a n a l y s e s c o n d u c t e d . 
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Plate 2.12 Stanton "Massflow" Thermobalance 

The thermobalance analysed samples 
weighing 0„04-Q.12g. Mass losses 
recorded were 5-30% of the original. 
Errors in mass losses were +4%. The 
balance has also the facility for 
simultaneous DTA. 
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2,4.2 

E l e c t r o m a g n e t i c r a d i a t i o n o f d i f f e r e n t e n e r g y l e v e l s h a s 

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

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

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

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

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

A l t h o u g h t h e u s e o f I R s p e c t r o s c o p y h a s b e e n w i d e l y d i s c u s s e d 

1 8 9 1 9 4 2 2 7 

w i t h r e g a r d t o q u a l i t a t i v e a n d q u a n t i t a t i v e a n a l y s i s o f m i n e r a l s , ' ' 

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

g r o u p i n g s . I n t h e p r e s e n t w o r k , t h e a p p l i c a t i o n t o g r o u p i n g s i n 
2 3 2 2 3 3 

c l a y m i n e r a l s i s o f m o s t i n t e r e s t . S t u b i c a n a n d R o y ' d e s c r i b e d 

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

o f t h e c l a y m i n e r a l s . T h e s e w o r k e r s s h o w e d t h a t a l u m i n o s i l i c a t e i n f r a -

r e d s p e c t r a a r e s e n s i t i v e t o t h e s u b s t i t u t i o n o f i o n s o f d i f f e r e n t 
3 + 4 + 

c h a r g e . E x a m p l e s i n c l u d e t h e s p e c i e s A l r e p l a c i n g S i in t e t r a h e d r a l , 

2 + 3 + 

a n d M g f o r A l o r v i c e v e r s a i n o c t a h e d r a l c o o r d i n a t i o n . I o n 

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

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

i n t e n s i t y . A n e x a m p l e o f t h e f o r m e r i s t h e d i s p l a c e m e n t o f t h e S i - 0 

1 0 0 0 - 1 1 0 0 c m p e a k t o 9 5 0 - 9 9 0 c m ^ w i t h i n c r e a s i n g a l u m i n i u m 

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

i o n s c a u s e s a d e c r e a s e i n t h e H O - A l p e a k i n t e n s i t y a t 3 6 5 0 c m 

I n t h e t e s t w o r k a P e r k i n - E l m e r 5 9 9 B d o u b l e b e a m i n f r a - r e d 

s p e c t r o m e t e r w a s e m p l o y e d a n d o p e r a t e d i n a c c o r d a n c e w i t h t h e m a n u f a c t u r e r ' s 

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

1 8 9 

d i s c m e t h o d . T h i s i n v o l v e d m i x i n g 2 m g o f t h e f i n e p a r t i c u l a t e 

s a m p l e w i t h 2 0 0 m g o f p o t a s s i u m b r o m i d e a n d p r e s s i n g t h e h o m o g e n e o u s 

m i x t u r e i n t o a d i s c 1 0 m m x 1 m m , c a r e b e i n g t a k e n t o m i n i m i s e w a t e r 
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a b s o r p t i o n f r o m t h e a t m o s p h e r e . T h e p r e p a r e d d i s c w a s t h e n a n a l y s e d 

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

2 . 4 . 3 C h e m i c a l _ a n a l y s i s 

X - r a y d i f f r a c t i o n h a d i n d i c a t e d t h e e l e m e n t s l i k e l y t o b e 

p r e s e n t i n t h e k i m b e r l i t e ( f r o m a k n o w l e d g e o f t h e c h e m i c a l c o m p o s i t i o n s 

o f t h e m i n e r a l s i d e n t i f i e d ) . A f u l l e r q u a l i t a t i v e a n d s e m i - q u a n t i t a t i v e 

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

d e p a r t m e n t o f I m p e r i a l C o l l e g e u s i n g X - r a y f l u o r e s c e n c e (XRF) a n a l y s i s . 

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

o f t h e k i m b e r l i t e , o l i v i n e o r s e r p e n t i n e s t a n d a r d s a n d m o n i t o r i n g t h e 

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

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

2 . 4 . 1 , i n d i c a t e t h e g e n e r a l e l e m e n t a l c o m p l e x i t y o f t h e s a m p l e s 

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

a n d s i l i c o n . T h e f i r s t t w o w e r e s u b s e q u e n t l y a n a l y s e d in t h e r e a c t i o n 

s o l u t i o n a s a m e a n s o f a s s e s s i n g t h e e x t e n t o f d e g r a d a t i o n ( S e c t i o n 2 . 6 ) . 

S i l i c o n w a s a s s a y e d i n t h e s o l i d r e s i d u a l f r a c t i o n s . T w o o t h e r e l e m e n t s 

w e r e s e l e c t e d f o r r o u t i n e a n a l y s i s : c a l c i u m a n d a l u m i n i u m . T h e i r 

i m p o r t a n c e i s d i s c u s s e d i n S e c t i o n 2 . 6 a n d C h a p t e r s 3 a n d 4 . 

A t o m i c a b s o r p t i o n s p e c t r o s c o p y (AAS) w a s e m p l o y e d t o d e t e r m i n e 

m a g n e s i u m , i r o n , c a l c i u m a n d a l u m i n i u m . T h i s t e c h n i q u e i n v o l v e s " 

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

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

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

A b s o r b a n c e i s r e c o r d e d a n d i s t a k e n t o b e d i r e c t l y p r o p o r t i o n a l t o t h e 

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

m e a n s o f c h e m i c a l s t a n d a r d s o f v a r y i n g c o n c e n t r a t i o n s . 

234 
F r o m a c o n s i d e r a t i o n o f t h e i n t e r - i o n i n t e r f e r e n c e s p o s s i b l e , 

m a g n e s i u m a n d c a l c i u m w e r e a n a l y s e d u s i n g a n i t r o u s o x i d e - a c e t y l e n e 
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g a s m i x t u r e . O t h e r w i s e , t h e c o n d i t i o n s w e r e t h o s e n o r m a l l y r e c o m m e n d e d . 

M a g n e s i u m , c a l c i u m , a l u m i n i u m a n d i r o n a n a l y s e s w e r e m a d e o n s o l u t i o n s 

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

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

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

g i v e a n o v e r a l l c o n c e n t r a t i o n o f 5 % H C 1 . T h e a c i d w a s a d d e d t o p r e v e n t 

p r e c i p i t a t i o n o f i o n s . C a l i b r a t i o n s t a n d a r d s w e r e m a d e u p in a 

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

2 3 4 

r e c o m m e n d e d . T o a n a l y s e a s o l i d p r o d u c t , t h e s a m p l e w a s f i r s t 

g r o u n d t o - 7 5 y m in a n e t h a n o l m e d i u m u s i n g a n a g a t e m i l l , a n d d r i e d . 

0 . 0 4 - 0 . 1 0 g o f s o l i d w a s p l a c e d i n a z i r c o n i u m c r u c i b l e , m i x e d a n d 

f u s e d w i t h 1 . 0 0 g o f A n a l a r s o d i u m p e r o x i d e . T h e r e s i d u e w a s d i s s o l v e d 

i n d i s t i l l e d w a t e r a n d m a d e u p t o 5 0 0 m l c o n t a i n i n g 5% A n a l a r h y d r o c h l o r i c 

a c i d . T h e s o l u t i o n a l s o c o n t a i n e d 1 0 % a b s o l u t e e t h a n o l b y v o l u m e ( f o r 

r e a s o n s e x p l a i n e d b e l o w ) . T h e s o l u t i o n w a s t h e n a n a l y s e d u s i n g a n 

a p p r o p r i a t e s e t o f s t a n d a r d s . I n t h i s c a s e t h e s t a n d a r d s c o n t a i n e d 

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

s o l u t i o n . 

S i l i c o n a n a l y s i s b y A A S p r o v e d t o b e m o r e d i f f i c u l t . T h e m a i n 

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

e x t r e m e l y h o t f l a m e w a s u s e d . A d i f f e r e n t a p p r o a c h w a s t e s t e d . T h i s 

i n v o l v e d a n u l t r a - v i o l e t s p e c t r o p h o t o m e t r i c t e c h n i q u e b a s e d o n t h e 235 236 

f o r m a t i o n o f a m o l y b d o s i l i c i l i c a c i d c o m p l e x . ' A l t h o u g h t h e 

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

k i m b e r l i t e h e a d s a m p l e s w a s e x t r e m e l y p o o r . T h i s w a s a t t r i b u t e d t o t h e 

p r e s e n c e o f t r a c e e l e m e n t s ( T a b l e 2 . 4 . 1 ) w h i c h a d v e r s e l y a f f e c t e d t h e 

a b s o r p t i o n c h a r a c t e r i s t i c s o f t h e c o m p l e x . T h e p r o b l e m o f r a p i d s i l i c o n 

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

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

w h i c h c o u l d b e o r d i n a r i l y a c h i e v e d . T h e t r e a t m e n t w a s e f f e c t i v e : 
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T A B L E 2 . 4 . 1 Q U A L I T A T I V E A N D S E M I - Q U A N T I T A T I V E 

C H E M I C A L A N A L Y S I S F O R K I M B E R L I T E , 

O L I V I N E A N D S E R P E N T I N E 

A p p r o x i m a t e 

C o n c e n t r a t i o n K i m b e r l i t e O l i v i n e * S e r p e n t i n e * 

R a n g e 

> 5% 

5 - 0.5% 

0.5 - 0.05% 

< 0.05% 

M g S i 

A l K P 

C a T i F e 

B a 

S C I C r 

M n N i 

C u Z n S r 

N b R b 

M g S i F e 

N i 

C a T i C r 

M n 

C I K Zn 

S n Z n N b 

M g S i F e 

K C a T i 

P C r M n 

N i B a Z r 

S C I Z n 

S r I N b 

R b S r 

* A l e x c l u d e d f r o m a n a l y s i s 
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s i l i c o n c o u l d b e d e t e c t e d a t 2 - 3 p p m a n d t h e r e s p o n s e i n c r e a s e d b y 

1 0 0 - 2 0 0 % . S i m i l a r b e n e f i c i a l e f f e c t s w e r e n o t e d f o r t h e o t h e r e l e m e n t s . 

D a t a o b t a i n e d f o r t h e k i m b e r l i t e , o l i v i n e a n d s e r p e n t i n e s t a n d a r d s 

a r e s h o w n i n T a b l e 2 . 4 . 2 . 

A p p l y i n g t h e d a t a f r o m t h e X R F a n d X R D a n a l y s e s , c h e m i c a l 

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

T h e s e a r e s h o w n i n T a b l e 2 . 4 . 2 . I n t h e c a s e o f o l i v i n e t h e c h a r g e 

b a l a n c e r e q u i r e d a d i v a l e n t i o n o f a t o m i c w e i g h t 4 7 - 6 5 t o b e p r e s e n t 

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

63 

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

o f X R P r e s u l t s ( T a b l e 2 . 4 . 1 ) . I n t h e c a s e o f s e r p e n t i n e , t h e t r u e 

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

o l i v i n e p r e s e n t (as m e a s u r e d b y X R D ) . T h e c h e m i c a l c o m p o s i t i o n s a n d 

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

T a b l e 2 . 4 . 2 . 

T A B L E 2 . 4 . 2 C H E M I C A L A S S A Y D A T A F O R T H E K I M B E R L I T E , 

O L I V I N E A N D S E R P E N T I N E S T A N D A R D S 

C o m p o s i t i o n K i m b e r l i t e O l i v i n e S e r p e n t i n e 

M g % 1 6 . 1 2 5 . 9 1 5 . 0 

S i % 1 6 . 3 1 8 . 5 1 9 . 4 

F e % 6 . 1 7 . 7 7 . 3 

C a % 6 . 3 1 . 7 3 . 8 

A l % 1 . 0 0 . 1 3 . 2 

C h e m i c a l f o r m u l a e 

o l i v i n e C a

. 0 7
M g

1 . 6 2
F e

. 2 1
N i

. 1 0
A 1 

. 0 1
S i

°4 

s e r p e n t i n e C a

. 2 8
M g

1 . 8 0
F e

. 3 9
A 1

. 3 4
S i 

2
O

5
( O H )

4 
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2 . 5 Q u a n t i t a t i v e E s t i m a t i o n o f C l a y M i n e r a l s 

2 . 5 . 1 A p p l i c a t i o n s o f m a s s b a l a n c e s t o q u a n t i t a t i v e _ a n a l y s i s 

I n o r d e r t o d e d u c e m e c h a n i s m s o f t h e a l t e r a t i o n r e a c t i o n s 

d e s c r i b e d i n S e c t i o n 4 . 5 e s t i m a t e s o f t h e m i n e r a l o g i c a l c o m p o s i t i o n 

o f r e a c t i o n p r o d u c t s w e r e , o f c o u r s e , e s s e n t i a l . C l a y s w e r e e x p e c t e d 

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

d i s c u s s i o n s i n S e c t i o n s 2 . 2 . 3 , 2 . 3 . 2 - 4 , 2 . 4 . 1 , h a v e c i t e d t h e 

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

t o q u a l i t a t i v e a n d s e m i - q u a n t i t a t i v e c l a y m i n e r a l a n a l y s i s . T h e 

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

v a r i a b i l i t y o f t h e s e m i n e r a l s . O n e a p p r o a c h t o a c c e p t a b l e a s s a y i s 

a s f o l l o w s . 

a) Q u a l i t a t i v e d e t e r m i n a t i o n o f p h a s e s p r e s e n t b y a n 

i n s t r u m e n t a l m e t h o d . X R D i s t h e m o s t u s e f u l t e c h n i q u e 

i n t h i s r e s p e c t a n d D T A y i e l d s c o n f i r m a t o r y i n f o r m a t i o n . 

b ) Q u a n t i t a t i v e d e t e r m i n a t i o n o f m a j o r e l e m e n t s b y A A S o r 

X R P a n a l y s i s . 

c) B y c o m b i n i n g (a) a n d (b) o n t h e b a s i s o f m a s s b a l a n c e 

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

T h i s t y p e o f a p p r o a c h i s n o w d i s c u s s e d . T h e m e t h o d u s e d in t h e 

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

2 3 7 

p u t f o r w a r d b y P e a r s o n . I n P e a r s o n ' s w o r k , t h e i n d i v i d u a l p r o p o r t i o n s 

o f c l a y s i n a r o c k ( s a i d t o c o n t a i n 6 9 % o f c o m b i n e d p h y l l o s i l i c a t e s 

s o l e l y a s k a o l i n i t e , i l l i t e a n d c h l o r i t e ) w e r e d e t e r m i n e d w i t h t h e a i d 

o f e q u a t i o n s o f t h e f o r m : 

% c h l % E , _ + % k a o % E , + % i l l % E . _ - = 100%E
r T
, 

c h l k a o i l l T 
(2.5.1) 



112-

w h e r e % c h l i s t h e p r o p o r t i o n o f c h l o r i t e i n t h e r o c k a n d % E , . i s t h e 
c h l 

p r o p o r t i o n o f a s p e c i f i e d e l e m e n t e x p r e s s e d a s t h e o x i d e : S i 0
2
, 

A 1
2
0

3
, K

2
0 , F M ( M g Q f F e 0 + F e

2
0

3
) , N a

2
0 , C a O o r H

2
0 i n c h l o r i t e . ( S i m i l a r l y 

f o r k a o l i n i t e a n d i l l i t e r e p r e s e n t e d a s k a o a n d i l l r e s p e c t i v e l y . ) 

T h e t e r m E ^ i s t h e e x p e r i m e n t a l l y d e t e r m i n e d t o t a l c o n c e n t r a t i o n o f 

t h e e l e m e n t i n q u e s t i o n i n t h e m i n e r a l m i x t u r e . 

I t m a y b e n o t e d t h a t c l a y m i n e r a l s d o n o t , i n g e n e r a l , e x h i b i t 

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

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

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

f o r e a c h e l e m e n t i n t h e e q u a t i o n (s) a n d a r e m o s t c o n v e n i e n t l y h a n d l e d 

b y m e a n s o f p u b l i s h e d m a x i m u m a n d m i n i m u m a s s a y f i g u r e s ( A p p e n d i x 5 ) . 

T o s i m p l i f y t h e p r o c e d u r e f o r t h e s o l u t i o n o f t h e e q u a t i o n s , P e a r s o n 

e m p l o y e d t h e r e l a t i o n s h i p 

% c h l + % k a o + % i l l = % c l a y (2.5.2) 

w h e r e % c l a y i s t h e p r o p o r t i o n o f c l a y s i n t h e s a m p l e (69%)* 

E x p r e s s i n g % c h l i n t e r m s o f t h e o t h e r v a r i a b l e s , t h i s t e r m 

c a n b e e l i m i n a t e d f r o m t h e g e n e r a l f o r m ( 2 . 5 . 1 ) ; t h u s o n r e a r r a n g e m e n t : 

% c l a y % E , , + % k a o (%E, - %E ) + % i l l (%E.-_ - %E ) J

 c h l k a o c h l i l l c h l 

= 1 0 0 % E
t
 (2.5.3) 

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

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

c o u l d b e t a k e n t o h a v e a c o n s t a n t c o m p o s i t i o n . H e n c e b y s e q u e n t i a l l y 

s u b s t i t u t i n g m a x i m u m a n d m i n i m u m a s s a y s f o r c h l o r i t e (%E ) a n d i l l i t e 
c n l 

( % E . ) i n e q u a t i o n ( 2 . 5 . 3 ) , f o u r e q u a t i o n s c o u l d b e o b t a i n e d f o r e a c h 
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e l e m e n t a l s p e c i e s , f o r e x a m p l e : 

% c l a y % E _
H r
 + % k a o ( % E

k a Q
 - % E ^

r
) + % i l l ^ E ^ - % E _

H r
) 

= 100%E
T
 (2.5.4) 

w h e r e a b a r o v e r t h e m i n e r a l n a m e r e p r e s e n t s a m a x i m u m a s s a y v a l u e . 

A s i m i l a r e q u a t i o n w a s o b t a i n e d f o r e a c h e l e m e n t a l s p e c i e s e m p l o y i n g 

t h e m i n i m u m t a b u l a t e d v a l u e s . W h e n p l o t t e d , s o m e o f t h e s e l i n e s 

c l e a r l y d e l i n e a t e d a n a r e a A B C D E o f i n t e r e s t ( F i g u r e 2 . 5 . 1 ) w i t h i n 

w h i c h t h e c o r r e c t m i n e r a l o g i c a l c o m p o s i t i o n ( % i l l , % k a o a n d % c h l ) 

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

o b t a i n e d f o r S i O ^ ,
 a n c

^
 F M

 u s i n g d e r i v e d p r o p o r t i o n a l i t y 

r e l a t i o n s h i p s b e t w e e n t h e s e a n d t h e K ^ O a s s a y f o r i l l i t e , m a k i n g t h e 

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

m a x i m u m (rmax) a n d m i n i m u m ( r m i n ) l i m i t s a r e a l s o s h o w n i n F i g u r e 2 . 5 . 1 

a n d d e l i n e a t e a s m a l l e r a r e a ( s h a d e d i n t h e d i a g r a m ) w h i c h r e p r e s e n t s 

t h e f i n a l s e t o f p o s s i b l e s o l u t i o n s . 

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

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

c h e m i c a l a s s a y s d e d u c e d f o r e a c h m i n e r a l . T h e p r o g r a m w a s s u b s e q u e n t l y 

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

P e a r s o n ' s m e t h o d , h o w e v e r , c o u l d n o t b e a d o p t e d i n t h e p r e s e n t 

w o r k f o r t h e f o l l o w i n g r e a s o n s : 

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

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

b ) i t w a s n o t p o s s i b l e t o a p p l y t h e m e t h o d t o 

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

c) t h e m e t h o d c o u l d n o t t a k e a c c o u n t o f p h a s e s f o r 
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A 1
2
0

3
 (r m i n ) 

K
2
0 (max) 

A 1

2
°

3
 (r m a x ) 

FM (min) 

F M (max) 

K
2
0 (min) 

F M (r m i n ) 

S i 0
2
 (r m i n ) 

SiC>
2
 (r m a x ) 

F M (max) 

10 20 3 0 4 0 

% k a o l i n i t e 

50 60 

F i g u r e 2 . 5 . 1 G r a p h i c a l r e p r e s e n t a t i o n o f c a l c u l a t i o n o f c l a y 

p h a s e p r o p o r t i o n s u s i n g a n e l e m e n t a l m a s s b a l a n c e 
approach.^^7 

N o t e s F M = ( M g 0 + F e 0 + F e
2
0

3
) 

r m a x = l i n e r e p l o t t e d u s i n g r e c a l c u l a t e d m a x i m u m 

e l e m e n t a l a s s a y v a l u e 
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w h i c h p u b l i s h e d d a t a were u n a v a i l a b l e . 

A n e w m e t h o d w a s r e q u i r e d , w h i c h c o u l d t a k e a c c o u n t o f t h e s e 

d i f f i c u l t i e s . 

2 . 5 . 2 O u t l i n e o f t h e r e v i s e d m e t h o d o f c l a y a n a l y s i s 

I n t h e p r e s e n t w o r k , t h e p r o d u c t s w e r e a s s u m e d t o c o n s i s t 

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

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

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

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

X R D a n a l y s i s . T h i s a s s u m p t i o n w a s m a d e o n t h e g r o u n d s t h a t i t w a s 

o n l y p o s s i b l e t o m a k e f o u r d i f f e r e n t q u a n t i t a t i v e A A S a s s a y s r o u t i n e l y , 

i . e . f o r t h e e l e m e n t s S i , A l , F e , M g . T h e s e a s s a y s , h o w e v e r , c o u l d 

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

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

P e a r s o n ' s m e t h o d , w h i c h i n v o l v e f o u r u n k n o w n m i n e r a l c o n c e n t r a t i o n s . 

A u n i q u e s e t o f s o l u t i o n s m a y b e t h e n o b t a i n e d . A d o p t i n g t h e f o r m o f 

e q u a t i o n 2 . 5 . 1 , t y p i c a l e q u a t i o n s a r e : 

% c h l % S i , , + % v e r m % S i + % k a o % S i , + % s m % S i = 1 0 0 % S i
m c h l v e r m k a o s m T 

% c h l % A l , _ + % v e r m % A l + % k a o % A l , + % s m % A l = 1 0 0 % A 1 
c h l v e r m k a o s m T 

% c h l % F e . _ + % v e r m % F e + % k a o % F e , + % s m % F e = 1 0 0 % F e 
c h l v e r m k a o s m T 

% c h l % M g , , + % v e r m % M g + % k a o % M g , + % s m % M g = 1 0 0 % M g ( 2 . 5 . 
^ c h l ^ v e r m ^ k a o ^ s m

 r

T 
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A c c e p t a b l e s o l u t i o n s w e r e f o u n d b y i n v e r t i n g t h e 4 x 4 m a t r i x 

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

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

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

a ) T h e m i n e r a l p h a s e s g e n e r a t e d w o u l d h a v e a c h e m i c a l c o m p o s i t i o n 

c o m p a r a b l e w i t h t h o s e f o u n d i n n a t u r a l m i n e r a l s y s t e m s . T a b u l a t e d 

a s s a y v a l u e s s h o u l d b e e m p l o y e d t o t a k e a c c o u n t o f waiter, m a j o r a n d 

m i n o r e l e m e n t a l c o n s t i t u t e n t s . I d e a l i s e d s t r u c t u r a l f o r m u l a e w o u l d 

p r o v e i n a d e q u a t e (.except i n t h e c a s e o f m e t a s t a b l e p h a s e s - s e e l a t e r ) . 

b ) W h e r e l i t t l e v a r i a t i o n w a s o b s e r v e d f o r a n e l e m e n t a l 

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

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

i n v e r m i c u l i t e m a y b e t a k e n a s 1 6 . 3 ± 0 . 4 % ) . 

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

e q u a t i o n s w e r e n o n - n e g a t i v e a n d t h e i r s u m a p p r o x i m a t e d t o 1 0 0 % . A v a l u e 

f a l l i n g b e t w e e n t h e l i m i t s 9 5 - 1 0 5 % w a s d e e m e d a c c e p t a b l e . A f u r t h e r 

c h e c k c o u l d b e a f f o r d e d b y u n d e r t a k i n g a ' w a t e r ' m a s s b a l a n c e f o r t h e 

e x p e c t e d c o n s t i t u e n t m i n e r a l s a n d t h e a s s a y e d f i n e s f r a c t i o n . T G A 

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

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

( a n d , w h e r e p o s s i b l e , s e l e c t e d i n t e r m e d i a t e ) v a l u e s o f p a r t i c u l a r 

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

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

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

2 . 5 . 3 D e v e l o p m e n t o f t h e t r i a l p r o g r a m a n d i n t e r - e l e m e n t a l 

c o n c e n t r a t i o n r e l a t i o n s h i p s 

A t f i r s t a h y p o t h e t i c a l s y s t e m w a s t e s t e d e m p l o y i n g a t r i a l 
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p r o g r a m ( n o t d e s c r i b e d i n d e t a i l h e r e , t h e f i n a l p r o g r a m i s 

r e p r o d u c e d , h o w e v e r , i n A p p e n d i x 5 ) . A p p l y i n g t h e a b o v e a s s u m p t i o n s a n d 

s o l v i n g f o u r s i m u l t a n e o u s e q u a t i o n s ( e q u a t i o n s 2 . 5 . 5 ) f o r f o u r 

u n k n o w n s : t h e c o n c e n t r a t i o n s o f c h l o r i t e , v e r m i c u l i t e , k a o l i n i t e a n d 

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

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

c o n c e n t r a t i o n s o f e a c h m i n e r a l p h a s e w e r e r e p r e s e n t e d a s a 4 x 4 m a t r i x 

i n t h e m a t r i x f o r m o f e q u a t i o n 2 . 5 . 5 ( e q u a t i o n 2 . 5 . 6 ) . T h i s m a t r i x i s 

r e f e r r e d t o h e r e a f t e r a s t h e e l e m e n t a l - m i n e r a l o r E M m a t r i x . O n t h e 

b a s i s o f a s s u m p t i o n (b) c e r t a i n e l e m e n t s o f t h e m a t r i x t o o k c o n s t a n t 

v a l u e s ( r e p r e s e n t e d b y K i n e q u a t i o n 2 . 5 . 6 ) . O t h e r w i s e h i g h (H) o r 

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

w e r e t e s t e d i n t u r n a c c o r d i n g t o a s s u m p t i o n ( d ) . A s s h o w n , e q u a t i o n 

2 . 5 . 6 a l s o c o n t a i n e d t h e 4 x 1 m a t r i c e s r e l a t i o n t o m i n e r a l a n d t o t a l 

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

H / L 

H / L 

H / L 

H / L 

K 

H / L 

H / L 

H / L 

K 

K 

0 

0 

E M m a t r i x 

H / L 

H / L 

H / L 

H / L 

% c h l 

% v e r m 

% k a o 

% s m 

% S i . 

% A l . 

%Fe_ 

% M g 

m i n e r a l e l e m e n t a l 

c o n c e n t r a t i o n h e a d m a t r i x 

m a t r i x 

( 2 . 5 . 6 ) 

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

(CDC 4 1 2 0 ) i n t h e f o r m o f t h e r i g h t h a n d s i d e o f e q u a t i o n 2 . 5 . 6 . T h e 

p r o g r a m w a s r u n t h r o u g h t h e 2 ^ - p e r m u t a t i o n s i m p l i e d b y t h e p o s s i b l e 

v a l u e s i n t h e E M m a t r i x . T h e s i m u l t a n e o u s e q u a t i o n s w e r e s o l v e d b y 

u s i n g t h e N A G F I L E s u b r o u t i n e F 0 4 A T F a s p r o v i d e d b y t h e I m p e r i a l C o l l e g e 

C o m p u t e r C e n t r e . C o m p u t e d s o l u t i o n s w e r e a u t o m a t i c a l l y t e s t e d 
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a c c o r d i n g t o a s s u m p t i o n (c) a n d t h o s e a c c e p t e d ( a b o u t 4 0 i n n u m b e r ) 

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

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

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

« 
d e s c r i b e d b e l o w w e r e i n c o r p o r a t e d . 

72 
C h l o r i t e : D e e r e t a l d e s c r i b e a r e l a t i o n s h i p b e t w e e n t h e d s p a c i n g 

o f t h e 0 0 1 ( b a s a l ) l a y e r a n d t h e p r o p o r t i o n o f t e t r a h e d r a l l y c o o r d i n a t e d 

a l u m i n i u m . G i l l e r y ^ ^ s h o w e d t h a t a s i m i l a r r e l a t i o n s h i p e x i s t e d f o r 

s y n t h e t i c c h l o r i t e s . T h e s e r e l a t i o n s h i p s a r e i l l u s t r a t e d i n F i g u r e 2 . 5 . 2 . 

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

l a y e r e q u a l s a c o n s t a n t , (8 o n t h e b a s i s o f 28 o x y g e n e q u i v a l e n t s ) a 

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

c o u l d b e o b t a i n e d , a s s h o w n i n F i g u r e 2 . 5 . 3 . I t i s c l e a r ( p r e s e n t w o r k ) 

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

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

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

F i g u r e 2 . 5 . 4 . T h i s d i a g r a m i l l u s t r a t e s t h e s i l i c o n a n d a l u m i n i u m a s s a y 

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

7 2 

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

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

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

A s s h o w n i n F i g u r e 2 . 5 . 5 , l i m i t s o f u n c e r t a i n t y c a n b e a s c r i b e d t o t h e 

v a r i o u s a s s a y s o f t h e s e t w o c a t i o n s i n c h l o r i t i c m i n e r a l s . F u r t h e r m o r e , 

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

T h e i d e n t i f i c a t i o n o f a c h l o r i t e s p e c i e s w a s p r o n e t o e r r o r 

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

n o r m a l l y o b s e r v e d . T w o d s p a c i n g s w e r e r e a d - a t t h e e d g e s o f t h e 
o p e a k e n c o u n t e r e d i n t h e 1 4 . 0 - 1 4 . 4 A r e g i o n , y i e l d i n g t w o p o s s i b l e e n d -
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1 . 0 2 . 0 3 . 0 4 . 0 

3 + 
N o . o f A l i o n s p e r u n i t c e l l ( 2 8 0 e q u i v a l e n t s ) 

Figure 2.5.2 R e l a t i o n b e t w e e n t h e p o s i t i o n o f t h e b a s a l (001) 

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

u n i t c e l l (28 o x y g e n e q u i v a l e n t s ) f o r c h l o r i t e s . 



120 

18.0 

1 7 . 0 

16.0 

1 5 . 0 

>i 

3 1 4 . 0 

•H 
cn 

1 3 . 0 -

12.0 

11.0 

10.0 
4 . 0 5 . 0 

4 + . 

6.0 7 . 0 

N o . o f S i i o n s p e r u n i t c e l l (28 0 e q u i v a l e n t s ) 

F i g u r e 2 . 5 . 3 R e l a t i o n b e t w e e n s i l i c o n a s s a y a n d n u m b e r o f 

s i l i c o n i o n s p e r u n i t c e l l (28 o x y g e n 

e q u i v a l e n t s ) f o r c h l o r i t e s . 
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m e m b e r c h l o r i t e s . T h e c o m p u t a t i o n s u b s e q u e n t l y e v a l u a t e d p o s s i b l e 

s o l u t i o n s f o r f i r s t o n e c h l o r i t e t h e n t h e s e c o n d e n d - m e m b e r . ( L a t e r , 

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

i n e q u a l s t e p s f r o m t h e m i n i m u m t o t h e m a x i m u m s e t l i m i t . ) B y a p p l y i n g 

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

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

V e r m i c u l i t e : T h e s i l i c o n c o n c e n t r a t i o n i n v a r i o u s s a m p l e s o f t h i s 

7 2 

m i n e r a l r e p o r t e d b y D e e r e t a l e x h i b i t e d l i t t l e v a r i a t i o n . T h e 

c o n c e n t r a t i o n w a s t h e r e f o r e t r e a t e d a s a m e a n e d v a l u e o f 1 6 . 3 % 

( a s s u m p t i o n ( b ) ) . N o i n t e r r e l a t i o n s h i p s w e r e f o u n d b e t w e e n t h e i o n 

s p e c i e s . 

S m e c t i t e ( d i o c t a h e d r a l ) : T h e p r i n c i p a l s m e c t i t e p r o d u c e d i n r e a c t i o n s 

a s i d e n t i f i e d b y X R D w a s o f t h e m o n t m o r i l l o n i t e t y p e . N o u s e f u l 

c o r r e l a t i o n b e t w e e n s i l i c o n a n d a l u m i n i u m c o u l d b e d i s c e r n e d , b u t a p l o t 

b e t w e e n t h e t w o e l e m e n t a l c o n c e n t r a t i o n s , a s s h o w n in F i g u r e 2 . 5 . 6 

d e m o n s t r a t e d t w o a r e a s o f d a t a p o i n t s . I n a c c o r d a n c e w i t h a s s u m p t i o n (b) 

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

a n d a r e i n d i c a t e d i n t h e f i g u r e . T h e s e p a r a t i o n b e t w e e n t h e m e a n e d 

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

n o t b e m a d e f o r t h e a l u m i n i u m t h e d a t a w a s t r e a t e d i n a s i m i l a r m a n n e r 

a s i t w a s a p p a r e n t t h a t t h e a v e r a g e d p o i n t s ( i n d i c a t e d i n F i g u r e 2 . 5 . 6 ) 

r e p r e s e n t e d t w o m a i n t y p e s o f m o n t m o r i l l o n i t e m i n e r a l . M a g n e s i u m a n d 

i r o n e x h i b i t e d a p p a r e n t l y r a n d o m v a r i a t i o n i n t h e i r v a l u e s (all l e s s 

t h a n 5 % ) . 

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

b y r e - w r i t i n g t h e E M m a t r i x : 
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c h l v e r m k a o s m 

S i f ( d

ooi> 
K K * H / L ' 

A l H / L
f 

H / L K H / L 

F e 
r

H / L

f 
H / L 0 H / L 

M g l u / L
f 

H / L 0 H / L 

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

o f t h e s p a c i n g ; H / L
f
, t h e a s s a y l i m i t s b e i n g i n f l u e n c e d b y 

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

T h e n u m b e r o f p e r m u t a t i o n s p o s s i b l e w e r e c o n s e q u e n t l y r e d u c e d 

1 1 9 

f r o m 2 ( 2 0 4 8 ) t o 2 (512) a s w a s t h e s t a n d a r d d e v i a t i o n o f t h e c a l c u l a t e d 

p h a s e p r o p o r t i o n s . 

2 . 5 . 4 D e v e l o p m e n t o f t h e f i n a l _ p r o g r a m : e x t e n s i o n s t o t h e 

o r i g i n a l E M f o r m 

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

g i v e s u i t a b l e s o l u t i o n s t o t h e s i m u l t a n e o u s e q u a t i o n s ; i n p a r t i c u l a r , 

w h e n c o n s i d e r i n g s y s t e m s s u c h a s c h l o r i t e - v e r m i c u l i t e - k a o l i n i t e -

s m e c t i t e d i f f i c u l t i e s w e r e s o m e t i m e s e n c o u n t e r e d . T o o b t a i n q u a n t i t a t i v e 

p h a s e a n a l y s e s f o r t h e s e - 7 5 y m p r o d u c t s i t w a s n e c e s s a r y t o i n c l u d e 

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

i d e n t i f i e d b y X R D . M a n y e x a m p l e s o f t h e s e p r o d u c t s a p p e a r e d t o i n c o r p o r a t e 

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

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

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

e q u a t i o n s c o u l d a l w a y s b e o b t a i n e d . I n e f f e c t , t h i s p h a s e a c t e d a s a 

•sink* f o r e x c e s s i o n s n o t i n v o l v e d i n c l a y f o r m a t i o n . P a r t i c u l a r 

e x a m p l e s d e s c r i b e d i n m o r e d e t a i l i n C h a p t e r s 3 a n d 4 , i n v o l v e d p r o d u c t s 

o b t a i n e d u s i n g h i g h a l u m i n i u m c o n c e n t r a t i o n s i n t h e r e a g e n t m i x t u r e . 
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H e r e , a k a n d i t e ( k a o l i n i t e / s e r p e n t i n e ) - v e r m i c u l i t e - s m e c t i t e -

a l u m i n i u m h y d r o x i d e s y s t e m p r o d u c e d s o l u t i o n s t o t h e E M m a t r i x . 

C h l o r i t e , a l t h o u g h p r e s e n t , w a s n o w t a k e n t o b e o f m i n o r s i g n i f i c a n c e . 

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

p r o g r a m . 

a ) T h e i n c o r p o r a t i o n o f a n a m o r p h o u s p r o d u c t t h e m e t a l c o n t e n t 

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

h y d r o x y o x i d e , t h e a l u m i n i u m a s s a y v a r i e d f r o m 3 4 % ( g i b b s i t e : A 1 ( 0 H )
3
) 

t o 4 4 % ( b o e h m i t e A l O ( O H ) ) . A s t h e s t r u c t u r a l f o r m u l a o f t h e p r o d u c t 

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

t h e l i m i t s s e t . 

b ) T h e i n t r o d u c t i o n o f t h e k a n d i t e ( k a n d ) g r o u p o f m i n e r a l s . 

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

M g _ S i _ 0 _ ( O H ) . a n d t h e a l u m i n i u m e q u i v a l e n t , k a o l i n i t e A l _ S i _ 0 _ ( O H ) . . 3 Z o 4 2 2 b 4 

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

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

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

o r k a o l i n i t e e l e m e n t a l a s s a y s w e r e e n t e r e d r e s p e c t i v e l y i n t o t h e E M m a t r i x . 

S u m m a r i s i n g t h e s e f e a t u r e s , a n e x a m p l e o f a m o d i f i e d E M m a t r i x 

c a n b e d e s c r i b e d a s f o l l o w s : 

k a n d v e r m s m A l - O H 

S i K r* H / L 0 

A l H / L ^ H / L ft+L 

F e H / L H / L 0 

M g H / L H / L 0 
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w h e r e s e r p / k a o r e p r e s e n t s t h e S i , A l , F e , M g a s s a y s c h a r a c t e r i s t i c o f 

s e r p e n t i n e o r t h o s e o f k a o l i n i t e e n t e r e d i n t o t h e m a t r i x ; H-*-L i n d i c a t e s 

h i g h , l o w o r i n t e r m e d i a t e a s s a y v a l u e s e n t e r e d . 

T h e n e c e s s a r y i n t r o d u c t i o n o f a m o r p h o u s s y s t e m s t o t h e E M 

m a t r i x p r o v e d t o b e u s e f u l a s i t v e r i f i e d t h a t t h e p r o d u c t s w e r e l i k e l y 

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

a c c o r d a n c e w i t h t h e b r o a d e n v e l o p e s n o t e d i n s e v e r a l o f t h e X R D p a t t e r n s 

o b t a i n e d ( C h a p t e r 3 ) . I n t h e c a s e o f o t h e r s y n t h e t i c p r o d u c t s t h e 

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

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

c o m p u t e d a s a t i s f a c t o r y a n s w e r . A n e x a m p l e w a s i n t h e k i n e t i c e x p e r i m e n t s 

( C h a p t e r 4) w h e r e t h e a l u m i n i u m c o n c e n t r a t i o n w a s i n s u f f i c i e n t f o r a l l 

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

C a r e f u l a n a l y s i s o f t h e r e l e v a n t X R D t r a c e s i n d i c a t e d p e a k s o c c u r r i n g 

i n t h e 9 - 1 1 A r e g i o n . T h e s e a p p a r e n t l y m e t a s t a b l e c l a y p r o d u c t s c o u l d 

b e m o d e l l e d o n t h e b a s i s o f c h e m i c a l c o m p o s i t i o n a n d s u b s e q u e n t l y 

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

t h e i r c o n c e n t r a t i o n s a r e d e s c r i b e d i n S e c t i o n 4 . 4 . 1 . 

T h e f i n a l f o r m o f t h e p r o g r a m ( C E C P M ) u s e d is s h o w n i n A p p e n d i x 5 . 

T h e v a r i o u s m i n e r a l s y s t e m w h i c h m o d e l l e d t h e p h a s e m i x t u r e i n t h e - 7 5 y m 

p r o d u c t s s u b s e q u e n t l y a n a l y s e d w e r e i n d e x e d b y t w o n u m b e r s a s f o l l o w s i n 

T a b l e 2 . 5 . 1 . 
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T A B L E 2 . 5 . 1 M I N E R A L S Y S T E M S I N P R O G R A M C E C P M 

C o d e M i n e r a l s 

1 0 c h l - v e r m - k a n d - 9 - 1 1 A p h a s e 

1 1 c h l - v e r m - k a n d - A l - O H 

1 2 c h l - v e r m - k a n d - 9 - 1 1 A p h a s e - A l - O H * 

o 
2 0 k a o - s e r p / m g c a r b - 9 - 1 1 A p h a s e - A l - O H 

o 

3 0 s m - v e r m - k a n d - 9 - 1 1 A p h a s e 

3 1 s m - v e r m - k a n d - A l - O H 

3 2 s m - v e r m - k a n d - 9 - 1 1 & p h a s e - A l - O H * 

4 0 c h l - v e r m - k a n d - s m 

4 2 c h l - v e r m - k a n d - s m - A l - O H * 

* I n e x c e p t i o n a l c a s e s f i v e p h a s e a n a l y s i s w a s 

p o s s i b l e o w i n g t o a n e x c e s s o f a l u m i n i u m i n t h e 

- 7 5 y m p r o d u c t . I n s u c h i n s t a n c e s , t h e 

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

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

a c c o r d i n g l y . T h i s r e a d j u s t e d h e a d a l u m i n i u m 

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

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

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

A p p e n d i x 5 . A s e r i e s o f t e n s o l u t i o n s t o t h e s i m u l t a n e o u s e q u a t i o n s 

a r e g i v e n t o g e t h e r w i t h t h e m e a n e d p h a s e c o n c e n t r a t i o n s , w a t e r a n d 

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

S i , A l , F e , M g n u m b e r p e r 2 2 — 28 o x y g e n e q u i v a l e n t s ) . T h e l a t t e r w e r e 

e s t i m a t e d b y o b t a i n i n g c o r r e l a t i o n s b e t w e e n t h e S i , A l , F e , M g a s s a y s a n d 

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

2 2 
X = a + b % S i + c % A l + d % F e + e % M g + f % S i + g % A l y y y 

+ h % F e
2

 + i % M g
2

 ( 2 . 5 . 7 ) 
y y 
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w h e r e X r e p r e s e n t s t h e n u m b e r o f e l e m e n t X ( S i , A l , F e o r M g ) a p p e a r i n g 

i n t h e s t r u c t u r a l f o r m u l a f o r m i n e r a l y . F o r e x a m p l e , t h e n u m b e r o f 

s i l i c o n i o n s i n t h e c h l o r i t e m i n e r a l s t r u c t u r e w a s g i v e n b y : 

X = S i . = 1 . 5 3 + 0 . 1 1 2 % S i + 0 . 0 1 3 2 % A 1 - 0 . 0 1 5 1 % F e 
y c h l c h l c h l c h l 

- 0 . 0 1 4 8 % M g . . + 0 . 0 0 2 3 % S i
2

 - 0 . 0 0 2 1 % A l
2 

c h l c h l c h l 

+ 0 . 0 0 0 2 % F e
2

 - 0 . 0 0 0 7 % M g
2

 , 
c h l ^ c h l 

T h e e q u a t i o n s f o r t h e s e c o r r e l a t i o n s a r e g i v e n i n A p p e n d i x 5 

2 . 5 . 5 E s t i m a t i o n o f t h e u n c e r t a i n t i e s i n c l a y m i n e r a l p r o p o r t i o n s 

o b t a i n e d 

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

d i f f i c u l t p r o b l e m t h a n t h a t e n c o u n t e r e d w i t h t h e q u a n t i t a t i v e X R D 

a n a l y s i s o f o l i v i n e a n d s e r p e n t i n e p r e s e n t e d i n S e c t i o n 2 . 3 . 1 0 . T h e 

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

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

( X R D , A A S , T G A ) a n d s e c o n d l y t h e a b s e n c e o f a s e p a r a t e a l t e r n a t i v e 

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

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

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

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

u n a v a i l a b l e ( e . g . c h l o r i t e ) o r w e r e i n s u f f i c i e n t l y p u r e . H e n c e , i n 

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

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

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

m e t h o d . T h r e e m a i n t y p e s o f e r r o r w e r e c o n s i d e r e d : 
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a) P h a s e - i d e n t i f i c a t i o n e r r o r 

b ) A s s a y e r r o r 

c) R e f e r e n c e - d a t a s e l e c t i o n e r r o r 

P h a s e - i d e n t i f i c a t i o n e r r o r . T h i s r e l a t e s t o t h e r e l i a b i l i t y o f t h e 

i d e n t i f i c a t i o n o f t h e p h a s e s p r e s e n t i n t h e - 7 5 y m p r o d u c t a s a s s e s s e d 

m a i n l y b y X R D . A l t h o u g h t h e m i s i n t e r p r e t a t i o n o f t h e X R D d a t a c o u l d 

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

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

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

o 

c o d e d 2 0 ( S e c t i o n 2 . 5 . 4 ) ( k a o - s e r p / m g c a r b - 9 - 1 1 A p h a s e - A l - O H ) . 

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

9 - 1 1 A p h a s e . ( F u r t h e r m o r e , m m o s t i n s t a n c e s , s u c h a s t h e i n t e r p r e t a t i o n 

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

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

p r e c i s e m i n e r a l i d e n t i f i c a t i o n . ) In c o n c l u s i o n , n o v a l u e c o u l d b e 

a t t r i b u t e d t o t h e i d e n t i f i c a t i o n e r r o r . 

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

c e r t a i n e x t e n t b y t h e c h e m i c a l a s s a y s r e c o r d e d f o r t h e - 7 5 y m p r o d u c t s . 

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

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

2 3 8 

t h e e l e m e n t i n v o l v e d a n d w a s o f t h e o r d e r o f 5 % r e l a t i v e . T o r e l a t e 

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

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

v a r i a t i o n s i n t h e i n p u t d a t a . A s y n t h e s i s e d p r o d u c t f r o m t h e t e s t w o r k 

w a s s e l e c t e d , a n d u s i n g t h e e r r o r r a n g e a s s o c i a t e d w i t h t h e A A S i/-

d e t e r m i n a t i o n s p o s s i b l e h i g h (h) a n d l o w (1) v a l u e s w e r e a s s i g n e d t o 

e a c h o f t h e m e a s u r e d e l e m e n t a l c o n c e n t r a t i o n s . D i f f e r e n t p e r m u t a t i o n s 
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T A B L E 2 . 5 . 2 C H E M I C A L A S S A Y E R R O R D E T E R M I N A T I O N : 

E F F E C T O F V A R I A T I O N O F A S S A Y O N 

C O M P U T E D P H A S E P R O P O R T I O N S 

E l e m e n t a l A s s a y 

V a r i a t i o n 

h l h h 

l h l l 

l h h h 

h h h l 

h l l h 

l h h l 

1111 

h h h h 

c h l o r i t e 

1 7 . 0 

1 5 . 6 

1 7 . 4 

1 4 . 7 

1 5 . 5 

16.6 

1 3 . 9 

1 7 . 7 

P h a s e P r o p o r t i o n (%) 

v e r m i c u l i t e k a n d i t e 

5 3 . 3 

4 9 . 6 

4 9 . 9 

5 3 . 1 

5 5 . 4 

4 8 . 5 

5 3 . 7 

4 9 . 0 

2 0 . 3 

1 7 . 6 

1 5 . 6 

1 9 . 7 

1 9 . 6 

1 7 . 8 

1 6 . 4 

2 0 . 4 

A l - O H 

9 . 4 

1 7 . 2 

16.1 

1 2 . 5 

9 . 5 

1 7 . 1 

1 5 . 0 

1 2 . 9 

m e a n e d v a l u e s 

o f a b o v e 

16.1 5 1 . 6 1 8 . 4 1 3 . 9 

c o e f f i c i e n t o f 

v a r i a t i o n (%) 

8 . 3 5 . 0 9 . 6 2 3 . 8 

v a l u e s u s i n g 

r e c o r d e d a s s a y s 

1 6 . 3 5 1 . 4 1 8 . 9 1 3 . 3 

h l l h r e f e r s t o h i g h (h) a n d l o w (1) l e v e l s o f e l e m e n t a l a s s a y s 

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

r e p r e s e n t s S i ^ + e r r o r , A l - e r r o r , F e - e r r o r , M g + e r r o r 

(X i s r e c o r d e d e l e m e n t a l a s s a y ) . R e c o r d e d d a t a u s e S : 1 4 . 5 % S i , 

2 ? 6 % F e , 1 0 . 8 % M g , 1 4 . 7 9 % H
2
0 , d s p a c i n g s f o r c h l o r i t e : 1 4 . 3 -

1 4 . 2 A . 
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c o m p u t e d p h a s e c o n c e n t r a t i o n (%) 

Figure 2.5.2 R e l a t i o n s h i p b e t w e e n c o m p u t e d p h a s e c o n c e n t r a t i o n 

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

a t t r i b u t a b l e t o c h e m i c a l a s s a y e r r o r (e ) 
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o f t h e s e f i g u r e s w e r e t e s t e d u s i n g t h e p r o g r a m , t h e f o u r p h a s e s y s t e m 

b e i n g c h l - v e r m - k a n d - A l - O H . T h e t e s t c o n d i t i o n s a n d r e s u l t s a r e s h o w n 

i n T a b l e 2 . 5 . 2 . P r o m t h e t a b l e i t c a n b e s e e n t h a t r e s u l t s o f s i m i l a r 

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

1 3 . 9 t o 1 7 . 7 % o v e r t h e e x t r e m e r a n g e o f t h e s t a n d a r d d e v i a t i o n s . T h e 

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

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

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

f o u r . T h e c o e f f i c i e n t o f v a r i a t i o n d e c r e a s e d m a r k e d l y a s t h e m a g n i t u d e 

o f t h e p h a s e p r o p o r t i o n s i n c r e a s e , f a l l i n g f r o m 23% f o r a m i n e r a l a s s a y 

o f 1 5 % t o 5 % f o r a n a s s a y o f 5 1 % . T h e f u l l r e l a t i o n s h i p , b a s e d o n t h e 

r e s u l t s f e a t u r e d i n T a b l e 2 . 5 . 2 a n d o t h e r s i m i l a r i n v e s t i g a t i o n s , is 

s h o w n i n F i g u r e 2 . 5 . 7 . T h i s f i g u r e i s e m p l o y e d i n t h e n e x t s u b - s e c t i o n . 

R e f e r e n c e - d a t a s e l e c t i o n e r r o r . T h e r e l i a b i l i t y o f t h e m e t h o d w o u l d b e 

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

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

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

( r i p i d o l i t e ) v a r i e d f r o m 1 5 t o 3 4 % ( F i g u r e 2 . 5 . 5 ) . I d e a l l y t h e w h o l e 

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

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

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

r e p o r t e d a s s a y v a l u e s , a s y s t e m w a s d e v e l o p e d f o r i n c o r p o r a t i n g 1 0 - 1 5 

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

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

i n c h l o r i t e t e s t e d c o u l d b e 1 5 . 9 , 1 7 . 8 , 1 9 . 7 . . . 3 4 % . T h e i n p u t d a t a 

u s e d w a s t h e f o u r h e a d a s s a y s f o r t h e - 7 5 y m p r o d u c t a s l i s t e d i n t h e 

e x p l a n a t o r y n o t e f o r T a b l e 2 . 5 . 2 . A f t e r a l l p e r m u t a t i o n s w i t h i n t h e 

s y s t e m h a d b e e n e x h a u s t e d t h e r e s u l t s w e r e p r e s e n t e d a s f r e q u e n c y 
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Figure 2.5.8 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 

c h l o r i t e c o n c e n t r a t i o n s 
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10 3 0 5 0 7 0 90 

c o n c e n t r a t i o n (%) 

F i g u r e 2 . 5 . 9 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 

v e r m i c u l i t e c o n c e n t r a t i o n s 
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Figure 2.5.11 F r e q u e n c y d i s t r i b u t i o n c h a r t f o r c o m p u t e d 

a l u m i n i u m h y d r o x y o x i d e s ( g i b b s i t e - b o e h m i t e ) 

c o n c e n t r a t i o n s 
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1000 

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

v e r m i c u l i t e , k a n d i t e , a l u m i n i u m h y d r o x i d e , a s s h o w n in F i g u r e s 2 . 5 . 8 - 1 1 

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

n u m b e r o f t r i a l s t e s t e d , i . e . , 3 2 7 6 7 8 , i s i n d i c a t e d b y a l i n e l a b e l l e d 

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

p r e v i o u s l y d e s c r i b e d , l a b e l l e d B i n t h e f i g u r e s , w h i c h r e q u i r e d o n l y 

1 2 8 0 p e r m u t a t i o n s . A s c a n b e s e e n , s i m i l a r r e s u l t s w e r e o b t a i n e d . T h e 

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

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

q u e s t i o n . T h e e x c e p t i o n t o t h i s a p p r o x i m a t i o n w a s c h l o r i t e , t h o u g h 

t h i s w a s a t t r i b u t a b l e t o t h e u n i q u e m a n n e r o f c l a s s i f y i n g t h e e l e m e n t a l 

d a t a o n t h e b a s i s o f t h e d s p a c i n g i n f o r m a t i o n . S u m m a r i s i n g , i t w a s 

a p p a r e n t t h a t t h e i n c r e a s e i n p e r m u t a t i o n s b y 2 5 5 t i m e s h a d n o t p r o d u c e d 

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

To estimate the overall error for a particular phase concentration 

2 3 8 

the standard equation for the additivity of variances was used as 

follows : 

e
 2

 = e
 2

 + c
 2

 + c
 2

 (2.5.8) 
t a a c v r d 

w h e r e e , t h e e r r o r a s s o c i a t e d w i t h A A S d e t e r m i n a t i o n ( i . e . , 5 . 2 % ) ; 
a a 

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

F i g u r e 2 . 5 . 7 ; a n d e ^ i s a r e f e r e n c e d a t a s e l e c t i o n e r r o r d e d u c e d b y 

c o m p a r i n g t h e v a l u e s m a r k e d b y A a n d B i n F i g u r e s 2 . 5 . 8 - 1 1 . (For 

v e r m i c u l i t e e ^ = 5 3 . 2 - 5 1 . 4 / 5 3 . 2 = 3 . 5 % . ) B y c a l c u l a t i n g f o r t h e 

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

t h e m e t h o d m a y b e o b t a i n e d . 



139-

F o r v e r m i c u l i t e ( c o n c e n t r a t i o n = 5 1 % ) , 

2 
e , = 5 . 2 % + 3 . 2 % + 3 . 5 % 
t 

e^. = 7 . 1 % r e l a t i v e 
t 

F o r c h l o r i t e ( c o n c e n t r a t i o n = 1 3 % ) , 

e ^ = 2 5 . 4 % 
t 

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

w e l l e s t a b l i s h e d a n d t h e o v e r a l l e r r o r i s p e r h a p s t h e b e s t e s t i m a t e 

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

2 . 6 D i s c u s s i o n 

T h e p r e v i o u s s e c t i o n s h a v e f i r s t l y d e s c r i b e d h o w t h e k i m b e r l i t e 

w a s a n a l y s e d u s i n g w e l l - e s t a b l i s h e d t e c h n i q u e s . T h e a d v a n t a g e s a n d 

l i m i t a t i o n s o f t h e s e t e c h n i q u e s w e r e r e c o g n i s e d ( S e c t i o n 2 . 2 . 3 ) a n d l e d 

t o t h e d e v e l o p m e n t o f t w o n e w m e t h o d s o f a n a l y s i s ( S e c t i o n s 2 . 3 a n d 2 . 5 ) 

t o p r o v i d e t h e e x t r a d a t a r e q u i r e d t o e l u c i d a t e a l t e r a t i o n e q u i l i b r i a 

B o t h m e t h o d s w e r e c o n c e r n e d w i t h t h e r a p i d q u a n t i t a t i v e e s t i m a t i o n o f 

c o m p l e x m i n e r a l p h a s e s , a f i e l d w h i c h h a s y e t t o b e f u l l y e x p l o r e d . 

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

t h e f o l l o w i n g s c h e m e 

p a r t i a l l y r e a c t e d / 

f e e d ^ u n r e a c t e d f e e d 

r e a c t i o n — ^ f i n a l a l t e r a t i o n p r o d u c t 

r e a g e n t s 

r e s i d u a l s o l u t i o n (2.6.1) 

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

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

Treatment 

s o l i d s (+75) 

V 
w e i g h e d 

f i n e 

s o l i d s ( - 7 5 ) 

\ 
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F u s i o n w i t h N a O . 
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d e 

inf 
r i v e d 

o r m a t i o n 

y 

P r o g r a m C E C P M 

soli1 [ M g ] ( F e ] [ A l ] [ C a ] 

D O A 

e x t e n t o f s o l u b i l i z a t i o n / 

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

o l i v i n e , s e r p e n t i n e 

a s s a y s 

d e v e l o p m e n t o f b o n d 

s t r u c t u r e s (qual.) 

q u a l i t a t i v e s t r u c t u r e 

a n a l y s i s 

% M g % F e % A l % S i 

m a s s b a l a n c e w i t h 

s o l u t i o n 

q u a n t i t a t i v e c l a y 

p h a s e a n a l y s e s 

F i g u r e 2 . 6 . 1 S c h e m e o f a n a l y t i c a l p r o c e d u r e s 
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T h e f u l l a n a l y s i s s c h e m e a d o p t e d i s s h o w n i n F i g u r e 2 . 6 . 1 . T h e 

f i g u r e s h o w s a t w o - t i e r s y s t e m . T h e f i r s t t i e r r e l a t e s t o a n a l y s e s 

p e r f o r m e d o n e v e r y t e s t p e r f o r m e d , t h e o b j e c t b e i n g t o a s s e s s t h e 

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

t o t h e p h y s i c a l b r e a k u p o f t h e r o c k a n d / o r b ) s t i m u l a t i n g t h e 

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

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

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

m a d e w a s t h a t m a t e r i a l p a s s i n g 75 y m w a s f u l l y a l t e r e d . T h e m e a s u r e o f 

r o c k d i s i n t e g r a t i o n w a s t e r m e d t h e d e g r e e o f a l t e r a t i o n (DOA) a n d w a s 

d e f i n e d a s : 

D O A = 1 0 0 ( m . - m , _ _ ) / m _ (2.6.2) 
r + /o r 

w h e r e m ^ i s t h e m a s s o f f e e d ; "the m a s s o f + 7 5 y m r e s i d u a l p r o d u c t . 

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

2 3 9 2 4 0 
b e e n r e p o r t e d ' t h e y d o n o t a d e q u a t e l y c o v e r t h e p r o b l e m s p r e s e n t 

2 3 9 
i n t h i s p a r t i c u l a r c a s e . O n e m o d e l r e f e r s t o a b i n a r y s y s t e m , 

w h e r e a s t h e o t h e r r e q u i r e s q u a n t i f i c a t i o n o f p a r t i c u l a t e s i z e 

2 4 0 

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

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

b y a p r o p o r t i o n a t e i n c r e a s e i n - 7 5 y m p r o d u c t s a n d a s i m u l t a n e o u s 

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

E x p e r i m e n t a l p r o c e d u r e s r e p o r t e d i n S e c t i o n 1 . 3 h a v e d e m o n s t r a t e d t h e 

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

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

s o l u t i o n w a s a f f o r d e d b y X R D . 

T h e s e c o n d t i e r i n t h e a n a l y t i c a l s c h e m e i n v o l v e d m o r e d e t a i l e d 

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



each method in Figure 2.6.1 have been discussed and the data 

contributed by each, when assessed together, were taken to be 

indicative of the environment and mechanism of alteration. 
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C H A P T E R 3 

A L T E R A T I O N O F K I M B E R L I T E : P H A S E D I A G R A M S 

3 . 1 I n t r o d u c t i o n 

7 2 9 1 
A s m e n t i o n e d i n C h a p t e r 1 , D e e r e t a l , K o r y t k o v a e t a l a n d 

N a g y a n d B a t e s ^ ^ " h a v e s h o w n t h a t k i m b e r l i t e m i n e r a l s a r e s u s c e p t i b l e 

t o b r e a k d o w n b y a c i d h y d r o l y s i s r e a c t i o n s . I t i s a l s o e v i d e n t t h a t 

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

a l t e r a t i o n p r o d u c t s o f t h i s u l t r a b a s i c r o c k . ^ * ^ T h i s c h a p t e r d e a l s 
+ 3 + 

f u r t h e r w i t h t h e e f f e c t o f t h e H a n d A l i o n s a s w e l l a s o t h e r 

+ + + 2 + - 2 + 3 + 
r e a d i l y a v a i l a b l e i o n s a n d r e a g e n t s : N a , K , C s , C u , F e , F e , 

- 2-

( C O O H ) ^ / F , C I , S
2
0 ^ . A s t u d y o f t h e n a t u r e a n d e x t e n t o f t h e 

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

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

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

e n v i r o n m e n t o f k i m b e r l i t e a l t e r a t i o n . 

T h e w o r k h a s t h r e e m a i n d i v i s i o n s : r e a c t i o n s a t 7 0 , 1 0 0 a n d 

1 0 0 - 3 5 0°C . I t s h o u l d b e n o t e d t h a t t h e r e s e a r c h c o u l d n o t b e a n e n t i r e l y 

s t r a i g h t f o r w a r d p h y s i c o c h e m i c a l s t u d y b e c a u s e o f t h e c o m p l e x i t y o f t h e 

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

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

d e v e l o p e d ( C h a p t e r 2) t o p r o d u c e p h a s e r e l a t i o n s h i p s a n d t h e r m o d y n a m i c 

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

t h e o r e t i c a l l y d e r i v e d e q u a t i o n s . 
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3 . 2 R e a c t i o n s w i t h 1 - 9 M S u l p h u r i c A c i d a t 70°C 

3 . 2 . 1 A p p a r a t u s _ a n d _ p r o c e d u r e s 

T h e f o l l o w i n g c o n d i t i o n s w e r e t y p i c a l l y e m p l o y e d . F o u r 1 0 g 

- 1 1 8 0 + 8 5 0 y m k i m b e r l i t e s a m p l e s w e r e p l a c e d s e p a r a t e l y i n f o u r 1 0 0 m l 

f l a s k s f i t t e d w i t h B 1 9 Q u i c k f i t s t o p p e r s a n d a g i t a t e d i n a w a t e r b a t h 

m a i n t a i n e d a t a c o n s t a n t t e m p e r a t u r e o f 7 0 ± 3°C. A l i q u o t s o f 4 0 m l o f 

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

d i s t i l l e d w a t e r w e r e a d d e d a n d t h e m i x t u r e s a g i t a t e d , u s i n g a G r i f f i n 

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

24 h o u r s . 

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

t e s t w o r k , w a s e m p l o y e d . T h e f l a s k s w e r e c o o l e d a n d w h e r e p o s s i b l e ( i . e . 

a t a c i d c o n c e n t r a t i o n s l e s s t h a n 1 M ) t h e p H w a s r e c o r d e d u s i n g a P y e 

U n i c o m 4 0 1 E 7 e l e c t r o d e a n d 2 9 0 p H m e t e r . T h e s o l u t i o n w a s d i l u t e d w i t h 

d i s t i l l e d w a t e r t o a b o u t 1 0 0 m l a n d t h e c o n t e n t s o f t h e l e a c h f l a s k 

s e p a r a t e l y w a s h e d t h r o u g h a 7 5 y m m o n e l w i r e s c r e e n (as s u p p l i e d b y 

C a d i s c h a n d S o n s L t d ) . T h e s e p a r a t e d + 7 5 a n d - 7 5 y m f r a c t i o n s w e r e 

f i l t e r e d , w a s h e d , d r i e d a n d w e i g h e d . T h e JDOA w a s t h e n c a l c u l a t e d 

( S e c t i o n 2 . 6 ) . T h e f i l t r a t e w a s m a d e u p t o a k n o w n v o l u m e , n o r m a l l y 

5 0 0 m l , a f t e r s u f f i c i e n t A n a l a r h y d r o c h l o r i c a c i d h a d b e e n a d d e d t o y i e l d 

a f i n a l c o n c e n t r a t i o n o f 5 % a c i d . T h e s o l u t i o n w a s t h e n a n a l y s e d b y A A S 

( S e c t i o n 2 . 4 . 3 ) f o r t h e s p e c i e s M g , F e a n d C a , a n d , w h e r e r e l e v a n t , A l 

a n d S i a l s o . S e l e c t e d s a m p l e s w e r e a n a l y s e d b y X R D ( S e c t i o n 2 . 3 . 2 ) . 

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

a c i d m e d i u m . S p e c i e s i n c l u d e d w e r e N a ^ O ^ , K
2
 S O ^ , C u S 0

4
, F e S O ^ , 

F e
2
( S O ^ )

3
, A l

2
( 8 0 ^ ) , N a F , N a C l , a n d K C 1 , a d d e d in t h e s o l i d f o r m so 

t h a t t h e t o t a l r e a g e n t v o l u m e w a s r e a d i l y m a i n t a i n e d a t 4 0 m l . T e s t w o r k 

w a s a l s o c a r r i e d o u t u n d e r t h e s i m i l a r c o n d i t i o n s w i t h 1 0 g s a m p l e s o f 

- 6 . 1 8 + 3 . 1 8 m m k i m b e r l i t e . 
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3 . 2 . 2 R e s u i t s _ a n d _ d i s c u s s i o n 

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

a c i d a n d w a t e r a l o n e a r e s h o w n i n F i g u r e s 3 . 2 . 1 a n d 3 . 2 . 2 . O v e r a 

p e r i o d o f 24 h o u r s , w h e r e e q u i l i b r a t i o n w a s p r o b a b l y a s s u r e d , a n 

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

+ 
(as s h o w n b y t h e D O A s ) u p t o a c o n c e n t r a t i o n o f 9 M H . B o t h t h e D O A 

p l o t i n F i g u r e 3 . 2 . 1 a n d t h e r e s i d u a l i o n c o n c e n t r a t i o n s i n F i g u r e 3 . 2 . 2 

+ 
r e f l e c t t h i s t r e n d . I n i t i a l a c i d c o n c e n t r a t i o n s g r e a t e r t h a n 9 M H 

+ 
c a u s e d s u b s t a n t i a l l y l e s s d e g r a d a t i o n , a 1 2 M H s o l u t i o n p r o d u c i n g a 

+ 
D O A o f 2 7 % a s c o m p a r e d w i t h t h e m a x i m u m o f 5 4 % a t 9 M H , f o r e x a m p l e . 

A l t h o u g h F i g u r e 3 . 2 . 1 s h o w s t h a t h a l f o f t h e f e e d c o u l d b e r e d u c e d t o 

a f i n e - s i z e d p r o d u c t , F i g u r e 3 . 2 . 2 d e m o n s t r a t e s t h a t t h e e x t e n t o f 

a l t e r a t i o n w a s g r e a t e r t h a n t h a t i n f e r r e d b y t h e D O A . T h u s , in t h e 

o p t i m u m a c i d r e g i m e (9M H
+

) , m o r e t h a n 9 0 % o f t h e t o t a l m a g n e s i u m a n d 

i r o n i n t h e f e e d w e r e l e a c h e d . T h e s a m e w a s p r o b a b l y t r u e o f c a l c i u m , 

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

- 7 5 y m p r o d u c t . Q u a n t i t a t i v e X R D m e a s u r e m e n t s s u b s t a n t i a t e d t h e s e 

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

d i f f r a c t o g r a m s . T h e y c o u l d o n l y b e d e t e c t e d ( w i t h d i f f i c u l t y ) w h e r e + 
a c i d c o n c e n t r a t i o n s g r e a t e r t h a n 1 0 M H h a d b e e n e m p l o y e d . T h e X R D 

t r a c e o f t h e + 7 5 y m p r o d u c t r e s u l t i n g f r o m r e a c t i o n w i t h 4 . 5 M s u l p h u r i c 

a c i d i l l u s t r a t e d i n F i g u r e ' 3 . 2 . 3 a , d e m o n s t r a t e d t h a t t h e k i m b e r l i t e h a d 

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

c a t i o n i c c o n s t i t u e n t s . A s c a n b e s e e n , p e a k s a t t r i b u t a b l e t o f r e e 

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

o r i g i n a l r o c k . C a l c i u m h a d b e e n p r e c i p i t a t e d a s t h e h y d r a t e d a n d 

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

i n t e r s t i c e s . A l l t h e o r i g i n a l m i n e r a l s a p p e a r e d t o h a v e b e e n d e s t r o y e d 

( c f . F i g u r e 2 . 3 . 2 a ) . T h e - 7 5 y m p r o d u c t ( F i g u r e 3 . 2 . 3 b ) w a s a p p a r e n t l y 
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i n i t i a l c h l o r i i e c o n c e n t r a t i o n (M) 

0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 

i n i t i a l c o n c e n t r a t i o n o f s u l p h u r i c a c i d (M) 

F i g u r e 3 . 2 . 1 R e l a t i o n b e t w e e n D O A a n d i n i t i a l c o n c e n t r a t i o n o f 

. s u l p h u r i c a c i d f o r a f e e d a g i t a t e d a t 70°C 

f o r 24 h , t h e f e e d s i z e s b e i n g - 1 1 8 0 + 8 5 0 u m (A), 

- 6 . 1 8 + 3 . 1 8 m m ( B ) . T h e e f f e c t o f v a r i o u s c h l o r i d e 

c o n c e n t r a t i o n s , f o r a s y s t e m i n v o l v i n g a l O g - 1 1 8 0 

+ 8 5 0 y m f e e d i n a 9 M s u l p h u r i c a c i d s o l u t i o n i s 

s h o w n a b o v e ( C ) . 
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i n i t i a _ c o n c e n t r a t i o n o f s u l p h u r i c a c i d (M) 

F i g u r e 3 . 2 . 2 R e l a t i o n s h i p b e t w e e n t h e p r o p o r t i o n o f t o t a l m a g n e s i u m , 

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

t h e i n i t i a l s u l p h u r i c a c i d c o n c e n t r a t i o n f o r l O g - 1 1 8 0 

+ 8 5 0 p m f e e d a g i t a t e d a t 70°C f o r 24 h . 



26° 60 50 . 40 30 20 10 4 

10 g -1180+850 ym 

Figure 3.2.3 X-ray diffractograms for samples reacted with 4.5M sulphuric acid ^ 

70°C, 24h
 0 0 

a ) + 7 5 y m f r a c t i o n a : a n h y d r i t e j : j a r o s i t e 

b ) - 7 5 y m f r a c t i o n e : e p s o m i t e q : q u a r t z 

g : gypsum 
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l e s s c r y s t a l l i n e i n n a t u r e ( r e f l e c t e d b y t h e b r o a d e n v e l o p e a t 2 . 6 3 -

4 . 9 2 A ) . T h e o n l y w e l l c r y s t a l l i z e d c o m p o u n d w a s g y p s u m , t h o u g h 

e p s o m i t e a n d j a d e i t e w e r e a l s o d e t e c t a b l e . 

R e a c t i n g 1 0 g f e e d s a m p l e s w i t h 4 . 5 M s u l p h u r i c a c i d f o r 

r e a c t i o n t i m e s v a r y i n g f r o m 3 t o 24 h r e s u l t e d i n t h e D O A a n d r e s i d u a l 

i o n c o n c e n t r a t i o n s s h o w n i n F i g u r e 3 . 2 . 4 . A s e x p e c t e d b o t h c r i t e r i a 

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

f l a t t e n p a r a l l e l t o t h e t i m e a x i s s h o w e d t h e a p p r o a c h t o e q u i l i b r i u m 

a t a p p r o x i m a t e l y 24 h . T h e s e r e s u l t s w e r e u s e d t o j u s t i f y a s i m i l a r 

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

O f t h e r e a g e n t s t e s t e d w i t h 4 . 5 M s u l p h u r i c a c i d - l i s t e d i n 

T a b l e 3 . 2 . 1 - t h e o n l y s p e c i e s f o u n d t o h a v e a p o s i t i v e e f f e c t w a s 

t h e c h l o r i d e i o n . 

T A B L E 3 . 2 . 1 A D D I T I V E S T E S T E D IN C O N J U N C T I O N W I T H 

4 . 5 M S U L P H U R I C A C I D , 70°C, 24 h 

I o n i c - s p e c i e s C o n c e n t r a t i o n r a n g e 

t e s t e d (M) 

N a
+

 0 - 1 

K
+

 0 - 1 

C u
2 +

 0 - 0 . 0 5 

F e
2 +

 0 - 0 . 3 5 

F e 0 - 0 . 4 

3+ 

A l 0 - 0 . 5 

F ~ 0 - 0 . 0 8 

C l ~ 0 - 1 



t i m e o f r e a c t i o n (h) 

F i g u r e 3 . 2 . 4 R e l a t i o n s h i p b e t w e e n D O A a n d t h e p r o p o r t i o n o f m a g n e s i u m , i r o n a n d c a l c i u m 

r e p o r t i n g t o t h e r e s i d u a l s o l u t i o n , a n d t h e t i m e o f r e a c t i o n f o r l O g - 1 1 8 0 

+ 8 5 0 y m k i m b e r l i t e a g i t a t e d w i t h 4 0 m l 9 M s u l p h u r i c a c i d a t 70°C. 
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T h e e f f e c t o f t h e c h l o r i d e i o n i s s h o w n i n F i g u r e 3 . 2 . 1 i n 

w h i c h t h e p r e v i o u s D O A o f 5 4 % w a s i n c r e a s e d t o 7 4 % w h e r e a n i n i t i a l 

c o n c e n t r a t i o n g r e a t e r t h a n o r e q u a l t o 0 . 0 8 M N a C l w a s e m p l o y e d . T h i s 

r e s u l t w a s v e r i f i e d t o 9 9 % c o n f i d e n c e u s i n g s t a n d a r d f a c t o r i a l t e s t i n g 

2 3 8 

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

w a s e x t r a c t e d . H i g h e r c h l o r i d e c o n c e n t r a t i o n s w e r e l e s s e f f e c t i v e ( i . e . > 0 . 7 M ) 

T h e e f f e c t o f t h e c h l o r i d e i o n o n D O A r e l a t e s t o t h e s o l u b i l i t y o f 

s i l i c a . T h e g r e a t e r t h e s o l u b i l i z a t i o n o f t h e r e s i d u a l s i l i c a i n t h e 
2 4 1 

+ 7 5 y m f r a c t i o n , t h e l a r g e r t h e D O A . M a r s h a l l s t a t e s t h a t t h e 

e q u i l i b r i u m b e t w e e n s o l i d s i l i c a a n d s i l i c i l i c a c i d c a n b e w r i t t e n : 

S i 0
2
. x H

2
0

( s )
 + n H

2
0 -W- H

4
S i 0

4
 ( 3 . 2 . 1 ) 

w h e r e n u s u a l l y l i e s b e t w e e n 0 a n d 2 f o r a m o r p h o u s s i l i c a a n d i s 

p r o p o r t i o n a l t o t h e e x t e n t o f h y d r a t i o n . 

T h e e q u i l i b r i u m c o n s t a n t K
g
 c a n b e w r i t t e n : 

K = a
T T
 / (a _ . _ a

T T
 ) ( 3 . 2 . 2 

s H . S i O . s o l i d H J O 
4 4 2 

w h e r e a . i s t h e a c t i v i t y o f s i l i G i l i c a c i d , s i m i l a r l y f o r t h e s o l i d 
H - S i O . 
4 4 

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

c o e f f i c i e n t , i t c a n b e f o u n d t h a t 

S

H „ S i O . = K a " /y„ ( 3 . 2 . 3 ) 
4 4 s H

2
0 ' h

4
S i 0

4 

A t 25°C i t h a s b e e n r e c o r d e d t h a t c h l o r i d e i o n c o n c e n t r a t i o n s o f t h e 

o r d e r o f 0 . 0 8 - 0 . 2 M w o u l d s u b s t a n t i a l l y r e d u c e t h e a c t i v i t y c o e f f i c i e n t 

2 4 2 
o f s i l i c i l i c a c i d . W i t h i n c r e a s i n g h y d r a t i o n (n) t h e s o l u b i l i t y 

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

234 
a b o v e a s p e c i f i e d v a l u e , r e s u l t s i n a l o w e r i n g o f t h e s o l u b i l i t y , 
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1000 
p a r t i a l l y d u e t o a n i n c r e a s e i n t h e a c t i v i t y c o e f f i c i e n t . 

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

o b s e r v e d a t e l e v a t e d t e m p e r a t u r e s (up t o 3 0 0°C). H e n c e i t w a s l i k e l y 

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

u s e d . 

A p p l y i n g t h e o p t i m u m c o n d i t i o n s d e d u c e d f o r t h e - 1 1 8 0 + 8 5 0 y m 

f e e d , n a m e l y 4 . 5 M s u l p h u r i c a c i d , t o t h e l a r g e r s i z e d k i m b e r l i t e 

p a r t i c l e s t e s t e d p r o d u c e d a l o w e r D O A t h a n e x p e c t e d - 1 5 % . T h e e f f e c t 

o f t r e a t i n g t h i s —6.18+'3.18 m m f e e d w i t h v a r i o u s c o n c e n t r a t i o n s o f 

s u l p h u r i c a c i d a t 70°C, 24 h , i s s h o w n in F i g u r e 3 . 2 . 1 a n d 3 . 2 . 5 . 

R e f e r r i n g t o F i g u r e 3 . 2 . 1 , t h e D O A s w e r e n o t o n l y l o w e r , b u t t h e 

m a x i m u m D O A (36% a s c o m p a r e d t o 5 4 % f o r t h e s m a l l e r f e e d ) a l s o o c c u r r e d 

+ + 
a t a l o w e r a c i d c o n c e n t r a t i o n (7M H cf. 9 M H ) . F u r t h e r m o r e , t h e 

+ 
r a n g e o f D O A s r e c o r d e d f o r a c i d c o n c e n t r a t i o n s 2 - 7 M H d i f f e r e d f o r t h e 

t w o f e e d s i z e s t e s t e d . A r a n g e o f 3 1 - 4 9 % w a s n o t e d f o r t h e s m a l l e r 

f e e d , w h e r e a s t h e D O A o n l y i n c r e a s e d f r o m 3 1 t o 3 6 % w h e r e t h e - 6 . 1 8 + 3 . 1 8 m m 

f e e d w a s e m p l o y e d . T h e s i g n i f i c a n c e o f t h e s e f i n d i n g s i s d i s c u s s e d b e l o w . 

R e f e r r i n g t o F i g u r e 3 . 2 . 5 , w h i c h s h o w s p l o t s o f t h e r e s i d u a l 

c o n c e n t r a t i o n s , c o m p l e t e l e a c h i n g o f m a g n e s i u m a n d i r o n w a s a t t a i n e d + 
u s i n g a c i d c o n c e n t r a t i o n s o f a b o u t 6 M H . T h e p l o t s o b t a i n e d m i r r o r e d 

t h a t o f t h e D O A ( F i g u r e 3 . 2 . 1 ) . 

U s i n g t h e p e r o x i d e f u s i o n / A A S m e t h o d ( S e c t i o n 3 . 4 . 3 ) a n 

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

u s i n g 4 . 5 M s u l p h u r i c a c i d i n c o n j u n c t i o n w i t h - 1 1 8 0 + 8 5 0 y m f e e d . T h e 

e l e m e n t a l d i s t r i b u t i o n s a r e s h o w n i n T a b l e 3 . 2 . 2 . 



153 

1000 

i n i t i a l c o n c e n t r a t i o n o f s u l p h u r i c a c i d (M) 

F i g u r e 3 . 2 . 5 R e l a t i o n s h i p b e t w e e n t h e p r o p o r t i o n o f t o t a l m a g n e s i u m 

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

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

- 6 . 1 8 + 3 . 1 8 m m f e e d a g i t a t e d a t 70°C f o r 24 h . 
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T A B L E 3 . 2 . 2 P E R C E N T A G E E L E M E N T A L D I S T R I B U T I O N S 

F O R T H E R E A C T I O N W I T H 4 . 5 M S U L P H U R I C 

A C I D 

E l e m e n t 

P h a s e M g S i F e C a 

+ 7 5 y m 2 0 8 7 22 7 0 

- 7 5 y m 1 3 2 8 

s o l u t i o n 7 9 1 0 7 6 2 2 

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

F i g u r e 3 . 2 . 2 , s h o w t h a t 7 9 % o f t h e t o t a l m a g n e s i u m a n d 7 6 % o f t h e i r o n 

w e r e l e a c h e d b y t h e H
+

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

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

2 -

S O ^ i o n t o p r o d u c e a n h y d r i t e . H y d r a t i o n s u b s e q u e n t l y l e d t o t h e 

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

2 2 % c a l c i u m r e p o r t i n g t o s o l u t i o n ) . A m a j o r i t y r e a c t e d i n s i t u , 

r e m a i n i n g i n t h e r e s i d u a l + 7 5 y m p h a s e f i l l i n g g a p s in t h e s k e l e t a l 

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

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

s o f o r m e d w a s p r o v i d e d b y s c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h y ( P l a t e s 

3 . 3 a n d 3 . 5 ) . I t w o u l d a p p e a r t h a t t h e s u l p h u r i c a c i d e x t r a c t e d + 
c a t i o n s f r o m t h e k i m b e r l i t e m i n e r a l l a t t i c e s b y i o n e x c h a n g e w i t h t h e H 

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

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

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

p a r t i c l e s b e i n g d i s p l a c e d f r o m t h e f e e d (as o b s e r v e d i n t h e - 7 5 y m 

p r o d u c t s ) . 

D e t a i l e d e q u i l i b r i a c o n s i s t e n t w i t h t h e a b o v e d e s c r i p t i o n a r e 
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g i v e n b e l o w : 

C a

. 2 8
M

W
e

0 . 3 9
A 1

0 . 3 4
S i

2 ° 5
( O H )

4
 + 6 H +

 ^ 

s e r p e n t i n e 

0 . 2 8 C a
2 +

 + 1 . 8 0 M g
2 +

 + 0 . 3 9 F e
2 +

 + 0 . 3 4 A l
3 +

 + 

2 S i 0
2
 + 5 H

2
0 (3.2.4) 

C a

. 0 7
M g

l . 6 2
F e

. 2 1
N i

. 1 0
A 1

. 0 1
S i O

4
 + 4 H +

 ~ 

o l i v i n e 

0 . 0 7 C a
2 +

 + 1 . 6 2 M g
2 +

 + 0 . 2 1 F e
2 +

 + 0 . 1 0 N i
2 +

 + 

0 . 0 1 A l
3 +

 + S i 0
2
 + 2 H

2
0 (3.2.5) 

C a C 0
3
 + 2 H

+

 -«-»• Ca
2

^"+ C 0
2
 + H

2
0 (3.2.6) 

c a l c i t e 

C a
2 +

 + S O
 2

~ c a S 0 „ (3.2.7) 
4 4 

a n h y d r i t e 

C a S 0
4
^ - 2 H

2
0 •<-»• c a S 0

4
. 2 H

2
0 (3.2.8) 

g y p s u m 

M g
2 +

 + S 0
4

2

+ - 7 H
2
0 M g S 0

4 >
7 H

2
0 (3.2.9) 

e p s o m i t e 

S i 0
2
 + 2 H

2
0 S i (OH)

 4
 (aq) ( 3 . 2 . 1 0 ) 

T h e d i f f e r e n c e s b e t w e e n t h e D O A t r e n d s i n F i g u r e 3 . 2 . 1 w h i c h , 

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

o c c u r r e n c e o f t h e d i f f u s i o n - c o n t r o l l e d l e a c h i n g r e a c t i o n s ( e q u a t i o n s 

3 . 2 . 4 - 3 . 2 . 6 a n d 3 . 2 . 1 0 ) . T h e e f f e c t i v e n e s s o f t h e s e l e a c h i n g r e a c t i o n s 
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w a s m o d i f i e d b y t h e a m o u n t o f arcid a v a i l a b l e a n d t h e a m o u n t o f w a t e r w h i c h 

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

C o n s e q u e n t l y .the r e a c t i o n r a t e w o u l d b e a f f e c t e d b}* t h e c a v i t y v o l u m e t h r o u g h 

w h i c h t h e i n w a r d d i f f u s i n g r e a g e n t s and outward d i f f u s i n g p r o d u c t s w o u l d 

p a s s . T h e D O A a n d t h e o p t i m u m a c i d c o n c e n t r a t i o n w o u l d b e , a s a c o n s e q u e n c e , 

l o w e r f o r a l a r g e r s i z e d f e e d f o r t h e r e a c t i o n s a t 70°C. 

T h e i m p o r t a n c e o f t h e s e r e a c t i o n s i s d i s c u s s e d f u r t h e r i n 

C h a p t e r 5 . 

3 . 3 R e a c t i o n s w i t h 0 . 0 0 0 1 - 1 . 5 M M i n e r a l A c i d s a t 7 0 a n d 100°C 

F r o m S e c t i o n 3 . 2 i t w a s e v i d e n t t h a t k i m b e r l i t e s c o u l d b e 

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

o f s u l p h u r i c a c i d a t 70°C. S u c h c o n d i t i o n s d o n o t o c c u r i n n a t u r a l 

s y s t e m s i n w h i c h k i m b e r l i t e a l t e r a t i o n i s k n o w n t o t a k e p l a c e . T h i s 

s e c t i o n c o n s i d e r s t h e m o d e l l i n g o f t h e s e a l t e r a t i o n r e a c t i o n s , a s it. w a s 

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

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

o f a c i d . 

3 . 3 . 1 A p p a r a t u s _ a n d _ p r o c e d u r e s 

I n t h e f i r s t s e t o f a b o u t 3 0 e x p e r i m e n t s , 1 0 g s a m p l e s o f 

- 1 1 8 0 + 8 5 0 y m k i m b e r l i t e w e r e r e a c t e d w i t h 4 0 m l a l i q u o t s o f d i s t i l l e d 

w a t e r p r e v i o u s l y a d j u s t e d t o a p H i n t h e r a n g e 0 . 3 - 4 . 0 u s i n g h y d r o c h l o r i c , 

n i t r i c , o r s u l p h u r i c a c i d s . T h e m i x t u r e s w e r e a l l o w e d t o r e a c t f o r 7 h 

a t 7 0 o r 100°C. T h e s h a k i n g f l a s k e q u i p m e n t d e s c r i b e d in S e c t i o n 3 . 2 . 1 

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

c o n d u c t e d a t 100°C, t h e f o l l o w i n g c o n d i t i o n s w e r e t y p i c a l l y e m p l o y e d : 

t h e f e e d a n d r e a g e n t s w e r e p l a c e d i n a 2 5 0 m l c o n i c a l f l a s k , f i t t e d w i t h 

a Q u i c k f i t c o n d e n s e r a n d a s i d e - a r m , w h i c h p r o v i d e d f o r t h e s a m p l i n g 

o f t h e r e a c t i o n s o l u t i o n a n d / o r t h e a d m i s s i o n o f t e s t g a s e s (see l a t e r ) . 
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T h e f l a s k w a s m o u n t e d on
1

 a G a l l e n k a m p S W T - 5 5 0 - 0 1 0 m a g n e t i c s t i r r e r / 

h o t p l a t e . A f t e r t h e r e a c t i o n , t h e s t a n d a r d i s e d s o l i d - s e p a r a t i o n / A A S 

p r o c e d u r e d e s c r i b e d i n S e c t i o n 3 . 2 . 1 w a s e m p l o y e d . T h e s t i r r i n g 

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

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

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

o b t a i n e d u s i n g t h e s h a k i n g f l a s k a p p a r a t u s , a 1 0 g s a m p l e w a s r e a c t e d 

w i t h 4 0 m l s u l p h u r i c a c i d f o r 7 h a t 70°C i n t h e o t h e r e q u i p m e n t . T h e 

D O A o b t a i n e d a g r e e d w i t h t h a t i n d i c a t e d i n F i g u r e 3 . 2 . 4 . T h r o u g h o u t 

t h e t e s t w o r k i n v o l v i n g t h i s e q u i p m e n t , c a r e w a s t a k e n t o m a i n t a i n a 

c o n s t a n t s t i r r i n g r a t e . ( T h i s w a s c h e c k e d b y r e c o r d i n g a n d c o m p a r i n g 

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

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

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

a d d i t i v e s i n c o n j u n c t i o n w i t h t h e h y d r o c h l o r i c a c i d m e d i u m . T h e 

a l u m i n i u m i o n w a s t e s t e d f i r s t ; 4 g o f h y d r a t e d a l u m i n i u m c h l o r i d e w a s 

d i s s o l v e d i n 4 0 m l o f d i s t i l l e d w a t e r , t h e s o l u t i o n w a s a d j u s t e d t o a 

p H o f 0 . 5 w i t h c o n c e n t r a t e d h y d r o c h l o r i c a c i d , a d d e d t o a 1 0 g s a m p l e 

o f k i m b e r l i t e a n d t h e m i x t u r e r e a c t e d f o r 7 h a t 100°C u s i n g t h e 

h o t p l a t e / s t i r r e r a p p a r a t u s . S i m i l a r l y , 1 - 8 g o f h y d r a t e d a l u m i n i u m 

c h l o r i d e a n d 2 - 1 2 g o f h y d r a t e d a l u m i n i u m n i t r a t e w e r e i n t u r n r e a c t e d 

w i t h t h e k i m b e r l i t e . 

T h e e f f e c t o f o t h e r r e a g e n t s a t 100°C w a s i n v e s t i g a t e d . T h e 

f o l l o w i n g s p e c i e s N a C l , K C 1 , C s C l , N a F , N a
2
S

2
0

4
, ( C 0 0 H )

2
, 0

2
( g ) , C 0

2
( g ) 

w e r e a d d e d to a 4 0 m l s o l u t i o n c o n t a i n i n g 4 g h y d r a t e d a l u m i n i u m c h l o r i d e 

w h i c h w a s t h e n a d j u s t e d t o p H 0 . 5 u s i n g h y d r o c h l o r i c a c i d . W h e r e g a s e s 

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

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

s i n t e r e d d i s c . 

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

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

s t a n d a r d a n a l y t i c a l p r o c e d u r e s a s b e f o r e , 1 - 8 g o f h y d r a t e d a l u m i n i u m 

c h l o r i d e w a s r e a c t e d w i t h 1 0 g s a m p l e s o f t h e - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

a t 100°C f o r 7 h , t h e i n i t i a l p H b e i n g 0 . 5 . I n s o m e c a s e s t h e 

r e a c t i o n w a s b u f f e r e d a f t e r 3 . 5 h b y t h e a d d i t i o n o f c o n c e n t r a t e d 

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

p H a t 7 h w a s t h e s a m e a s t h a t o b t a i n e d o n a d d i t i o n o f t h e a l k a l i . 

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

i n i t i a l h y d r o c h l o r i c a c i d c o n c e n t r a t i o n ( 1 . 5 M ) . T h i s c o n c e n t r a t i o n 

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

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

c o n t i n u o u s a l t e r a t i o n o f k i m b e r l i t e ( C h a p t e r 5 ) . S u c h d e s i g n s r e q u i r e d 

t h e u s e o f s c r e e n i n g t e c h n i q u e s a t t h e s i t e o f t h e r e a c t i o n , M o n e l a l l o y 

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

+ 
a v a i l a b l e h a v i n g a m a x i m u m a c i d c o n c e n t r a t i o n t o l e r a n c e o f 1 . 5 M H . 

T h i s a c i d c o n c e n t r a t i o n w a s s u b s e q u e n t l y a d o p t e d i n t h e t e s t w o r k 

d e s c r i b e d h e r e . 

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

e f f e c t o f 4 0 m l s o l u t i o n s c o n t a i n i n g 0 - 4 g h y d r a t e d a l u m i n i u m c h l o r i d e 

a n d a c i d c o n c e n t r a t i o n s v a r y i n g f r o m 0 . 3 — 1 . 5 M , a t 100°C f o r 7 h . T h e 

e x p e r i m e n t a l a n d a n a l y t i c a l p r o c e d u r e s w e r e a s b e f o r e . 

3 . 3 . 2 R e s u l t s o f r e a c t i o n s i n t h e p r e s e n c e / a b s e n c e o f t h e 

A l _ i o n 

F i g u r e 3 . 3 . 1 s h o w s t h e D O A o b t a i n e d f o r t h e r e a c t i o n b e t w e e n 

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

a c i d a t 7 0 a n d 100°C. T h e f i g u r e d e m o n s t r a t e s t h a t t h e D O A i n c r e a s e d 

w i t h a r i s e i n t e m p e r a t u r e w h e r e a s u l p h u r i c a c i d m e d i u m w a s a p p l i e d . 
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. . . . + 
i n i t i a l a c i d c o n c e n t r a t i o n (M H ) 

F i g u r e 3 . 3 . 1 R e l a t i o n b e t w e e n t h e D O A a n d t h e i n i t i a l h y d r o c h l o r i c / 

s u l p h u r i c a c i d c o n c e n t r a t i o n f o r a l O g - 1 1 8 0 + 8 5 0 y m 

f e e d a g i t a t e d / s t i r r e d a t 70/100°C f o r 7 h . 
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i n i t i a l a c i d c o n c e n t r a t i o n (M) 

F i g u r e 3 . 3 . 2 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l m a g n e s i u m 

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

t h e i n i t i a l h y d r o c h l o r i c / s u l p h u r i c a c i d c o n c e n t r a t i o n 

f o r a l O g - 1 1 8 0 + 8 5 0 y m f e e d a g i t a t e d a t 70°C f o r 

7 h . 
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H
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4
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2
S 0

4
: C a 

H C 1 : M g 

i n i t i a l a c i d c o n c e n t r a t i o n (M) 

Figure 3.3.3 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l m a g n e s i u m 

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

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

l O g - 1 1 8 0 + 8 5 0 p m f e e d s t i r r e d a t 100°C f o r 7 h . 
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54.0 

4 8 . 0 

4 2 . 0 

3 6 . 0 

3 0 . 0 

2 4 . 0 

18.0 

12.0 

0.1 0 . 2 0 . 3 0 . 4 0 . 5 

i n i t i a l n i t r i c a c i d c o n c e n t r a t i o n (M) 

Figure 3.3.4 R e l a t i o n b e t w e e n t h e p r o p o r t i o n o f t o t a l m a g n e s i u m , 

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

i n i t i a l n i t r i c a c i d c o n c e n t r a t i o n f o r a l O g - 1 1 8 0 

+ 8 5 0 y m s t i r r e d a t 100°C f o r 7 h . 
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F o r e x a m p l e , i n c r e a s i n g t h e t e m p e r a t u r e f r o m 7 0 t o 100°C i n c r e a s e d t h e 

D O A f r o m 1 1 t o 1 7 % a t a s u l p h u r i c a c i d c o n c e n t r a t i o n a t 0 . 4 M . L a r g e r 

m a s s e s o f - 7 5 y m p r o d u c t w e r e a l s o r e c o r d e d , c o m p a r e d w i t h t h o s e 

o b t a i n e d e m p l o y i n g h y d r o c h l o r i c a n d n i t r i c a c i d . F i g u r e s 3 . 3 . 2 -

3 . 3 . 4 s h o w t h e c o n t r a s t i n g p l o t s o b t a i n e d f o r t h e r e s i d u a l i o n 

c o n c e n t r a t i o n s r e c o r d e d a t 7 0 a n d 100°C r e s p e c t i v e l y . In t h e c a s e 

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

f o r e x a m p l e , u p t o 1 8 % o f t h e t o t a l m a g n e s i u m e n t e r e d t h e s o l u t i o n f o r 

a n i n i t i a l a c i d c o n c e n t r a t i o n o f 0 . 3 1 6 M a t 70°C; w h e r e a s 2 3 % o f t h e i o n 

e n t e r e d s o l u t i o n o n r a i s i n g t h e t e m p e r a t u r e t o 100°C. T h e t o t a l 

4 
p r o p o r t i o n ^ c a l c i u m e n t e r i n g s o l u t i o n a t t a i n e d m a x i m u m v a l u e s o f 15% 

+ 
(70°C) a n d 1 7 % (100°C) a t l o w a c i d c o n c n e t r a t i o n s o f 0 . 0 6 M H a b o v e 

w h i c h a c o n s t a n t c o n c e n t r a t i o n o f t h e i o n w a s r e c o r d e d : 0 . 0 4 M (70°C), 

e q u i v a l e n t t o 1 0 % o f t h a t p r e s e n t i n t h e s y s t e m , o r 0 . 0 7 M (17% o f t h e t o t a l 

a t 100°C). F r o m t h e r e s u l t s i n S e c t i o n 3 . 2 i t a p p e a r e d t h a t s i m i l a r 

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

a t t a i n i n g a n e q u i l i b r i u m w i t h t h a t p r e c i p i t a t e d a s t h e s u l p h a t e . I t 

w a s a s s u m e d t h a t t h e h u m p i n F i g u r e 3 . 3 . 2 w a s d u e t o a s u p e r s a t u r a t i o n 

e f f e c t . 

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

t r e a t m e n t p r o d u c e d v e r y d i f f e r e n t t r e n d s . L a r g e a m o u n t s o f c a l c i u m 

e n t e r e d t h e s o l u t i o n p h a s e ; u p t o 4 0 % o f t h e t o t a l a t 70°C f o r a n + 
a c i d c o n c e n t r a t i o n o f 0 . 3 1 6 M H , w h e r e a s 5 0 % o f t h e t o t a l c a l c i u m w a s 

s o l u b i l i z e d a t 100°C. T h e m a g n e s i u m c o n c e n t r a t i o n s w e r e c o n s i d e r a b l y 

l o w e r , n o m o r e t h a n 5% o f t h e j t o t a l b e i n g d i s s o l v e d . S i m i l a r t r e n d s 

w e r e n o t e d f o r t h e n i t r i c a c i d r e a c t i o n ( F i g u r e 3 . 3 . 4 ) . I t w a s c l e a r 

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

B o t h t h e + 7 5 y m a n d - 7 5 y m p r o d u c t s o b t a i n e d u s i n g 0 . 3 M 

s o l u t i o n s
/
a t 100°C, o f s u l p h u r i c a n d h y d r o c h l o r i c a c i d s w e r e a n a l y s e d 

b y X R D a n d t h e r e s u l t s a r e s h o w n i n F i g u r e 3 . 3 . 5 . B o t h p r o d u c t s f r o m 
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Figure 3.3.5 X - r a y d i f f r a c t o g r a m s o f - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e r e a c t e d w i t h 0 . 3 1 M 

s u l p h u r i c a c i d , 100°C, 7 h . 

a ) + 7 5 y m f r a c t i o n g ; g y p s u m p ; p h l o g o p i t e 

b ) - 7 5 y m f r a c t i o n o : o l i v i n e s : s e r p e n t i n e 



2 8 ° 6 0 5 0 4 0 3 0 2 0 1 0 4 

F i g u r e 3 . 3 . 5 X - r a y d i f f r a c t o g r a m s o f - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e r e a c t e d w i t h £ 

0 . 3 1 M h y d r o c h l o r i c a c i d , 1 0 0°C, 7 h .
 w 

c ) + 7 5 y m f r a c t i o n o : o l i v i n e s : s e r p e n t i n e 

d) —75 pm fraction p : phlogopite v s vermiculite 
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t h e s u l p h u r i c a c i d e x p e r i m e n t s c l o s e l y r e s e m b l e d t h e k i m b e r l i t e h e a d 

w i t h t h e e x c e p t i o n t h a t g y p s u m w a s a l s o p r e s e n t ( F i g u r e s 3 . 3 . 5 a , b ) . 

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

3 . 2 . 4 - 3 . 2 . 1 0 , t h e d i s s o l u t i o n o f c a t i o n s t a k i n g p l a c e a l o n g 

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

m i n e r a l g r a i n s . T h e + 7 5 y m f r a c t i o n , f r o m t h e h y d r o c h l o r i c a c i d 

r e a c t i o n , ( F i g u r e 3 . 3 . 5 c ) , e x h i b i t e d a m i n e r a l o g y s i m i l a r t o t h e h e a d . 

T h e - 7 5 y m f r a c t i o n ( F i g u r e 3 . 3 . 5 d ) d i f f e r e d i n t h a t o l i v i n e w a s 

c l e a r l y u n d e t e c t a b l e . S e r p e n t i n e , m i c a a n d , f o r t h e f i r s t t i m e , a 

o , , 

1 4 A p h a s e w e r e p r e s e n t . U s i n g g l y c o l a t i o n a n d p o t a s s i u m s a t u r a t i o n 

t e c h n i q u e s t h i s 14 A p h a s e w a s i d e n t i f i e d a s v e r m i c u l i t e ( S e c t i o n 2 . 3 . 2 ) . 

I t a p p e a r e d t h a t t h e a l t e r a t i o n i n v o l v e d c o m p l e t e r e a c t i o n o f t h e m i n e r a L 

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

o r i e n t a t e d a l o n g g r a i n b o u n d a r i e s . T h i s w a s s h o w n i n a s e r i e s o f 

s c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s w h i c h a r e s h o w n in t h e p l a t e s 3 . 6 -

3 . 1 1 ) . 

F u r t h e r e v i d e n c e f o r t h e d i f f e r e n c e i n t h e n a t u r e o f r e a c t i o n 

i n d u c e d b y t h e t w o m i n e r a l a c i d s i s i l l u s t r a t e d i n F i g u r e 3 . 3 . 6 b , c 

w h i c h s h o w s I R t r a c e s o b t a i n e d f o r t h e - 7 5 y m p r o d u c t s . A r e c o r d i n g 

f o r t h e h e a d k i m b e r l i t e ( F i g u r e 3 . 3 . 6 a ) i s i n c l u d e d f o r c o m p a r i s o n , 

a n d a s c a n b e s e e n , w a s s i m i l a r t o t h a t f o r t h e - 7 5 y m p r o d u c t f r o m 

t h e s u l p h u r i c a c i d r e a c t i o n ( F i g u r e 3 . 3 . 6 b ) . F i g u r e 3 . 3 . 6 c , w h i c h s h o w s 

t h e I R r e s u l t f o r t h e r e a c t i o n w i t h h y d r o c h l o r i c a c i d d i f f e r e d f r o m 

t h e o t h e r t w o in s e v e r a l r e s p e c t s . A l a r g e r p e a k a t 1 6 3 0 c m ^ a n d a n 

e n h a n c e d s h o u l d e r a t 3 9 0 c m ^ i n f e r r e d a g r e a t e r c o n c e n t r a t i o n o f 

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

1 4 2 0 c m ^ a n d 9 2 5 c m ^ p e a k s w e r e a b s e n t . A b r o a d e n i n g o f t h e 1 0 0 0 -

1 1 0 0 c m ^ r e g i o n w a s a l s o n o t e d w h i c h w a s p r o b a b l y a s s o c i a t e d w i t h 

s i l i c a t e s t r u c t u r e d i s r u p t i o n - a s is d i s c u s s e d i n C h a p t e r 4 . 



4 0 0 0 3 5 0 0 3 0 0 0 2 5 0 0 2 0 0 0 1 8 0 0 1 6 0 0 1 4 0 0 1 2 0 0 1 0 0 0 8 0 0 6 0 0 4 0 0 2Q0 

w a v e n u m b e r (cm ) 

F i g u r e 3 . 3 . 6 I n f r a r e d r e c o r d i n g s f o r 

a ) k i m b e r l i t e h e a d 

b ) - 7 5 urn f r a c t i o n f r o m r e a c t i o n w i t h 0 . 3 1 M s u l p h u r i c a c i d a t 100°C f o r 7 h . 

c) As b; hydrochloric acid used instead. 



.168 

R e s u l t s w e r e a l s o o b t a i n e d f o r e l e m e n t a l m a s s b a l a n c e s a n d 

t h e s e a r e d e s c r i b e d i n S e c t i o n 3 . 3 . 5 . 

3 . 3 . 3 R e s u l t s _ o f r e a c t i o n s ^ i n t h e j p r e s e n c e o f i o n s a d d i t i o n a l 

3 + + 
t o t h e A l , H s p e c i e s 

T h e a d d i t i o n o f 4 g o f h y d r a t e d a l u m i n i u m c h l o r i d e t o t h e 

h y d r o c h l o r i c a c i d m e d i u m p r o d u c e d a s u b s t a n t i a l i n c r e a s e f r o m 1 0 t o 2 1 % 

i n t h e D O A , a s w e l l a s h i g h e r r e s i d u a l i o n c o n c e n t r a t i o n s . R e p l i c a t i o n s 

2 3 8 

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

t e s t i n g o f t h e e f f e c t o f e x t r a c h l o r i d e i o n i n s o l u t i o n p r o v e d t o 9 9 % 

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

d e g r a d a t i o n . T h e - 7 5 y m p r o d u c t w a s a n a l y s e d b y X R D , I R a n d D T A a n d 

t h e r e s u l t s a r e s h o w n i n F i g u r e 3 . 3 . 7 a - c . X R D r e v e a l e d t h a t t h e 

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

m i c a . T h e v a r i e t y o r c r y s t a l l i n e f o r m s w a s g r e a t e r t h a n t h o s e 

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

a l u m i n i u m i o n ( F i g u r e 3 . 3 . 5 d ) , a s i n d i c a t e d b y t h e b r o a d d s p a c i n g O o 

b a n d a t 3 . 0 7 - 3 . 6 7 A . B r o a d e n i n g w a s a l s o n o t e d i n t h e 7 . 1 - 7 . 4 A 

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

c o n t e n t t h a n b e f o r e . T h e v e r y s t r o n g p e a k a t 1 . 5 3 A h o w e v e r r e f l e c t e d 

t h e t r i o c t a h e d r a l s t r u c t u r e o f t h e 1 4 . 2 - 1 4 . 4 v e r m i c u l i t e - c h l o r i t e a n d 

s e r p e n t i n e . 

T h e I R r e c o r d i n g i n F i g u r e 3 . 3 . 7 b s h o w e d s t r u c t u r e s d i f f e r e n t 

t o t h a t f e a t u r e d i n F i g u r e 3 . 3 . 4 d . C o n t r a s t i n g w i t h t h e b r o a d 9 9 5 -

1 0 0 0 c m ^ o f t h e l a t t e r , a c o m p a r a t i v e l y s h a r p e r m a x i m u m w a s n o t e d a t 

-1 

9 9 0 - 9 9 5 c m a s d u e t o t h e r e p l a c e m e n t o f s i l i c o n b y a l u m i n i u m m t h e 

t e t r a h e d r a l l a t t i c e , t y p i c a l o f c h l o r i t e s . F u r t h e r m o r e , t h e r e w a s 

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

m a g n e s i u m ( s h o u l d e r e d p e a k s a t 6 9 0 c m 4 0 0 c m
 1

 ( M g - O H bond)) a n d 
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c ) D i f f e r e n t i a l t h e r m a l a n a l y s i s o f t h e s a m e p r o d u c t . 

-v] 
o 



.171 

a l u m i n i u m (540 c m
 1

) . T h e s h a r p s h o u l d e r a t 3 6 0 0 c m ^ ( M e - O H b o n d ) w a s 

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

( i . e . d u e t o v e r m i c u l i t e ) i n d i c a t e d b y t h e 3 4 3 0 c m ^ p e a k . 

T h e D T A t r a c e ( F i g u r e 3 . 3 . 7 c ) s e r v e d t o c o n f i r m t h e i d e n t i f i c a t i o n s 

m a d e . T h e f i r s t p e a k , a n e n d o t h e r m m a x i m u m a t 160°C, w a s a s s o c i a t e d 

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

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

t e m p e r a t u r e s f o r e a c h m i n e r a l : 1 0 0°C, s e r p e n t i n e ; 110°C, c h l o r i t e a n d 

175°C, v e r m i c u l i t e . T h e e x o t h e r m a t 7 5 0 - 9 5 0°C a c c o u n t e d f o r t h e l o s s e s 

o f s t r u c t u r a l w a t e r a n d s u b s e q u e n t r e c r y s t a l l i s a t i o n t o n e o - a n d i n o -

s i l i c a t e f o r m s ( e . g . m a g n e s i u m v e r m i c u l i t e e n s t a t i t e a t 840°C; 

c h r y s o t i l e o l i v i n e 8 5 0°C) . 

T h e r e s u l t s o f v a r y i n g t h e q u a n t i t i e s o f a l u m i n i u m n i t r a t e 

a n d c h l o r i d e a d d e d t o t h e s y s t e m , i s s h o w n i n t h e d i a g r a m i n F i g u r e 3 . 3 . 8 . 

T h i s g r a p h s h o w s t h e r e l a t i o n b e t w e e n t h e D O A , t h e p r o p o r t i o n o f t o t a l 

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

i n i t i a l a l u m i n i u m c o n c e n t r a t i o n i n t h e s y s t e m . A s s h o w n , t h e D O A i n c r e a s e s 

3+ 

u p t o a n i n i t i a l c o n c e n t r a t i o n o f 0 . 4 M A l f o r b o t h n i t r a t e a n d c h l o r i d e 

s y s t e m s . P r o p o r t i o n a t e l y s m a l l e r r i s e s w e r e n o t e d a b o v e t h i s v a l u e . T h e 

a m o u n t o f m a g n e s i u m i n s o l u t i o n i n c r e a s e d f r o m 3 . 5 % (NO^ m e d i u m ) , 4 . 5 % 

(CI m e d i u m ) i n t h e a b s e n c e o f a d d e d a l u m i n i u m , t o 1 4 % (NO^ m e d i u m ) a n d 
3 + 

1 4 . 5 % (CI m e d i u m ) a t 0 . 4 M A l . T h e m o s t i m p o r t a n t d i f f e r e n c e b e t w e e n 

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

m a j o r i t y o f a l u m i n i u m i n t h e n i t r a t e m e d i u m r e m a i n e d i n s o l u t i o n (> 8 0 % ) 

w h e r e a s a s u b s t a n t i a l a m o u n t o f t h e i o n i n t h e c h l o r i d e m e d i u m r e p o r t e d 
3 + 

t o t h e s o l i d p h a s e ( e . g . 7 1 % a t 0 . 4 1 M A l ) . S u b s e q u e n t l y , a l u m i n i u m 

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

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

a l t e r a t i o n p r o d u c t s o f k i m b e r l i t e . F r o m t h e f i g u r e i t w a s e v i d e n t t h a t 
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F i g u r e 3 . 3 . 8 R e l a t i o n b e t w e e n D O A , p r o p o r t i o n o f t o t a l 

a l u m i n i u m a n d m a g n e s i u m r e p o r t i n g t o s o l u t i o n 

a n d t h e i n i t i a l c o n c e n t r a t i o n o f a l u m i n i u m 

c h l o r i d e / n i t r a t e f o r l O g - 1 1 8 0 + 8 5 0 y m 

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

0 . 3 1 M h y d r o c h l o r i c / n i t r i c a c i d a t 100°C, f o r 

7 h w i t h v a r i o u s a l u m i n i u m i o n c o n c e n t r a t i o n s . 



.173 

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

w a s 0 . 4 M , f o r t h e c o n d i t i o n s e m p l o y e d . 

T a b l e 3 . 3 . 1 l i s t s t h e i o n s a n d t h e i r c o n c e n t r a t i o n r a n g e s , 

t e s t e d i n c o n j u n c t i o n w i t h s o l u t i o n s c o n t a i n i n g t h e c o n c e n t r a t i o n s 

3+ + 

0 . 4 1 M A l , 0 . 3 1 M H . Nor>e. o f t h e s e w e r e f o u n d t o h a v e a p o s i t i v e 

e f f e c t a s a s s e s s e d b y D O A a n d r e s i d u a l i o n c o n c e n t r a t i o n d a t a . 

T A B L E 3 . 3 . 1 A D D I T I V E S T E S T E D I N C O N J U N C T I O N W I T H 

0 . 4 1 M A L U M I N I U M C H L O R I D E , 0 . 3 1 M 

H Y D R O C H L O R I C A C I D , 100°C, 7 h 

I o n i c / G a s C o n c e n t r a t i o n 

s p e c i e s r a n g e (M) 

, + N a 0 - 1 . 0 

K
+ 

0 - 0 . 5 

+ 
C s 0 0 . 0 7 

F ~ 0 - 0 . 3 

C I " 0 1 . 0 

S

2° 4
2

" 
0 - 0 . 1 2 

( C O O H ) 0 - 0 . 4 

°2 
0 - s a t u r a t i o n 

co2 0 - s a t u r a t i o n 

3 . 3 . 4 R e s u l t s a n d d i s c u s s i o n : M a s s b a l a n c e s 

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

f u s i o n / A A S t e c h n i q u e ( S e c t i o n 2 . 4 . 3 ) o n t h e f o l l o w i n g t h r e e t y p e s o f 

a l t e r a t i o n r e a c t i o n a t 100°C a n d 7 h . 

A : s u l p h u r i c a c i d m e d i u m , i n i t i a l p H 0 . 5 

B : h y d r o c h l o r i c a c i d m e d i u m , i n i t i a l p H 0 . 5 

C : A s B ; 4 g h y d r a t e d a l u m i n i u m c h l o r i d e a d d e d 
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T h e r e s u l t s a r e g i v e n i n T a b l e 3 . 3 . 2 w h e r e t h e s y s t e m s a r e 

d e n o t e d A , B , C a s a b o v e . T h e t a b l e is d i v i d e d i n t o f o u r s e c t i o n s : 

f i r s t l y , t h e h e a d a s s a y s o f a n u n r e a c t e d - 1 1 8 0 + 8 5 0 y m s a m p l e ; s e c o n d l y , 

t h e a s s a y s o f t h e + 7 5 - 7 5 a n d s o l u t i o n p h a s e s ; t h i r d l y , t h e p e r c e n t a g e 

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

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

R e a c t i o n A . T h e d i s t r i b u t i o n v a l u e s a s m e a s u r e d f o r t h e + 7 5 y m p h a s e 

w e r e o f s i m i l a r m a g n i t u d e ( r a n g i n g o n l y f r o m 6 9 . 3 t o 7 8 . 7 % ) . T h i s s h o w e d 

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

m i n e r a l p h a s e . T h e m a g n e s i u m a n d c a l c i u m e x t r a c t e d f r o m t h e k i m b e r l i t e 

w e r e f o u n d t o b e e q u a l l y d i s t r i b u t e d b e t w e e n t h e - 7 5 y m f r a c t i o n a n d 

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

t o t h e s o l i d p h a s e . M u t u a l l y s i m i l a r a s s a y s w e r e a l s o r e c o r d e d f o r t h e 

+ 7 5 a n d - 7 5 p h a s e s , t h o u g h t h e - 7 5 y m f r a c t i o n h a d a r e d u c e d m a g n e s i u m 

c o n c e n t r a t i o n . T h e s i m i l a r i t y o f t h e s e r e c o r d e d a s s a y s a n d t h e 

d i s t r i b u t i o n o f t h e ' l i b e r a t e d ' c a t i o n s b e t w e e n t h e - 7 5 y m s o l i d a n d 

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

t h e - 7 5 y m p r o d u c t c o n s i s t e d o f b r o k e n k i m b e r l i t e p a r t i c l e s i n c o r p o r a t i n g 

h y d r a t e d c a l c i u m s u l p h a t e s (as s u g g e s t e d f r o m t h e X R D r e c o r d i n g s -

F i g u r e 3 . 3 . 5 a a n d b ) . S c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s o f t h e + 7 5 y m 

p a r t i c l e s , w h i c h a r e i l l u s t r a t e d i n P l a t e s 3 . 6 - 8 a l s o i n d i c a t e d t h a t 

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

I t w a s l i k e l y t h a t t h e a c i d d i s s o l v e d p a r t s o f t h e o l i v i n e a n d s e r p e n t i n e 

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

b o u n d a r i e s . T h i s r e s u l t e d i n t h e d i s s o l u t i o n o f m a g n e s i u m (as i n f e r r e d f r o m 

F i g u r e 1 . 4 . 1 ) . A n y ' l i b e r a t e d ' i r o n a n d a l u m i n i u m p r e c i p i t a t e d w i t h t h e 

- 7 5 y m p r o d u c t d u e t o t h e f i n a l n e u t r a l p H a t t a i n e d ( F i g u r e 1 . 4 . 1 ) . 



T A B L E 3 . 3 . 2 P A R T I A L E L E M E N T A L M A S S B A L A N C E S O F T Y P I C A L A L T E R A T I O N 

R E A C T I O N S IN A C I D I C M E D I A 

M g S i F e C a A l 

p h a s e A B C A B C A B C A B C A B C 

h e a d (%) 1 6 . 0 7 1 5 . 7 7 6 . 0 3 6 . 2 9 1 . 5 4 

'+75 y m (%) 1 6 . 3 1 6 . 9 1 5 . 5 1 6 . 5 1 7 . 3 1 8 . 8 6 . 3 6 . 7 6 . 5 6 . 1 4 . 7 6 . 3 1 . 2 2 . 0 3 . 1 

- 7 5 y m (%) 9 . 9 1 4 . 7 5 . 0 1 8 . 5 1 7 . 5 1 2 . 9 7 . 4 7 . 1 3 . 3 7 . 5 1 . 7 1 . 8 2 . 5 4 . 0 1 3 . 0 

s o l u t i o n (M) 0 . 2 5 0 . 0 4 0 . 2 5 0 . 0 1 - - - 0 . 0 3 0 . 0 6 0 . 1 3 0 . 2 5 - - 0 . 1 4 

+ 7 5 y m (%) 7 4 . 8 8 7 . 5 8 1 . 4 7 8 . 7 8 8 . 0 9 0 . 9 7 8 . 7 8 8 . 9 8 5 . 3 7 1 . 0 6 4 . 0 3 0 . 7 6 9 . 3 8 0 . 9 5 0 . 0 

- 7 5 y m (%) 1 0 . 8 1 0 . 0 2 . 6 2 0 . 6 1 1 . 7 9 . 1 2 1 . 3 1 1 . 1 3 . 3 1 3 . 0 3 . 0 3 . 7 3 0 . 7 1 9 . 0 1 8 . 0 

s o l u t i o n (%) 1 4 . 4 2 . 5 1 6 . 0 0 . 6 0 . 3 0 . 0 0 . 0 0 . 0 1 1 . 5 1 6 . 0 3 3 . 0 6 5 . 6 0 . 0 0 . 0 3 2 . 0 

c a l c u l a t e d 

h e a d (%) 1 6 . 7 1 6 . 0 1 5 . 6 1 6 . 0 1 6 . 3 1 6 . 1 6 . 2 6 . 3 6 . 1 6 . 1 6 . 3 6 . 2 1 . 3 1 . 5 1 . 0 

a s s a y 

R e a c t i o n A : s u l p h u r i c a c i d m e d i u m , i n i t i a l p H 0 . 5 

B : h y d r o c h l o r i c a c i d m e d i u m , i n i t i a l p H 0 . 5 

C : a s B ; 4 g h y d r a t e d a l u m i n i u m c h l o r i d e a d d e d 
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S i l i c o n r e m a i n e d p r e d o m i n a n t l y w i t h i n t h e p a r e n t m i n e r a l s t r u c t u r e . T h e 

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

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

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

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

p a r t i c l e s w h i c h r e t a i n e d a k i m b e r l i t e m i n e r a l o g y r e p o r t e d t o t h e - 7 5 y m 

p h a s e . 

R e a c t i o n B . T h e d i s t r i b u t i o n v a l u e s f o r t h e + 7 5 y m p h a s e w e r e h i g h e r 

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

D O A r e c o r d e d . I n c o n t r a s t t o R e a c t i o n A , t h e m a j o r i t y o f t h e ' l i b e r a t e d ' 

c a l c i u m a n d m a g n e s i u m r e p o r t e d t o t h e s o l u t i o n a n d - 7 5 y m s o l i d p h a s e s 

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

s i m i l a r t o r e a c t i o n A . A s c a l c i u m w a s n o t p r e c i p i t a t e d , t h e p r o p o r t i o n 

o f t h e i o n r e s i d u a l i n t h e + 7 5 y m f r a c t i o n i n d i c a t e d t h a t t h e 

p e n e t r a t i o n o f r e a g e n t s w a s g r e a t e r t h a n t h a t i n f e r r e d b y t h e D O A 

( F i g u r e 3 . 3 . 1 ) . T h e p r e c i p i t a t i o n o f a m a g n e s i u m - b e a r i n g m i n e r a l 

w a s i n f e r r e d f r o m t h e m a s s b a l a n c e a n d p r e v i o u s X R D d a t a ( F i g u r e 3 . 3 . 5 d ) 

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

m i c r o g r a p h s o b t a i n e d ( P l a t e 3 . 1 0 ) . 

I n c o n t r a s t t o r e a c t i o n A , t h e a l t e r a t i o n r e a c t i o n s w e r e n o t 

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

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

o l i v i n e a n d s e r p e n t i n e t o p h y l l o s i l i c a t e m i n e r a l s . H e n c e , f o r a 

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

a s m a l l e r D O A r e s u l t e d , t o g e t h e r w i t h a c o n c e n t r a t i o n o f m a g n e s i u m 

a n d o t h e r c a t i o n s w i t h i n t h e r e s u l t a n t - 7 5 y m p r o d u c t , a s s h o w n b y t h e 

m a s s b a l a n c e f i g u r e s i n t h e t a b l e . T h e s e a r g u m e n t s a r e e x t e n d e d i n 

C h a p t e r 4 . 
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R e a c t i o n C . T h e l a r g e s t d i f f e r e n c e s i n t h e d i s t r i b u t i o n v a l u e s o c c u r r e d 

b e t w e e n C a n d t h e o t h e r t w o r e a c t i o n s . T h e i n t r o d u c t i o n o f a l u m i n i u m 

r e s u l t e d in t h e f o r m a t i o n o f a n a l u m i n i u m - r i c h - 7 5 y m p r o d u c t (13% A l ) . 

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

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

f o r m a t i o n . T h i s w a s s h o w n f r o m t h e l o w e r m a g n e s i u m a n d i r o n a s s a y s 

(5.0% a n d 3 . 3 % r e s p e c t i v e l y ) , a n d t h e i n c r e a s i n g p r o p o r t i o n o f t h e s e 

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

e x t e n t o f r e a g e n t p e n e t r a t i o n . F r o m F i g u r e 3 . 3 . 8 t h e D O A w a s 2 2 % . T h e 

p r o p o r t i o n o f r e s i d u a l c a l c i u m s u g g e s t e d t h a t 7 0 % o f t h e r o c k m a t r i x 

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

b e i n g l i b e r a t e d f r o m c a l c i t e h y d r o l y s i s . T h i s f i g u r e f a v o u r a b l y 

c o n t r a s t e d w i t h 6 % a s r e c o r d e d f o r R e a c t i o n B w h e r e a l u m i n i u m w a s n o t 

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

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

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

q u a n t i t i e s o f h y d r o g e n i o n w e r e g e n e r a t e d e n h a n c i n g t h e d e g r a d a t i o n 

p r o c e s s . T w o r e a c t i o n s w h i c h w o u l d r e s u l t i n h y d r o g e n i o n g e n e r a t i o n 

h a v e b e e n n o t e d i n t h e l i t e r a t u r e . 

a) A t p H s l e s s t h a n t h e p r e c i p i t a t i o n v a l u e o f 

a l u m i n i u m , t h e i o n c a n i n t e r a c t w i t h s u r f a c e 

s i l i c a t e l a y e r s
1 2 4 

S i 

+ 4 H
+

 + 3 C 1 

( 3 . 3 . 1 ) O O H 
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b) Precipitative formation of aluminium hydroxyoxides : 

A l
3 +

 + 3 H
2
0 + + A 1 ( 0 H )

3
 + 3 H

+

 (3.3.2) 

E v i d e n c e f o r t h e f i r s t t y p e o f r e a c t i o n h a d b e e n o f f e r e d b y 

t h e I R r e s u l t s ( F i g u r e 3 . 3 . 7 b ) . T h e t e t r a h e d r a l r e p l a c e m e n t o f s i l i c o n 

b y a l u m i n i u m w o u l d b e e s s e n t i a l f o r c h l o r i t e a n d v e r m i c u l i t e f o r m a t i o n 

a n d a r e a c t i o n s i m i l a r t o e q u a t i o n 3 . 3 . 1 w o u l d p r o b a b l y t a k e p l a c e . 

T h e l a r g e a l u m i n i u m a s s a y d i d s u g g e s t t h a t t h e s e c o n d t y p e o f r e a c t i o n 

a l s o t o o k p l a c e . T h e e n d p H o f t h e r e a c t i o n w a s 3 . 2 0 . A l a t e r e x p e r i m e n t 

s h o w e d t h a t a l u m i n i u m d i d p r e c i p i t a t e a t t h e p H a t 100°C i n t h e a b s e n c e 

o f a k i m b e r l i t e c h a r g e . 

E q u a t i o n s d e s c r i b i n g t h e e q u i l i b r i u m r e l e v a n t t o t h e s u l p h u r i c 

a c i d r e a c t i o n h a v e b e e n g i v e n i n t h e p r e v i o u s s e c t i o n . F o r t h e o t h e r 

t w o s y s t e m s t h e c o m p l e x n a t u r e o f t h e r e a c t i o n s r e q u i r e d f u r t h e r d a t a t o 

b e o b t a i n e d b e f o r e e q u a t i o n s c o u l d b e w r i t t e n . H o w e v e r , i t w a s e v i d e n t 

f r o m t h e I R a n d e l e m e n t a l d i s t r i b u t i o n d a t a t h a t t h e t w o - s t a g e p r o c e s s 

d i s c u s s e d i n S e c t i o n 1 . 4 . 1 o c c u r r e d , n a m e l y t h a t a) t h e r o c k s t r u c t u r e 

w a s d i s r u p t e d a n d c a t i o n s w e r e r e l e a s e d t o s o l u t i o n a n d b ) i o n - e x c h a n g e 

o c c u r r e d a f t e r t h e a t t a i n m e n t o f a s u i t a b l e p H f o r r e c r y s t a l l i s a t i o n t o 

o c c u r . F r o m t h e e x p e r i m e n t s c o n d u c t e d i t w a s c l e a r t h a t v e r m i c u l i t e s , 

c h l o r i t e s a n d s e r p e n t i n e s c o u l d b e c r y s t a l l i s e d i n w e a k l y a c i d i c 

e n v i r o n m e n t s i . e . p H ^ 3 . T h e w o r k d i s c u s s e d i n t h e f o l l o w i n g s e c t i o n 

d e l i n e a t e d s o m e o f t h e p H l i m i t s f o r c l a y m i n e r a l c r y s t a l l i s a t i o n . 

3 + + 

3 . 3 . 5 R e s u l t s : P h a s e d i a g r a m s i n t h e A l - H s y s t e m I : 

I n i t i a l h y d r o c h l o r i c a c i d c o n c e n t r a t i o n 0 . 3 1 a n d _ l . 5 M , a t _ 1 0 0 ® C 

T h e p r e v i o u s s e c t i o n s h a v e c o n s i d e r e d i n d i v i d u a l r e a c t i o n s 

i n v o l v i n g t h o s e a g e n t s w h i c h h a v e a f f e c t e d k i m b e r l i t e a l t e r a t i o n a n d i n 
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c e r t a i n i n s t a n c e s r e s u l t e d i n c l a y m i n e r a l f o r m a t i o n ( i . e . t h e i o n i c 

3+ + 

s p e c i e s A l , H , C I , N O ^ ) . I n o r d e r t o e x a m i n e f u r t h e r t h e r a n g e 

o f r e a c t i o n s a n d p r o d u c t s f o r m e d , i t is a p p r o p r i a t e t o o b t a i n r e s u l t s 

f o r a w i d e s e t o f c o n d i t i o n s s u c h t h a t p h a s e d i a g r a m s m a y b e c o n s t r u c t e d . 

S u c h d i a g r a m s a l l o w l a r g e q u a n t i t i e s o f d a t a t o b e c o n v e n i e n t l y 

r e p r e s e n t e d w h i c h p r o v i d e a g r a p h i c s u m m a r y o f t h e m i n e r a l r e l a t i o n s h i p s 
2 4 3 , 2 4 4 

t h a t m i g h t b e e x p e c t e d i f e q u i l i b r i u m i s a t t a i n e d . H o w e v e r , w i t h 

s y s t e m s a s c o m p l e x a s t h o s e i n v o l v e d i n t h i s p a r t i c u l a r s t u d y , i t i s n o t 

p o s s i b l e t o d e d u c e a f u l l y q u a n t i t a t i v e d e s c r i p t i o n o f t h e r e g i o n s o f 

s t a b i l i t y f o r t h e v a r i o u s c l a y p h a s e s . 

P h a s e p r e d o m i n a n c e d i a g r a m s w h i c h r e s u l t e d f r o m t h e r e a c t i o n 
3 + 

o f k i m b e r l i t e s a m p l e s i n s o l u t i o n s i n i t i a l l y c o n t a i n i n g 0 - 0 . 8 8 M A l 

e q u i l i b r a t i n g a t d i f f e r i n g p H v a l u e s a r e s h o w n i n F i g u r e s 3 . 3 . 9 a n d 

3 . 3 . 1 0 . T h e f o r m e r w a s o b t a i n e d u s i n g a n i n i t i a l h y d r o c h l o r i c a c i d + + c o n c e n t r a t i o n o f 0 . 3 1 M H , t h e l a t t e r , 1 . 5 M H . I n b o t h c a s e s , t h e 

f o l l o w i n g c o n d i t i o n s w e r e u s e d : a 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d w a s r e a c t e d 

3+ + 

i n a 4 0 m l r e a g e n t v o l u m e c o n t a i n i n g t h e s p e c i e s A l a n d H f o r 100°C, 

7 h . I n c e r t a i n i n s t a n c e s , t h e p H w a s a d j u s t e d a t 3 . 5 h b y t h e a d d i t i o n 

o f c o n c e n t r a t e d a q u e o u s a m m o n i a s o a s t o f u r t h e r i n d u c e t h e f o r m a t i o n 

o f s o l i d p h a s e s . T h e p H l i n e ( m a r k e d t h u s -o-) o n e a c h d i a g r a m m a r k s 

t h e a v e r a g e r e s i d u a l h y d r o g e n i o n c o n c e n t r a t i o n i n t h e a b s e n c e o f a n y 

a d j u s t m e n t . A f t e r t h e r e a c t i o n w a s c o m p l e t e t h e s o l i d s s e p a r a t i o n / A A S 

a n a l y t i c a l p r o c e d u r e ( S e c t i o n 3 . 2 . 1 ) w a s a d o p t e d a s b e f o r e . S o l i d 

p r o d u c t s w e r e a n a l y s e d b y X R D . 

T h e p h a s e p r e d o m i n a n c e d i a g r a m s h a v e a s t h e i r a x e s i n i t i a l 

a l u m i n i u m c o n c e n t r a t i o n a n d e q u i l i b r i u m p H . T h e o r d i n a t e w a s c h o s e n 

f o r c o n v e n i e n c e , a s t h e p r e c i p i t a t i o n o f t h e c l a y p h a s e a n d / o r 

a l u m i n i u m h y d r o x i d e s c a u s e d t h e e q u i l i b r i u m a l u m i n i u m c o n c e n t r a t i o n t o 

b e t o o l o w o r t o o i r r e g u l a r t o b e e m p l o y e d a s a r e l i a b l e s c a l e . T o 

d e m a r c a t e t h e p h a s e r e g i o n s s h o w n , g r o u p s o f p o i n t s h a v i n g s i m i l a r m a j o r 
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p r o d u c t s w e r e s o u g h t . I t w a s i n t e n d e d t h a t t h e t w o p h a s e d i a g r a m s 

s h o u l d r e p r e s e n t t h e f u l l e x t e n t o f t h e v a r i a t i o n i n t h e - 7 5 y m 

p r o d u c t s o b t a i n a b l e . T h e i n i t i a l c o n c e n t r a t i o n s o f a c i d u s e d r e l a t e d 

t o t h e l i m i t s o f r e s i s t a n c e o f m e t a l p a r t s i n t h e t e s t w o r k ( S e c t i o n 5 . 3 ) 

a n d t o t h e l i m i t s o f p r e c i p i t a t i o n o f t h e c l a y p h a s e s ( S e c t i o n 3 . 3 . 1 ) . 

P h a s e d i a g r a m : [ H
+

] . .. . . = 0 . 3 1 M . U s i n g X R D c o u p l e d w i t h h e a t i n g a n d 
* i n i t i a l 

1 9 9 2 0 0 

i n t e r l a y e r e d s a t u r a t i o n t e c h n i q u e s ' t h r e e r e g i o n s o f c r y s t a l l i s a t i o n 

c o u l d b e o u t l i n e d i n F i g u r e 3 . 3 . 9 . A t m o d e r a t e t o h i g h p H s , w h e r e h i g h 

i n i t i a l a l u m i n i u m c o n c e n t r a t i o n s h a d b e e n a p p l i e d , p o o r l y c r y s t a l l i n e 

7 . 0 - 7 . 4 & a l u m i n i u m k a n d i t e s w e r e p r o d u c e d ( F i g u r e 3 . 3 . 1 1 a ) . T h e 

s e c o n d r e g i o n i n F i g u r e 3 . 3 . 9 , a d j a c e n t t o t h e a x e s , r e p r e s e n t s t h e 

c o n d i t i o n s i n w h i c h p h y l l o s i l i c a t e s w e r e s y n t h e s i s e d . B e t w e e n t h e s e t w o 

p o r t i o n s i s a c e n t r a l z o n e r e p r e s e n t i n g a m o r p h o u s h y d r o x y o x i d e p r o d u c t s . 

T h e d i a g r a m i n t e r r e l a t e s t h e r e s u l t s o f r e a c t i o n s t h a t t o o k p l a c e b e t w e e n 

3
+
 2+ 2+ 

t h e i o n s A l , M g , F e a n d v a r i o u s s i l i c a t e s t r u c t u r e g r o u p s w h i c h 

r e s u l t e d f r o m a c i d h y d r o l y s i s o f t h e k i m b e r l i t e m i n e r a l s . 

T h e p h y l l o s i l i c a t e s p r o d u c e d i n t h e r e g i o n a d j a c e n t t o t h e a x e s w e r e 

n o t p a r t i c u l a r l y w e l l c r y s t a l l i z e d , a n d , a s t h e d i a g r a m i n d i c a t e s , d e m a r c a t i o n 

b e t w e e n t h e v a r i o u s p h a s e s c o u l d n o t b e p r e c i s e . T h e r e w a s a p r o n o u n c e d 

t r e n d h o w e v e r t h a t v e r m i c u l i t e s a n d ( a l u m i n i a n ) s e r p e n t i n e s r e s u l t e d 

w h e n v e r y l o w a l u m i n i u m c h a r g e s w e r e i n t r o d u c e d i n t o t h e a l t e r a t i o n 

s y s t e m . A t h i g h e r p H s (8-9) t h e p r o d u c t w a s p r i n c i p a l l y k a n d i t e - l i k e i n 

n a t u r e . A s t h e a m o u n t o f a l u m i n i u m e m p l o y e d i n c r e a s e d , t h e p r o p o r t i o n 

o f c h l o r i t e s t e n d e d t o i n c r e a s e . A b o v e c o n c e n t r a t i o n s o f t h e o r d e r o f 

2 | 

0 . 6 M A l (pH 2 - 3 ) , h o w e v e r , 9 - 1 1 k p h a s e s a c c o m p a n i e d t h e v e r m i c u l i t e -

c h l o r i t e p r o d u c t s ( F i g u r e 3 . 3 . 1 1 b ) . 

I R a n a l y s e s v e r i f i e d t h e s e f i n d i n g s i n t e r m s o f t h e t y p e s o f i o n 

e x c h a n g e t h a t h a d o c c u r r e d . T h e s h i f t o f t h e 1 0 0 0 c m ^ b a n d t o l o w e r 
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 H 

a n d t h e p H o n t h e n a t u r e o f t h e - 7 5 p m p r o d u c t f o r m e d a t 100°C, 7 h , i n i t i a l a c i d 
concentration being 0.31M. 
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PH 

P h a s e p r e d o m i n a n c e d i a g r a m s h o w i n g t h e i n f l u e n c e o f 

i n i t i a l a l u m i n i u m c o n c e n t r a t i o n a n d t h e p H o n t h e 

nature o£ the —75 ym product formed at 100°C, 7h, 

initial acid concentration being 1.5M. 

M 
CD 
KJ 



183 

3+ 
f r e q u e n c i e s , f o r t h e r e a c t i o n s c o n d u c t e d u s i n g 0 . 1 - 0 . 4 M A l s o l u t i o n s 

r e f l e c t e d t h e f o r m a t i o n o f c h l o r i t e - v e r m i c u l i t e r i c h p r o d u c t s . T h e 5 4 0 c m ^ 

p e a k s c o u l d b e i n t e r p r e t e d a s d u e t o a l u m i n i u m i n o c t a h e d r a l c o o r d i n a t i o n 

i n a l l t h e m i n e r a l s r e p r e s e n t e d , t h o u g h i t w a s l i k e l y t h a t t h e a l u m i n i u m 

k a n d i t e s a n d 9 - 1 1 & p h a s e s w e r e t h e p r e d o m i n a n t d i o c t a h e d r a l p h a s e s . T h e 

3 + 

m a j o r i t y o f t h e m i n e r a l s p r o d u c e d a t a b o v e 0 . 6 M A l a p p e a r e d t o r e t a i n a 

p u r e l y s i l i c o n t e t r a h e d r a l l a y e r . 

O n r a i s i n g t h e p H o f t h e s o l u t i o n b e y o n d t h e p H 3 - 5 l i n e ( F i g u r e 

3 . 3 . 9 ) r a p i d p r e c i p i t a t i o n o f a l u m i n i u m a n d i r o n h y d r o x y o x i d e s o c c u r r e d 

(as d e d u c e d f r o m A A S a n a l y s e s ) . S e p a r a t e s t u d i e s s h o w e d a t e n - f o l d 

i n c r e a s e i n t h e q u a n t i t y o f - 7 5 y m p r o d u c t o n c r o s s i n g t h i s p H l i n e . 

T h e s e a m o r p h o u s s o l i d s t e n d e d t o o b s c u r e t h e X R D r e s p o n s e o f a n y s m a l l e r 

q u a n t i t i e s o f c r y s t a l l i n e c l a y m i n e r a l s p r e v i o u s l y f o r m e d . A t h i g h e r 

a l u m i n i u m c o n c e n t r a t i o n s ( 0 . 4 - 0 . 8 8 M ) , t h e s e h y d r o x i d e s t e n d e d t o r e v e r t 

t o a l u m i n i u m - r i c h k a n d i t e s o r s e p t e c h l o r i t e s . M e a s u r e m e n t o f t h e r e s i d u a l 

i o n c o n c e n t r a t i o n b y A A S a l s o s h o w e d t h a t a s w e l l a s t h e c o n c e n t r a t i o n s o f 

a l u m i n i u m a n d i r o n b e i n g r e d u c e d b y 9 0 % a s t h e p H w a s i n c r e a s e d f r o m 3 t o 

6 , s i m i l a r t r e n d s w e r e n o t e d f o r t h e D O A , a n d m a g n e s i u m a n d c a l c i u m 
3+ 

c o n c e n t r a t i o n s . F o r e x a m p l e , w h e r e a n a l u m i n i u m c o n c e n t r a t i o n o f 0 . 4 M A l 

w a s a p p l i e d , t h e D O A a n d o t h e r c a t i o n c o n c e n t r a t i o n s d e c r e a s e d f r o m 2 1 % , 
o t ^ i o I OJ. 

0 . 2 4 9 M M g , 0 . 0 2 9 M F e (pH 3 . 2 ) t o 1 7 % , 0 . 1 5 5 M M g , 0 . 0 0 0 3 M F e ( p H 

5 . 2 6 ) . 

+ 
P h a s e d i a g r a m ; [H ] i n i t i a l

 =

 U s i n g s i m i l a r i d e n t i f i c a t i o n t e c h n i q u e s 

t o t h o s e u s e d a b o v e , s i x p h a s e r e g i o n s w e r e r e c o g n i s a b l e . A t p H s 5 . 9 , w h e r e 

a l u m i n i u m c o n c e n t r a t i o n s l o w e r t h a n 0 . 6 M h a d b e e n e m p l o y e d , a l u m i n i u m - r i c h 

s e p t e c h l o r i t i c - k a n d i t e s w e r e p r e s e n t , w h e r e a s a t h i g h e r c o n c e n t r a t i o n s o f 

t h e i o n , a m o r p h o u s h y d r o x y o x i d e s t e n d e d t o m a s k t h e s e p h a s e s . T h e m i d d l e 

p o r t i o n o f t h e d i a g r a m w a s o c c u p i e d b y a r e g i o n a t t r i b u t a b l e t o 9 - 1 1 A 



J 1 1 1 1 1——I—I 1 1 1 1 1 I 1 I 1 1 1 1 1 1 1 1 I 1 1 1 I I I I f I • I. I ' • • • 1 1 1 » 1 1 1 1 1 1 I I I I I I »• 

2 6° 6 0 5 0 4 0 30 2 0 1 0 4 

F i g u r e 3 . 3 . 1 1 X - r a y d i f f r a c t o g r a m s o f s e l e c t e d - 7 5 y m p r o d u c t s a s f e a t u r e d 

i n F i g u r e 3 . 3 . 9 

a ) 7 . 0 - 7 . 4 A a l u m i n i u m k a n d i t e s 

b ) m i x e d l a y e r v e r m i c u l i t e - c h l o r i t e w i t h r e s i d u a l m i c a 

oo 



F i g u r e 3 . 3 . 1 1 X - r a y d i f f r a c t o g r a m s o f s e l e c t e d - 7 5 y m p r o d u c t s a s 

f e a t u r e d i n F i g u r e 3 . 3 . 1 0 . 
o 

c ) 9 , 1 1 A a l u m i n o s i l i c a t e p h a s e s c : c h l o r i t e v : v e r m i c u l i t e 

d ) m i x e d l a y e r s a p o n i t e - v e r m i c u l i t e - p : p h l o g o p i t e z : s a p o n i t e 

c h l o r i t e (p
1

 p r o b a b l y r e s i d u a l m i c a ) 

s : s e r p e n t i n e cn 
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2 : 1 l a y e r e d s i l i c a t e s ( F i g u r e 3 . 3 . 1 1 c ) . T h e s e p o o r l y c r y s t a l l i n e c o m p o u n d s 

c o u l d n o t b e f u r t h e r i d e n t i f i e d b u t t h e i r s i g n i f i c a n c e i s d i s c u s s e d l a t e r 

( C h a p t e r 4 ) . A t l o w p H s (< 4 f o r a l u m i n i u m c o n c e n t r a t i o n s o f 0 . 2 M , < 2 

3 + o 
f o r c o n c e n t r a t i o n s o f 0 . 8 M A l a s e r i e s o f 1 4 - 1 5 A p h y l l o s i l i c a t e s 

w a s p r o d u c e d w h i c h c o u l d b e c o n v e n i e n t l y s e g r e g a t e d i n t o t h r e e p h a s e 

p r e d o m i n a n c e r e g i o n s a s s h o w n . O n e r e g i o n w a s c h a r a c t e r i s e d b y t h e 

p r e s e n c e o f c h l o r i t e w h e r e a s t h e o t h e r t w o w e r e a s c r i b a b l e t o s a p o n i t i c 

s m e c t i t e s . V e r m i c u l i t e s a n d k a n d i t e s w e r e p r e s e n t i n a l l t h r e e p h a s e 

r e g i o n s . I n t w o i n s t a n c e s a c h l o r i t e - v e r m i c u l i t e - s m e c t i t e m i x e d l a y e r e d 

p r o d u c t ( F i g u r e 3 . 3 . l i d ) w a s f o r m e d a s r e p r e s e n t e d b y M L o n t h e d i a g r a m . 

T h e l a s t r e g i o n w h i c h w a s l o c a t e d b e t w e e n t h e p r e v i o u s a n d t h e 9 - 1 1 A 

p h a s e s a l s o r e p r e s e n t e d v e r m i c u l i t e - k a n d i t e p r o d u c t s , a l t h o u g h t h e 

r e s o l u t i o n o f t h e p e a k s i n t h e r e s p e c t i v e X R D d i f f r a c t o g r a m s w a s r e d u c e d . 

I n f r a r e d a n a l y s i s o f t h e 1 4 - 1 5 A s i l i c a t e f r a c t i o n s s h o w e d t h a t 

t h e y w e r e p r i n c i p a l l y t r i o c t a h e d r a l i n c h a r a c t e r . A c o n c e n t r a t i o n o f 
V I - 1 V I 

M g - O H a n d M g - 0 - S i b a n d s (690 c m ) i n p r e f e r e n c e t o t h e A l - 0 - S i a n d 

A l - O H b a n d s w a s i n d i c a t e d b y t h e r e s p e c t i v e s m a l l e r 5 4 0 a n d 3 5 0 c m ^ 

p e a k s . T h e r e v e r s e o f t h i s t r e n d , h o w e v e r , w a s n o t e d f o r t h e 9 - 1 1 K 

p h a s e s . A l l p r o d u c t s e x h i b i t e d l e s s t e t r a h e d r a l s u b s t i t u t i o n f o r s i l i c o n 

c o m p a r e d w i t h t h o s e m i n e r a l s f e a t u r e d i n F i g u r e 3 . 3 . 9 , m o s t S i - 0 b o n d s 

h a v i n g a p e a k r e a d i n g i n t h e r a n g e 1 0 0 0 - 1 0 1 5 c m H e n c e , a l t h o u g h t h e 

m i n e r a l s f o r m e d w e r e s i m i l a r t o t h o s e i n F i g u r e 3 . 3 . 9 t h e i r s t r u c t u r e s 

d i f f e r e d . I n g e n e r a l i t s e e m e d t h a t a n i n c r e a s e i n t h e c o n c e n t r a t i o n o f 

a c i d e m p l o y e d r e s u l t e d i n a d e c r e a s e i n t h e e x t e n t o f a l u m i n i u m 

s u b s t i t u t i o n i n b o t h t e t r a h e d r a l a n d o c t a h e d r a l c o o r d i n a t i o n , a l t h o u g h i t 

s e e m e d t h a t h i g h i n i t i a l a l u m i n i u m c o n c e n t r a t i o n s c o u l d n e g a t e t h i s e f f e c t . 

T h e s e d i f f e r e n c e s i n s t r u c t u r e w e r e a t t r i b u t a b l e t o d i f f e r i n g r e l a t i v e 

a m o u n t s o f r e a c t a n t s r a t h e r t h a n d i f f e r i n g t y p e s o f r e a c t i o n s . 

A s e x p e c t e d t h e D O A s r e c o r d e d w e r e h i g h e r t h a n i n t h e p r e v i o u s 

p h a s e d i a g r a m , a f i v e - f o l d i n c r e a s e i n a c i d c o n c e n t r a t i o n r e s u l t i n g i n a 
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t w o - f o l d r i s e i n t h e D O A . T h e l a r g e s t v a l u e s - 3 6 - 4 4 % - w e r e r e c o r d e d , 

a s b e f o r e , w h e r e t h e p H h a d n o t b e e n a d j u s t e d ; a l t h o u g h t h e e f f e c t w a s 

m i n o r . T h e r e s u l t o f r a i s i n g t h e p H b e y o n d t h e l i n e i n d i c a t e d o n t h e 

d i a g r a m w a s t o p r e c i p i t a t e a l u m i n i u m a n d i r o n a s s i l i c a t e s a n d / o r 

h y d r o x i d e s . O n l y a 2 - 3 f o l d i n c r e a s e i n t h e - 7 5 y m p r o d u c t m a s s w a s 

n o t e d i n t h i s c a s e , o n r a i s i n g t h e p H t o 6 - 8 i n c o n t r a s t t o t h e 1 0 f o l d 

i n c r e a s e b e f o r e . F u r t h e r m o r e , h i g h e r c a l c i u m a n d m a g n e s i u m c o n c e n t r a t i o n s 

w e r e r e c o r d e d c o m p a r e d w i t h t h o s e o b t a i n e d u n d e r s i m i l a r c o n d i t i o n s u s i n g 

t h e w e a k e r a c i d m e d i u m a n d d e c r e a s e d w i t h i n c r e a s i n g a l k a l i n i t y . 

T h e s e r e s u l t s a r e f u r t h e r d i s c u s s e d in S e c t i o n 3 . 5 . 3 . 

F o l l o w i n g t h e r e s u l t s o b t a i n e d f o r t h e p h a s e d i a g r a m ( F i g u r e 

3 . 3 . 1 0 ) i n v o l v i n g 1 . 5 M a c i d c o n c e n t r a t i o n s , t h e m o s t e f f e c t i v e d e g r a d a t i o n 

e n v i r o n m e n t s w e r e t h o s e w h e r e n o p H a d j u s t m e n t w a s i n v o l v e d . T h e D O A s 

a n d r e s i d u a l i o n c o n c e n t r a t i o n s m e a s u r e d f o r t h e a l t e r a t i o n e x p e r i m e n t s 

c o n c e r n e d a r e s h o w n i n F i g u r e 3 . 3 . 1 2 . A l t h o u g h t h e p r o p o r t i o n a t e 

i n c r e a s e i n D O A w i t h a l u m i n i u m a d d i t i o n ( 3 6 - 4 4 % ) w a s n o t a s g r e a t a s t h a t 

i n v o l v i n g w e a k e r a c i d m e d i a ( 1 0 . 5 - 2 2 % - F i g u r e 3 . 3 . 8 ) , s u b s t a n t i a l l y m o r e 

i r o n , m a g n e s i u m a n d c a l c i u m e n t e r e d , t h e s o l u t i o n p h a s e . F o r e x a m p l e , 

a t a n a l u m i n i u m c o n c e n t r a t i o n a t 0 . 3 M , t h e p r o p o r t i o n s o f t h e t o t a l i o n 

a v a i l a b l e r e p o r t i n g t o s o l u t i o n w e r e 2 5 % ( F e ) , 3 3 % ( M g ) , 8 1 % (Ca) i n 

F i g u r e 3 . 3 . 1 2 , c o m p a r e d t o 0 % ( F e ) , 1 3 % ( M g ) , 5 4 % (Ca) in F i g u r e 3 . 3 . 8 . 

T h e h i g h c a l c i u m a s s a y i n d i c a t e d a s i m i l a r e x t e n t o f p e n e t r a t i o n b y t h e 

r e a g e n t s . F u r t h e r m o r e , m a g n e s i u m a n d i r o n c o n t i n u e d t o e n t e r s o l u t i o n 

w i t h a l u m i n i u m a d d i t i o n , i n c o n t r a s t t o t h e a n a l y s e s r e c o r d e d f o r t h e 

w e a k e r a c i d m e d i u m . T h i s p r o b a b l y r e s u l t e d f r o m g r e a t e r p a r t i c i p a t i o n o f 

t h e a l u m i n i u m i o n s i n t h e a l t e r a t i o n t r a n s f o r m a t i o n s a s a r e s u l t o f t h e 

g r e a t e r d i s r u p t i o n i n d u c e d b y t h e l a r g e r c o n c e n t r a t i o n s o f a c i d a d d e d . 

T h e v a r i a t i o n o f a l u m i n i u m w a s a l s o d i f f e r e n t t o t h a t s h o w n i n t h e 

e a r l i e r f i g u r e . F i g u r e 3 . 3 . 1 2 s h o w s t h a t f o r i n i t i a l a l u m i n i u m 
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F i g u r e 3 . 3 . 1 2 R e l a t i c n b e t w e e n t h e D O A , p r o p o r t i o n o f t o t a l 

m a g n e s i u m , a l u m i n i u m , i r o n a n d c a l c i u m r e p o r t i n g 

t o s o l u t i o n a n d t h e i n i t i a l a l u m i n i u m i o n 

c o n c e n t r a t i o n f o r l O g - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

r e a c t e d w i t h 1 . 5 M h y d r o c h l o r i c a c i d a t 100°C 

f o r 7 h . 
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c o n c e n t r a t i o n s l e s s t h a n 0 . 3 5 M , l e s s t h a n 1 1 % o f t h e t o t a l p r e s e n t in 

t h e s y s t e m e n t e r e d s o l u t i o n . A b o v e t h i s c o n c e n t r a t i o n 8 0 % o r m o r e w a s 

s o l u b i l i s e d . A s t h e p H o f t h e r e s i d u a l s o l u t i o n s w e r e l e s s t h a n 3 / t h e 

a l u m i n i u m i n t h e s o l i d p h a s e s w a s n o t a s i m p l e h y d r o x y o x i d e p r e c i p i t a t e . 

H e n c e t h e u s e o f a l u m i n i u m c o n c e n t r a t i o n s ^ 0 . 1 - 0 . 3 3 M i n c o n j u n c t i o n 

w i t h i n i t i a l a c i d c o n c e n t r a t i o n s o f 1 . 5 M a p p e a r e d t o b e t h e m o s t 

e f f e c t i v e a n d e f f i c i e n t f r o m a c o n s i d e r a t i o n o f t h e c o n s u m p t i o n o f 

t h e r e a g e n t s . 

T h e p r o g r e s s i v e fo'rmation o f t h e p h a s e s n o t e d i n F i g u r e 3 . 3 . 1 0 

c o u l d b e o b s e r v e d b y a n a l y s i n g v a r i o u s f i e l d s o f v i e w o f s e c t i o n e d + 75 ym 

g r a i n s u s i n g a n e l e c t r o n m i c r o s c o p e . P l a t e s 3 . 1 2 - 1 9 r e l a t e to r e s i d u a l 

+ 7 5 y m p r o d u c t s a s r e s u l t i n g f r o m a l t e r a t i o n t r e a t m e n t s r e p r e s e n t e d i n 

F i g u r e 3 . 3 . 1 2 . P l a t e s 3 . 1 2 - 1 3 s h o w t h e c r y s t a l l i s a t i o n o f p h y l l o s i l i c a t e s 

o n t h e c a v i t y s u r f a c e s o f k i m b e r l i t e r e a c t e d w i t h 1 . 5 M h y d r o c h l o r i c a c i d . 

A d d i t i o n o f a l u m i n i u m t o t h e s y s t e m r e s u l t s i n m o r e e x t e n s i v e c l a y 

m i n e r a l f o r m a t i o n . R e a g e n t a t t a c k c o u l d b e l o c a l i s e d o r f o c u s s e d o n 

a c e r t a i n p a r t o f t h e p a r t i c l e ( P l a t e 3 . 1 5 ) a n d t h e p r e s e n c e o f e x t r a 

a l u m i n i u m w o u l d f a c i l i t a t e c r y s t a l l i s a t i o n o f t h e a l t e r a t i o n p r o d u c t , 

s o m e t i m e s w i t h i n t h e m i n e r a l g r a i n i t s e l f ( P l a t e 3 . 1 7 ) . 

3 . 3 . 6 S c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s 

T o c o m p l e m e n t t h e X R D , I R a n d D T A a n a l y s e s o f t h e s o l i d f r a c t i o n s 

o b t a i n e d d u r i n g t h e t e s t w o r k , s e l e c t e d + 7 5 y m r e s i d u a l p r o d u c t s w e r e 

a n a l y s e d u s i n g a V i c k e r s S t e r e o s c a n 6 0 0 e l e c t r o n m i c r o s c o p e . A s a m p l e 

o f t h e + 7 5 y m f r a c t i o n in q u e s t i o n w a s m o u n t e d in d e a e r a t e d a r a l d i t e 

a n d p r e s e n t e d a s a p o l i s h e d s e c t i o n t o t h e e l e c t r o n b e a m . T h e p h o t o -

m i c r o g r a p h s t a k e n a r e s h o w n i n t h e f o l l o w i n g p l a t e s ( 3 . 1 — 3 . 1 9 ) . S e l e c t e d 

a l t e r a t i o n c o n d i t i o n s n o t e d i n S e c t i o n s 3 . 2 a n d 3 . 3 a r e r e p r e s e n t e d a n d 

t h e p h o t o m i c r o g r a p h s a r e g r o u p e d t o g e t h e r f o r c o n v e n i e n c e e v e n t h o u g h 
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s o m e a r e d i s c u s s e d e l s e w h e r e . 

T h e p h o t o m i c r o g r a p h s s h o w t h e d i f f e r e n c e s p o s s i b l e i n t h e 

n a t u r e o f t h e a t t a c k b y t h e r e a g e n t s o n t h e k i m b e r l i t e a s w e l l a s t h e 

t y p e o f a l t e r a t i o n p r o d u c t . T h e p l a t e s a r e o r d e r e d a c c o r d i n g t o t h e 

e x p e r i m e n t a l p r o c e d u r e s f o l l o w e d r a n g i n g f r o m .the s u l p h u r i c a c i d 

t r e a t m e n t s t o t h o s e c o n d i t i o n s w h i c h i n d u c e a m a x i m u m a m o u n t o f 

d e g r a d a t i o n t h r o u g h m i n e r a l o g i c a l t r a n s f o r m a t i o n s a s w e l l a s a c i d 

l e a c h i n g ( i . e . P l a t e s 3 . 1 5 - 1 9 ) . 

P l a t e s 3 . 1 - 3 . 1 9 S c a n n i n g e l e c t r o n m i c r o p h o t o g r a p h s 

T h e f o l l o w i n g p l a t e s i l l u s t r a t e v a r i o u s a s p e c t s o f t h e 

a l t e r a t i o n o f k i m b e r l i t e . T h e e f f e c t o f v a r i o u s s e t s o f r e a g e n t s o n 

a 1 0 g - 1 1 8 0 + 8 5 0 p m f e e d a t 7 0 - 1 0 0°C a r e p r e s e n t e d h e r e : 

S E M 1 : S u l p h u r i c a c i d , i n i t i a l c o n c e n t r a t i o n 6 . 3 M , 70°C, 24 h 

S E M 2 : S u l p h u r i c a c i d , i n i t i a l c o n c e n t r a t i o n 3 . 6 M , 70°C, 24 h 

S E M 3 : S u l p h u r i c a c i d , i n i t i a l c o n c e n t r a t i o n 0 . 3 1 M , l O O ^ C , 7 h 

S E M 4 : H y d r o c h l o r i c a c i d , i n i t i a l c o n c e n t r a t i o n 0 . 3 1 M , 100°C, 7 h 

S E M 5 : H y d r o c h l o r i c a c i d , i n i t i a l c o n c e n t r a t i o n 1 . 5 M , 100°C, 7 h 

S E M 6 : A s S E M 5 , 2 g h y d r a t e d a l u m i n i u m c h l o r i d e c h a r g e a d d e d 

A n a p p r o x i m a t e s c a l e i s i n d i c a t e d b y t h e b l a c k b a r o n t h e b o t t o m 

o f e a c h p l a t e . 
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Plate 3.1 Unaltered head x8000. The unreacted 
kimberlite (.grey) forms a distinct 
edge with the araldite (black) in 
which the particles were mounted. 



r 

Plate 3.2 SEM 1 residual +75 fraction x 2 0 0 0 . 

Lower magnifications yield more confused 

views of the sectioned kimberlite grains. 

This p l a t e , however, shows an amorphous 

product (grey) contrasting with the 

unreacted kimberlite grains (dark) 

Plate 3.3 SEM 1 residual +75 fraction x 20000. 

Cavities are seen in this specimen and 

infilled by gypsum (left). Elsewhere 

the residual kimberlite appears as 

glassy or dull grey amorphous particulate 

aggregates. 
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Plate 3.4 SEM 2 residual + 75 fraction x 2000. Intensely 

altered kimberlite. The grain is just visible 

against the araldite mound and is covered with 

white sulphate precipitation products. 

* ^ tfc* 
1

 » m . 

If 

• 

Plate 3.5 SEM 2 residual +75 fraction x 20000. Here the 

kimberlite has been reduced to a gelatinous, 

amorphous agglomerate cemented by large crystallites 

of gypsum (white). 



Plate 3.6 SEM 3 : residual +75 um fraction x 200. 

No evidence of bulk alteration (cf. 

Plate 3.9) 

Plate 3.7 SEM 3 : residual +75 um fraction x 2000. 

The pitted surface of the sectioned grain 

can be seen. In the lower left hand corner 

the pit marks are all orientated in the 

same direction > , whereas elsewhere no 

such pattern is seen. This reflects the 

heterogeneous nature of the dissolution 

reactions. 



Plate 3.8 SEM 3 : residual +75 jjm fraction x 8000. The higher 

magnification shows the residual kimberlite grains 

(grey) to be separated by cavities produced by the 

dissolution reaction. White gypsum crystallites are 

present in some cavities. The cavities are larger in 

certain directions indicating pathways along which 

the reaction was facilitated. 

Plate 3.9 SEM 4 : residual +75 ]im fraction x 8 0 0 . Here the 

unaltered kimberlite C © ) contrasts with the 

alteration product (. •» ) w i t h w h i c h it has an 

intimate contact. Dissolution channels are indicated 

thus : > 
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Plate 3.10 SEM 4 : residual +75 ym fraction x 2000. Lathe 

shaped minerals can be seen to develop on the 

edge of the reaction channel ( > ) . The altered 

kimberlite is dissected by subsidiary channels and 

cavities. 

Plate 3.11 SEM 4 : residual +75 ym fraction x 20000. An example 

of a dissolution cavity in the k i m b e r l i t e . No distinct 

phyllosilicate crystallization v i s i b l e , however (cf. 

Plates 3.12-19) 



Plate 3.12 SEM 5 : residual +75 ym fraction x 2000. In contrast 

to Plate 3.1, white phyllosilicates crystallize in 

cavities produced by acid attack, at particle edge. 

At lower magnifications, a number of these cavities 

are observed on the particle edge as seen in Plate 

3.15. 

Plate 3.13 SEM 5 : residual +75 ym fraction x 20000. Magnification 

of reaction e d g e , circled in Pl?_te 3.12 a b o v e . This 

shows the progressive development of phyllosilicate 

minerals from the kimberlite surface i.e. within the 

dissolution reaction z o n e . 



SEM 5 : residual +75 um fraction x 40000. Free 

phyllosilicate minerals as p r e s e n t in the +75 ym 

fraction. 

SEM 6 : residual +75 ym fraction x 800. This illustrates 

the localised nature of the attack of the reagents on the 

k i m b e r l i t e . As shown, regions of extensive alteration 

border those which remain comparatively unreacted. A 

reacted layer concentric with the particle edge does not 

necessarily develop. 
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Plate 3.16 SEM 6 : residual +75 ym fraction x 2000. Penetration 3+ + 
by the species Al and H into the interior of a 

particle (no such case observed for SEM 5). 

Crystallization of clay minerals can occur within the 

p a r t i c l e . 

Plate 3.17 SEM 6 : residual +75 ym fraction x 8000. Development 

of phyllosilicates in contact with unreacted rock. 

A transitionary layer can be seen, as indicated : £ 



.200 

Plate 3.18 SEM 6 : residual +75 ym fraction x 80000. Formation 

of phyllosilicate layers within transitionary layer 

adjacent to the reacted kimberlite surface (Plate 

3.17) . 

Plate 3.19 SEM 6 : residual +75 ]im x 20000. Individual clay 

mineral crystallites. The concentration of these 

phases clearly exceeded that observed in SEM 5. 
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3.4 R e a c t i o n s w i t h 0 . 3 1 M H y d r o c h l o r i c A c i d a t 1 0 0 - 3 5 0°C 

P r e l i m i n a r y t e s t w o r k i n d i c a t e d t h a t t h e r e a c t i o n s d e s c r i b e d 

in S e c t i o n 3 . 3 w e r e a b o u t 9 0 % c o m p l e t e a f t e r 7 h a t 100°C. T o e n s u r e 

m o r e c o m p l e t e e q u i l i b r a t i o n a n d t o i n v e s t i g a t e t h e n a t u r e o f o t h e r 

p h a s e s f o r m e d a t e l e v a t e d t e m p e r a t u r e s , s p e c i a l i s e d p r e s s u r i s e d 

e q u i p m e n t w a s e m p l o y e d . T h e t e s t w o r k d e s c r i b e d b e l o w r e l a t e s t o 

r e a c t i o n s c a r r i e d o u t in h y d r o c h l o r i c a c i d m e d i a . S u l p h u r i c a c i d w a s 

n o t u s e d a s n o p h y l l o s i l i c a t e f o r m a t i o n h a d b e e n p r e v i o u s l y o b s e r v e d 

i n s u l p h a t e m e d i a . ( S e c t i o n 3 . 3 . 2 - 4 ) . T h e a c i d c o n c e n t r a t i o n e m p l o y e d , 

0 . 3 1 M H
+

, w a s t h e h i g h e s t p o s s i b l e - a s l a r g e r v a l u e s r e s u l t e d i n t h e 

m e t a l a p p a r a t u s i n v o l v e d b e i n g a t t a c k e d a t t h e h i g h e r t e m p e r a t u r e s . 

T h e r e a c t i o n c o n d i t i o n s d i f f e r e d f r o m t h o s e in S e c t i o n 3 . 3 . 5 in r e s p e c t 

o f t h e o v e r a l l m a s s o f f e e d a n d r e a g e n t s a n d m e t h o d o f a g i t a t i o n . 

H o w e v e r , t h e s y s t e m s u s e d h e r e a n d i n S e c t i o n 3 . 3 w e r e c o m p a r a b l e . 

3 . 4 . 1 A p p a r a t u s a n d p r o c e d u r e s 

T o i n v e s t i g a t e t h e e f f e c t o f i n c r e a s e d t e m p e r a t u r e o n t h e 

a l t e r a t i o n o f k i m b e r l i t e t h e a p p a r a t u s i l l u s t r a t e d i n P l a t e s 3 . 2 0 a n d 

2 4 5 

3 . 2 1 w e r e u s e d . I n a t y p i c a l t e s t , 2 . 5 g o f - 1 1 8 0 + 8 5 0 y m k i m b e r l i t e 

w a s p l a c e d i n e a c h o f t h e f o u r n i c k e l - s t e e l b o m b s s h o w n i n P l a t e 3 . 2 1 . A 

t o t a l v o l u m e o f 1 0 m l c o n t a i n i n g 0 . 5 — 2 g h y d r a t e d a l u m i n i u m c h l o r i d e (and 

a d j u s t e d t o p H 0 . 5 u s i n g h y d r o c h l o r i c a c i d ) w a s a d d e d a n d t h e b o m b s 

c l o s e d . T h e f e e d / r e a g e n t r a t i o w a s t h e r e f o r e e q u a l t o t h a t u s e d in t h e 

p r e v i o u s t e s t w o r k , a l t h o u g h t h e t o t a l m a s s e s w e r e r e d u c e d b y a f a c t o r o f 4 . 

T h e b o m b s w e r e c o n c e n t r i c a l l y m o u n t e d a r o u n d t h e s p i n d l e (as 

s h o w n ) a n d d r i v e n a t 36 r p m b y a P a r v a l u x 1 8 6 W D C m o t o r . T h e a u t o c l a v e 

c h a m b e r w a s m o v e d i n t o p o s i t i o n o v e r t h e b o m b s a n d t h e a s s e m b l y h e a t e d t o 

d e s i r e d t e m p e r a t u r e o v e r 1 h o u r , u s i n g a h o t a i r b l o w e r c o n t r o l l e d b y a 

Z e n i t h 0 - 2 4 0 V v a r i a c . I n c l u d i n g t h e w a r m u p t i m e , t h e o v e r a l l r e a c t i o n 
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Plate 3.20 Autoclave apparatus used for testwork 

at 100-350°C 

Plata 3.21 Detail of autoclavo bomb. 
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t i m e w a s 8 h o u r s , t h e v a r i a c b e i n g a d j u s t e d t h r o u g h o u t t h e e x p e r i m e n t 

s u c h t h a t t h e t e m p e r a t u r e w a s ± 5% o f t h e d e s i r e d v a l u e . A t t h e e n d 

o f t h e r e a c t i o n , t h e b o m b s w e r e a l l o w e d t o c o o l o v e r n i g h t a n d w e r e 

c a r e f u l l y o p e n e d . T h e p H o f t h e s o l u t i o n w a s r e c o r d e d a n d t h e s o l i d s 

s e p a r a t i o n / A A S a n a l y t i c a l p r o c e d u r e ( S e c t i o n 3 . 2 . 1 ) w a s t h e n f o l l o w e d 

a s b e f o r e . I n c e r t a i n i n s t a n c e s , t h e e q u i l i b r i u m p H w a s m o d i f i e d , 3 . 5 h 

a f t e r r e a c h i n g t h e r e q u i r e d r e a c t i o n t e m p e r a t u r e b y r a p i d l y o p e n i n g 

t h e b o m b s , a d d i n g a f e w d r o p s o f c o n c e n t r a t e d a m m o n i a s o l u t i o n a n d 

q u i c k l y r e - e s t a b l i s h i n g t h e p r e v i o u s c o n d i t i o n s f o r a f u r t h e r 3 . 5 h . 

I n a l l t h e s e e x p e r i m e n t s , p r e s s u r e r e m a i n e d a n u n r e c o r d e d v a r i a b l e , 

i n c r e a s i n g w i t h t e m p e r a t u r e i n t h e r a n g e 0 . 1 - 1 0 M P a (as d e d u c e d f r o m 

s t e a m t a b l e s ^ ^ ) . 

T h i s p r o c e d u r e e m p l o y e d a t 100°C p r o d u c e d r e s u l t s c o m p a r a b l e 

w i t h t h o s e u s i n g t h e h o t p l a t e / s t i r r e r a p p a r a t u s a t 100°C, a s m e a s u r e d 

b y t h e D O A a n d r e s i d u a l i o n c o n c e n t r a t i o n s . 

3+ + 

3 . 4 . 2 R e s u l t s : P h a s e d i a g r a m s i n t h e A l - H s y s t e m I I : 

I n i t i a l a c i d c o n c e n t r a t i o n 0 . 3 1 M a t 100-350°C 

T h r e e p h a s e p r e d o m i n a n c e d i a g r a m s w e r e c o n s t r u c t e d e m p l o y i n g 

s i m i l a r p r o c e d u r e s t o t h o s e d e s c r i b e d i n S e c t i o n 3 . 3 . 5 e x c e p t t h a t 

t e m p e r a t u r e r e p l a c e d p H a s t h e a b s c i s s a . E a c h d i a g r a m c o r r e s p o n d e d 

t o a d i f f e r e n t p H r e g i m e . T h e f i r s t p h a s e d i a g r a m d e s c r i b e d e q u i l i b r i a 

t a k i n g p l a c e w i t h o u t p H a d j u s t m e n t (.terminal p H 2 - 5 ) a n d t h e t w o o t h e r s 

w h e r e t h e p H a t t a i n e d v a l u e s i n t h e r a n g e s p H 5 - 7 a n d p H 7 - 8 a f t e r 

a d j u s t m e n t . O f t h e s e , t h e f i r s t e x h i b i t e d t h e g r e a t e s t v a r i e t y o f 

c r y s t a l l i n e f o r m s a n d i s s h o w n i n F i g u r e 3 . 4 . 1 . 

S i x r e g i o n s o f c r y s t a l l i s a t i o n w e r e r e c o g n i s e d f r o m X R D a n d 

s u p p l e m e n t a r y p o t a s s i u m s a t u r a t i o n a n d g l y c o l a t i o n t e c h n i q u e s . ^ ^ 

A m o r p h o u s h y d r a t e d o x i d e s w e r e f o r m e d a t t h e l o w e r t e m p e r a t u r e s (100-
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F i g u r e 3 . 4 . 1 P h a s e p r e d o m i n a n c e d i a g r a m s h o w i n g t h e i n f l u e n c e o f i n i t i a l a l u m i n i u m 

concentration and the temperature on the nature o£ the —75 ym product 

formed after 8 h total reaction time, initial acid concentration being 0.31M. 
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1 5 0°C), t h o u g h a t h i g h e r a l u m i n i u m c o n c e n t r a t i o n s p o o r l y c r y s t a l l i n e 

9 - 1 1 A a l u m i n o s i l i c a t e m i n e r a l i s a t i o n c o u l d a l s o b e d i s c e r n e d ( F i g u r e 

3 . 4 . 2 a ) . T h i s r e g i o n in t h e f i g u r e c o r r e s p o n d e d t o t h e a m o r p h o u s 

r e g i o n i m m e d i a t e l y t o t h e r i g h t o f t h e p H 3 - 5 l i n e i n F i g u r e 3 . 3 . 9 . 

A c e n t r a l p o r t i o n in t h e f i g u r e i s e v i d e n t (at 170-250°C) i n w h i c h 

t h e m a i n p r o d u c t s a r e 7 & d i o c t a h e d r a l k a n d i t e s , n a m e l y i n t e r l a y e r e d 

k a o l i n i t e a n d d i c k i t e (a g o o d e x a m p l e o f w h i c h i s s h o w n i n F i g u r e 3 . 4 . 2 b ) . 

T h e p o r t i o n g r a d e s i n t o t h a t a t t h e h i g h e r t e m p e r a t u r e s , (250-350°C) w h e r e 

p r o d u c t s c o n s i s t m a i n l y o f v e r m i c u l i t e - s m e c t i t e w i t h k a o l i n i t e a n d 

d i c k i t e . T h e s e in t u r n g r a d e i n t o c h l o r i t e - v e r m i c u l i t e s a t l o w 

a l u m i n i u m c o n c e n t r a t i o n s a n d m o n t m o r i l l o n i t e s a t h i g h a l u m i n i u m 

c o n c e n t r a t i o n s a t 2 7 0 - 3 5 0°C ( F i g u r e 3 . 4 . 2 c , d ) . I n g e n e r a l , t h e 

c r y s t a l l i n i t y o f t h e p h a s e s i m p r o v e d m a r k e d l y w i t h t e m p e r a t u r e , a s 

i n d i c a t e d b y t h e w e l l - d e f i n e d p e a k s i n t h e d i f f r a c t o g r a m s g i v e n in 

F i g u r e 3 . 4 . 2 b - d . 

T h e r e s i d u a l i o n a s s a y s w e r e c o n s i s t e n t w i t h t h e a b o v e 

o b s e r v a t i o n s . A t l o w a l u m i n i u m c o n c e n t r a t i o n s (^ 0 . 1 - 0 . 4 M ) m a g n e s i u m 

a n d i r o n c o n c e n t r a t i o n s p r o g r e s s i v e l y i n c r e a s e d i n t h e s o l u t i o n p h a s e 

r e a c h i n g a m a x i m u m a t 200°C. A b o v e t h i s t e m p e r a t u r e , s m a l l e r 

c o n c e n t r a t i o n s w e r e r e c o r d e d a s t h e - 7 5 y m b e c a m e p r o g r e s s i v e l y m o r e 

c h l o r i t i c . A t h i g h e r a l u m i n i u m c o n c e n t r a t i o n s , t h e i r o n a n d m a g n e s i u m 

c o n c e n t r a t i o n c o n t i n u e d t o i n c r e a s e a b o v e 200°C a s d i o c t a h e d r a l s m e c t i t e s 

c r y s t a l l i s e d . T h e e x t e n t o f d e g r a d a t i o n t h r o u g h o u t t h e r o c k m a s s w a s 

reflected by the DOA and calcium concentration in the residual solution. 

3+ 

T h e f o r m e r r a n g e d f r o m 1 6 % a t 100°C, 0 . 2 M A l , t o 4 2 % a t 350°C, 0 . 8 8 M 

3+ 

A l . C a l c i u m a n a l y s i s i n f e r r e d t h a t 6 0 - 1 0 0 % o f t h e r e s i d u a l + 7 5 y m 

f r a c t i o n h a d b e e n a f f e c t e d b y t h e s o l u t i o n s . T h i s i s d i s c u s s e d l a t e r , 

w i t h r e f e r e n c e t o r e a c t i o n m e c h a n i s m s . 

T r e n d s i n t h e I R a n a l y s e s o f t h e - 7 5 y m p r o d u c t s , w e r e n o t 



a ) 

_l 1 1 I I u . 1 , « ' I l_ _1 I — 1 _ , • \ . -J 1 I 1 L- I I I I I L. , 1 , 
2 0° 6 0 5 0 4 0 30 20 10 

Figure 3.4.2 X - r a y d i f f r a c t o g r a m s o f s e l e c t e d - 7 5 y m p r o d u c t s a s 

f e a t u r e d i n F i g u r e 3 . 4 . 1 

a ) 9 - 1 1 A a l u m i n o s i l i c a t e 

b ) k a o l i n i t e - d i c k i t e 

to 
o 



, I . J I 1 I ' 1 
2 0 ° 60 5 0 4 0 3 0 20 10 

F i g u r e 3 . 4 . 2 X - r a y d i f f r a c t o g r a m s f o r s e l e c t e d - 7 5 y m p r o d u c t s a s 

f e a t u r e d i n F i g u r e 3 . 4 . 1 . 

c) v e r m i c u l i t e - c h l o r i t e 

• d ) m o n t m o r i l l o n i t e 
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i m m e d i a t e l y c l e a r , p a r t l y o w i n g t o t h e g e n e r a l s t r u c t u r a l s i m i l a r i t y 

o f c l a y p h a s e s , a n d a l u m i n i u m h y d r o x y o x i d e p r e c i p i t a t i o n (due t o t h e 

e q u i l i b r i u m p H e x c e e d i n g 3 . 2 ) c a u s i n g a l a c k o f d e f i n i t i o n in t h e 

p e a k s i n c e r t a i n c a s e s . C o m p a r i s o n b e t w e e n I R a n d t h e X R D r e s u l t s 

f a c i l i t a t e d t h e i n t e r p r e t a t i o n i n t h e f o r m e r . E x a m p l e s o f t h e i n f r a -

r e d s p e c t r a a r e g i v e n i n F i g u r e 3 . 4 . 3 a - d a n d c o r r e s p o n d t o t h e X R D 

t r a c e s r e c o r d e d i n t h e p r e v i o u s f i g u r e . 

T h e b r o a d s q u a r e - s h a p e d p e a k s i n F i g u r e 3 . 4 . 3 a ( w i t h 

a c c e n t u a t e d s h o u l d e r s a t 1 2 0 0 , 9 4 0 , 7 8 0 a n d 3 5 0 c m w e r e a s s u m e d t o 

c h a r a c t e r i s e t h e 2 : 1 9 A t y p e m i n e r a l s y n t h e s i s e d a t 150°C. T h e s e 

shouldered peaks indicated a high concentration of Al—OH bonds 

a s s o c i a t e d w i t h a s i l i c o n - r i c h b a s a l s t r u c t u r e w h i c h w o u l d b e e x p e c t e d 

1 3 9 
f r o m t h e h i g h a l u m i n i u m c o n c e n t r a t i o n s a p p l i e d t o t h e s y s t e m . T h e I R 

s p e c t r u m i n F i g u r e 3 . 4 . 3 b w a s s i m i l a r t o t h a t o f w e l l - c r y s t a l l i s e d 

2 1 7 2 3 0 

k a o l i n i t e ( r e p o r t e d i n t h e l i t e r a t u r e ' ) b u t c o n t a i n e d l e s s w e l l 

d e f i n e d p e a k s . F i g u r e s 3 . 4 . 3 c a n d d r e p r e s e n t v e r m i c u l i t e - c h l o r i t e s 

a n d m o n t m o r i l l o n i t e t y p e s m e c t i t e s , r e s p e c t i v e l y . T h e f o r m e r e x h i b i t 

a s t r o n g s h o u l d e r e d p e a k a t 6 9 0 c m ^ w h i c h a p p e a r s t o b e c h a r a c t e r i s t i c 

o f M g - O H b o n d i n g . T h e s u b s e q u e n t i n f e r e n c e o f a d o m i n a n t l y t r i o c t a h e d r a l 

s t r u c t u r e w a s c o n f i r m e d f r o m X R D e v i d e n c e (1.53 A ) . A s i m i l a r s h o u l d e r 

w a s n o t e d i n t h e I R t r a c e s o f c h l o r i t e s s y n t h e s i s e d a t 100°C ( F i g u r e 

3 . 3 . 9 ) b u t t h e i r p o o r e r c r y s t a l l i n e s t a t e c a u s e d t h e i n f r a - r e d p e a k 

i n t e n s i t y t o b e r e d u c e d . I n c o n t r a s t t o t h i s t r a c e , F i g u r e 3 . 4 . 3 d 

s h o w e d t h e d e v e l o p m e n t o f p e a k s a t 3 1 0 0 c m \ 7 8 5 c m \ 7 3 0 c m ^ 

c h a r a c t e r i s t i c o f s m e c t i t e s . 

R a i s i n g t h e p H m i d w a y t h r o u g h t h e r e a c t i o n r e s u l t e d in 

w i d e s p r e a d p r e c i p i t a t i o n o f t h e i o n s a s h y d r o x y o x i d e s a n d s e p t e c h l o r i t e s . 

N o s e p a r a t e p h a s e r e g i o n s c o u l d b e d i s c e r n e d . A m e s i t e a n d c h a m o s i t e s 

w e r e t h e p r i n c i p a l s e p t e c h l o r i t e s f o r m e d a t 1 5 0 - 3 5 0°C, t h o u g h v e r y 



4 0 0 0 3 5 0 0 3 0 0 0 2 5 0 0 2 0 0 0 1 8 0 0 1 6 0 0 1 4 0 0 1 2 0 0 1 0 0 0 8 0 0 6 0 0 4 0 0 2 0 0 

F i g u r e 3 . 4 . 3 I n f r a - r e d t r a c e s f o r s e l e c t e d - 7 5 y m p r o d u c t s f e a t u r e d i n 

F i g u r e 3 . 4 . 1 to 

a) 9-11 A aluminosilicate \o 
b ) k a o l i n i t e - d i c k i t e 

c ) v e r m i c u l i t e - c h l o r i t e 

d) montmorillonite 
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p o o r l y c r y s t a l l i n e 1 0 A a l u m i n o s i l i c a t e s a p p e a r e d t o d e v e l o p a t l o w e r 

t e m p e r a t u r e s a t p H s g r e a t e r t h a n 7 . F o r t h e s e r e a s o n s t h e o t h e r t w o 

p h a s e d i a g r a m s m e n t i o n e d a r e n o t c o n s i d e r e d i n d e t a i l . 

3 . 5 D i s c u s s i o n ; C o m p a r i s o n o f E x p e r i m e n t a l R e s u l t s w i t h 

T h e o r e t i c a l R e a c t i o n E q u i l i b r i a a n d P h a s e D i a g r a m s 

T h e p r e v i o u s s e c t i o n s h a v e d e s c r i b e d t h e v a r i o u s e x p e r i m e n t a l 

c o n d i t i o n s u n d e r w h i c h t h e a l t e r a t i o n o f k i m b e r l i t e s t o f o r m c l a y 

m i n e r a l s m a y b e e f f e c t e d . T h e a i m o f t h i s s e c t i o n i s t o d i s c u s s t h e 

d i f f e r e n t r e a c t i o n s t h a t h a v e b e e n o b s e r v e d i n c o m p a r i s o n w i t h t h e o r y . 

A s d e t a i l s o f r e a c t i o n p a t h a r e n o t d i s c u s s e d u n t i l C h a p t e r 4 t h e 

f o r m a t i o n o f c l a y m i n e r a l s i s d i s c u s s e d in s i m p l e t e r m s : n a m e l y , 

t h e i n t e r - r e a c t i o n o f i o n i c s p e c i e s . T w o f o r m s o f p r e s e n t a t i o n a r e 

d e s c r i b e d , e a c h b a s e d o n a v e r a g e d c l a y s t r u c t u r a l f o r m u l a e d e d u c e d 

f r o m p r o d u c t s a n a l y s e d u s i n g P r o g r a m C E C P M ( S e c t i o n 2 . 5 . 4 ) . 

a) T h e a d d i t i o n o f h y d r o g e n a n d a l u m i n i u m i o n s t o a s y s t e m w h e r e 

t h e m i n e r a l s a r e c o n s i d e r e d a s s o l i d a g g r e g a t e s o f t h e c o n s t i t u e n t i o n i c 

2 + 2+ 3 + 2 + 4 — 
s p e c i e s : M g , F e , F e , C a a n d S i O ^ ~ a n d w a t e r a s s h o w n i n t h e 

d i a g r a m : 

I n t h e r e a c t i o n e q u i l i b r i a t h a t f o l l o w ( e q u a t i o n s 3 . 5 . 1 - 1 2 , 

3 . 5 . 1 7 - 2 4 ) s p e c i e s c o n s i d e r e d t o b e p a r t o f t h e m i n e r a l l a t t i c e s a r e 

2 + 4 -
s h o w n i n i n v e r t e d c o m m a s i . e . 'Mg 'SiO

 1

 e t c . T h e o v e r a l l 
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e q u i l i b r i u m c o n s i d e r s t h e i o n r e q u i r e m e n t s o f e a c h c l a y p h a s e - t h e 

a l u m i n i u m , h y d r o g e n a n d w a t e r (as r e a g e n t s ) a n d t h e i o n i c s p e c i e s 

d e r i v e d f r o m t h e k i m b e r l i t e . T h e s e r e a c t i o n s ( d i s c u s s e d i n S e c t i o n s 

3 . 5 . 1 a n d 3 . 5 . 2 ) d o n o t a s s u m e t h a t t h e i o n s r e a c t i n t h e p r o p o r t i o n s 

o f , o r o r i g i n a t e e n t i r e l y f r o m , a s p e c i f i c m i n e r a l . T h e e q u i l i b r i a 

p e r m i t t e d c o m p a r i s o n b e t w e e n t h e i o n r e q u i r e m e n t s o f e a c h p r o d u c t 

p h a s e a n d , s u b s e q u e n t l y , a p a r t i a l t h e o r e t i c a l i n t e r p r e t a t i o n o f 

F i g u r e s 3 . 3 . 9 , 3 . 3 . 1 0 , 3 . 4 . 1 ; a n d i t w a s f o r t h e s e p u r p o s e s t h a t t h e y 

w e r e d e s i g n e d . 

b ) T h e f o r m a t i o n o f p h y l l o s i l i c a t e m i n e r a l s f r o m s o l u t i o n a r e 

c o n s i d e r e d . T h i s p r e s e n t a t i o n a s s u m e s a n i n i t i a l h y d r o l y s i s r e a c t i o n 

t o h a v e t a k e n p l a c e a n d t h e c o n s t i t u e n t i o n s o f t h e k i m b e r l i t e m i n e r a l s 

2 + 2+ 3+ 2 + 
t o h a v e e n t e r e d s o l u t i o n a s M g , F e ' F e , C a a n d S i ( 0 H )

4
. T h i s 

a l l o w s m i n e r a l - s o l u t i o n p h a s e d i a g r a m s t o b e c o n s t r u c t e d f o r a t h e r m o -

d y n a m i c d e s c r i p t i o n o f t h e s y n t h e s i s o f t h e p h y l l o s i l i c a t e m i n e r a l s 

(as g i v e n in S e c t i o n s 3 . 5 . 3 a n d 3 . 5 . 4 ) . 

3 + + 

3 . 5 . 1 P h a s e d i a g r a m s i n t h e A l - H s y s t e m I I I : R e a c t i o n 

e q u i l i b r i a a t 100°C 

T h e s e e q u i l i b r i a c o n s i d e r e d t h e f o r m a t i o n o f t h e p h y l l o s i l i c a t e s 

s h o w n i n F i g u r e s 3 . 3 . 9 a n d 3 . 3 . 1 0 , f r o m t h e r e a c t i o n o f a l u m i n i u m a n d 

h y d r o g e n i o n s w i t h t h e k i m b e r l i t e . E q u i l i b r i a w h i c h r e l a t e e x c l u s i v e l y 

t o F i g u r e 3 . 3 . 9 a r e e q u a t i o n s 3 . 5 . 6 a n d 3 . 5 . 1 2 . E q u a t i o n s 3 . 5 . 5 a n d 

3 . 5 . 7 r e l a t e o n l y t o F i g u r e 3 . 3 . 1 0 . 

T h e e q u i l i b r i a r e p r e s e n t t h e d i f f e r e n t p r o d u c t s e x p e c t e d t o 

p r e d o m i n a t e a t p a r t i c u l a r r a t i o s o f s o l u t i o n reactaritts, b a s e d o n 

r e a c t a n t i o n a b u n d a n c e . T h e f o r m u l a e o f m o s t o f t h e .clay m i n e r a l s a r i s e 

d i r e c t l y f r o m c o m p u t e d p h a s e a n a l y s e s o f - 7 5 y m p r o d u c t s u s i n g P r o g r a m 
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C E C P M ( S e c t i o n 2 . 5 . 4 ) . E x c e p t i o n w e r e t h e s e p t e c h l o r i t e s , w h i c h w e r e n o t e d 

(by X R D ) t o f o r m a t p H v a l u e s h i g h e r t h a n t h o s e c o n s i d e r e d in P r o g r a m 

C E C P M . 

1 . 2 A l
3 +

 + 6 . 6 4 H
+

 + 4 . 9 8 H
2
0 *-»• A l

 7 Q
 M g P e

 5 ? 

1 . 1 9 ' M g
2 +

' + 0 . 5 7 ' F e
3 +

' + 3 . 5 8 ' S i O
 4

" ' (Al ^ S i
3 5 Q

) 0 ( O H )
2
 7 . 3 H

2
0 

o . . . 
9 - 1 1 A a l u m m o s i l i c a t e I 

( 3 . 5 . 1 ) 

1 . 6 A l
3 +

 + 2 H
+

 + H
o
0 + -<->• A l M g F e S i _ O

c
 (OH) , 

2 + 2 + 4 -
0 . 3 'Mg ' + 0 . 3 'Fe * + 2 ' S i 0

4

 1

 a l u m i n i a n s e r p e n t i n e (3.5.2) 

0 . 3 A l
3 +

 + 2 H
+

 + H
2
0 + 1 . 2 5 ' M g

2 +

' A l ( M g
1 2 5

 F e
 2 5

 S i
2
0

5
( 0 H )

4 

2+ 4 -
1 . 2 5 'Fe ' + 2 ' S i 0

4
 ' m a g n e s i a n s e r p e n t i n e (3.5.3! 

0 . 9 3 A l
3 +

 + 3 . 1 0 H
+

 + 2 . 8 6 ^ 0 + - C a
> 1 6

 2 U
 Q g

 M g
2 > 4 2

 F e ^ ( A l
< 8 4

S i
3 > 1 6

) 

2 . 4 2 ' M g
2 +

' + 0 . 5 3 ' F e
3 +

' + 0
 Q
 (OH) 3 . 6 H

2
0 

2 + 4 -
0 . 1 6 'Ca

 1

 + 3 . 1 6 ' S i 0
4
 ' ( s a p o n i t e ) s m e c t i t e I ( 3 . 5 . 4 ) 

1 . 2 2 A l
3 +

 + 2 . 7 8 H
+

 + 4 H
2
0 + ~ < *

0 9
 A l

> 2 6
 M g ^ F e _

2 8
 (Al

#
 ^ ^ 

2 . 5 8 M g
2 +

 + 0 . 2 8 ' F e
3 +

' + 0 . 0 9 ' C a
2 +

' 0
1 Q
 ( O H )

2
 4 . 3 H

2
0 

4 -
+ 3 . 0 4 ' S i O , ' v e r m i c u l i t e I I ( 3 . 5 . 5 ) 

4 

1 . 2 8 A l
3 +

 + 0 . 3 2 H
+

 + 4 . 8 4 ^ 0 + ~ C a ^ A l ^ M g ^ F e
> 4 4

 ( A l ^ S i ,
 # 7 g ) 

2 . 5 1 ' M g
2 +

' + 0 . 4 4 ' F e
3 +

' + 0
1 Q
 ( O H )

2
 4 . 6 H

2
0 

0 . 2 8 ' C a
2 +

' + 2 . 7 9 ' S i O ^ " ' v e r m i c u l i t e I ( 3 . 5 . 6 ) 



.213 

1 . 7 3 A l
3 +

 + 4 . 1 6 H
2
0 + 2 . 7 6 ' M g

2 +

' ~ M ^ M g ^ F e ^ ( A l
- 5 4

S i
3 - 4 6

> 

+ 1 . 7 9 ' F e
2 + I

 + 3 . 4 6 ' S i O ^ " ' O (OH)
 Q 

c h l o r i t e I I + 0 . 4 5 H
+

 (3.5.7) 

3 . 4 2 A l
3 +

 + 9 . 3 H
2
0 + 0 . 5 ' M g

2 +

' + ~ A l ^ M g ^ F e ^ ( A l ^ S i ^ ) O
1 0 

0 . 2 5 ' F e
2 + I

 + 2 . 5 ' S i O ^ " ' (OH) 7 . 3 H
2
0 

9 - 1 1 A a l u m i n o s i l i c a t e I I 

+ 2 H
+

 (3.5.8) 

A l
3 +

 + . 3 O H " + + A l (OH) 

g i b b s i t e (3.5.9) 

4 A l
3 +

 + 4 O H " + 2 H
2
0 + A l ( M g , F e )

2
 (Al S i ) 0

1 Q
 (OH) 

2 + 4 - . 
2 (Mg,Fe) + 3 Si0

4
 septechlonte-kandite I ( 3 . 5 . 1 0 ) 

A l
3 +

 + 4 O H ~ + 2 H O + 6 . 5 ( M g , F e )
2 +

 «-»-(Mg,Fe)
 c
 _ (Al S i , ) 0 . . ( 0 H )

o 2. o. i) 3 - L U o 
4 -

+ 3 S i O ^ s e p t e c h l o n t e - k a n d i t e I I ( 3 . 5 . 1 1 ) 

2 . 5 0 A l
3 +

 + 6 . 8 8 H
2
0 + 4 . 0 4 ' M g

2 +

' ~ A l ^ M g ^ F e
> 7 3

 ( A l ^ S±
2 ? 8

) 

0 . 7 3 ' F e
2 +

' + 2 . 7 8 ' S i O
 4

" ' O . _ ( 0 H )
o 4 1 0 8 

c h l o r i t e I + 5 . 7 6 H
+

 (3.5.12) 

T h e t w e l v e e q u a t i o n s a r e a r r a n g e d i n t h e o r d e r o f d e c r e a s i n g 

s t o i c h i o m e t r i c h y d r o g e n i o n (or i n c r e a s i n g h y d r o x y l i o n ) r e q u i r e m e n t p e r 

1

 ( A l , S i )
4
 u n i t f o r t h e c l a y m i n e r a l s t r u c t u r e s . F r o m t h e f i r s t 

s i x e q u a t i o n s i t c a n b e d e d u c e d t h a t s m e c t i t e s , a l u m i n i a n s e r p e n t i n e s , 

v e r m i c u l i t e s a n d c e r t a i n 9 - 1 1 A p h a s e s w e r e s t a b l e i n a c i d i c m e d i a , a s 

f o u n d e x p e r i m e n t a l l y . G i b b s i t e a n d s e p t e c h l o r i t e k a n d i t e s ( e q u a t i o n s 

3 . 5 . 9 - 1 1 ) w o u l d b e e x p e c t e d t o p r e c i p i t a t e a t h i g h e r p H v a l u e s . T h i s w a s 
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a l s o o b s e r v e d e x p e r i m e n t a l l y ( F i g u r e s 3 . 3 . 9 a n d 1 0 ) , t h e s e p h a s e s b e i n g 

s t a b l e i n p H r e g i m e s 4 a n d a b o v e . 

T h e r e a c t i o n s r e l a t i n g t o t h e f o r m a t i o n o f c h l o r i t e a n d o t h e r 

o 

9 - 1 1 A p h a s e s ( e q u a t i o n s 3 . 5 . 7 , 3 . 5 . 9 a n d 3 . 5 . 1 2 ) e i t h e r r e q u i r e a l k a l i n e 

c o n d i t i o n s f o r t h e i r c r y s t a l l i z a t i o n o r g e n e r a t e h y d r o g e n i o n s t h r o u g h 

t h e i r f o r m a t i o n . A s c h l o r i t e s w e r e d e t e c t e d i n a c i d i c p H r e g i m e s 

( F i g u r e s 3 . 3 . 9 a n d 3 . 3 . 1 0 ) i t w o u l d a p p e a r t h a t t h e l a t t e r a p p l i e d i n 

t h i s c a s e , t h e e x t r a h y d r o g e n i o n s g e n e r a t e d b e i n g c o n s u m e d t h r o u g h 

t h e f o r m a t i o n o f o t h e r c l a y p h a s e s , s u c h a s s m e c t i t e s . 

C o m p a r i n g t h e e q u a t i o n s i t b e c a m e a p p a r e n t t h a t t h e m a j o r i t y 

o f t h e r e a c t i o n s c o u l d b e f u r t h e r d i s t i n g u i s h e d f r o m e a c h o t h e r b y t h e 

e x t e n t o f a l u m i n i u m s u b s t i t u t i o n i n t h e t e t r a h e d r a l l a t t i c e . I n d e e d , 

i t w a s e v i d e n t t h a t , a s t h e e x t e n t o f s u c h s u b s t i t u t i o n i n c r e a s e d , t h e 

h y d r o g e n i o n r e q u i r e m e n t c o r r e s p o n d i n g l y d e c r e a s e d , a s s h o w n g r a p h i c a l l y 

i n F i g u r e 3 . 5 . 1 . 

T h e f i g u r e c o n s i s t s o f t w o l i n e a r p l o t s e a c h p o i n t r e p r e s e n t i n g 

a d a t u m d e d u c e d f r o m o n e o f t h e a b o v e e q u i l i b r i a . T h e p l o t t e d l i n e s a r e 

p a r a l l e l t o e a c h o t h e r , o n e l i n k i n g p o i n t s a t t r i b u t a b l e t o s m e c t i t e s , 

v e r m i c u l i t e s a n d 9 - 1 1 A p h a s e s , t h e o t h e r t o c h l o r i t e s , k a n d i t e s , a n d 

s e p t e c h l o r i t e s . I t i s s u g g e s t e d t h a t t h e d e m a r c a t i o n b e t w e e n t h e t w o 

p l o t s r e l a t e s t o t h e n a t u r e o f t h e f u n d a m e n t a l c h e m i c a l g r o u p i n g s o f e a c h 

m i n e r a l . S m e c t i t e s , v e r m i c u l i t e s a n d 9 - 1 1 A p h a s e s a r e a l l b a s e d o n t h e 
o 

2 : 1 (9 A ) l a y e r l a t t i c e ( P l a t e 1 . 7 ) w h e r e a s c h l o r i t e s t r u c t u r e s c a n b e 

e n v i s a g e d , f r o m t h e p o i n t o f v i e w o f c h e m i c a l c o m p o s i t i o n , to b e 

m u l t i p l e s o f t h e 1 : 1 (7 A ) l a y e r l a t t i c e a t t r i b u t a b l e t o k a n d i t e s a n d 

s e p t e c h l o r i t e s ( P l a t e 1 . 6 ) . F r o m t h e n a t u r e o f t h e e q u i l i b r i a a n d 

e x p e r i m e n t a l d a t a a f f o r d e d b y i n f r a - r e d s p e c t r o s c o p y i t c o u l d b e s e e n 

t h a t t h e e x t e n t o f t e t r a h e d r a l s u b s t i t u t i o n b y a l u m i n i u m i n c r e a s e d t o a 

c e r t a i n e x t e n t w i t h i n i t i a l a l u m i n i u m d o s a g e , t h o u g h t h i s e f f e c t w a s 
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m u l t i p l e s m u l t i p l e s 

o f 7 A o f 9 A 

s t r u c t u r e s s t r u c t u r e s 

F i g u r e 3 . 5 . 1 R e l a t i o n b e t w e e n h y d r o g e n i o n r e q u i r e m e n t / 

r e g e n e r a t i o n a n d t h e e x t e n t o f a l u m i n i u m 

s u b s t i t u t i o n i n t h e t e t r a h e d r a l l a t t i c e 

f o r p h y l l o s i l i c a t e s . 
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p a r t i a l l y n e g a t e d b y i n c r e a s e d i n i t i a l a c i d c o n c e n t r a t i o n ( F i g u r e 3 . 5 . 1 ) . 

T h e s e o b s e r v a t i o n s e x p l a i n w h y a l a r g e r p r o p o r t i o n a t e i n c r e a s e 

i n t h e D O A a n d i o n c o n c e n t r a t i o n l e v e l s w a s r e c o r d e d w h e r e a l u m i n i u m 

+ 
i o n s w e r e a d d e d t o d i l u t e a c i d s y s t e m s , ( i . e . 0 . 3 1 M H : F i g u r e 3 . 3 . 8 ) 

+ 
r a t h e r t h a n t o m o r e c o n c e n t r a t e d o n e s ( e . g . 1 . 5 M H : F i g u r e 3 . 3 . 1 2 ) . 

N a m e l y , t h e e x t e n t o f t e t r a h e d r a l s u b s t i t u t i o n , a n d h e n c e h y d r o g e n i o n 

r e g e n e r a t i o n , w a s l a r g e r i n t h e c a s e o f t h e f o r m e r . T h e n a t u r e o f t h e 

p h y l l o s i l i c a t e p h a s e f o r m e d w a s o b v i o u s l y d e p e n d e n t o n t h e a v a i l a b i l i t y 

o f t h e i o n i c s p e c i e s d e r i v e d f r o m t h e k i m b e r l i t e , w h i c h w a s i n t u r n 

d e p e n d e n t o n t h e c o n c e n t r a t i o n s o f a l u m i n i u m a n d h y d r o g e n i o n s a d d e d t o 

t h e s y s t e m . I n t h e c a s e o f s i l i c o n , t h e n u m b e r o f i o n s n e e d e d f o r 

r e a c t i o n w a s m o d e r a t e d b y t h e p r e s e n c e o f t e t r a h e d r a l l y c o o r d i n a t e d 

a l u m i n i u m i o n s . A r e l a t i o n s h i p b e t w e e n s i l i c o n a n d h y d r o g e n i o n 

r e q u i r e m e n t i s n o w d e d u c e d . F r o m F i g u r e 3 . 5 . 1 : 

I V o 
A l = 0 . 4 9 7 - 0 . 1 2 5 8 H f o r 7 A b a s e d p h a s e s 

n o n o 

I V o 
A l = 1 . 2 6 1 - 0 . 1 2 5 8 H f o r 9 A b a s e d p h a s e s ( 3 . 5 . 1 3 ) 

n o n o 

I V 
where Al , H are the number of tetrahedrally coordinated aluminium 

no no 

ions and the number of hydrogen ions, respectively. 

Hence, as the sum of silicon C
s

i
n Q
) tetrahedrally coordinated 

aluminium ions is a constant, the following equations hold for phyllosilicates 

whose structure is based on the ' ( A l / S i ^ O ^ ' unit. 

IV 
S i = 4 - A l 

n o n o 

= 3 . 5 0 2 + 0 . 1 2 5 8 H f o r 7 A b a s e d p h a s e s 
no 

= 2 . 7 3 9 + 0 . 1 2 5 8 H for 9 A based phases ( 3 . 5 . 1 4 ) 
no 

A m e a s u r e o f t h e n u m b e r o f t h e o c t a f t e d r a l l y c o o r d i n a t e d i o n s 
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2 + 2 + 3 + 2 + 
(Mg , F e , F e ,Ca ) i n a p h a s e m a y b e o b t a i n e d i n t e r m s o f A l

n o
 a n d 

I V 
H w h e r e A l i s t h e s u m o f t e t r a h e d r a l l y c o o r d i n a t e d (Al ) a n d 
n o n o

 J

 n o 

VJ 
o c t a h e d r a l l y c o o r d i n a t e d ( A l

n o
) a l u m i n i u m i o n r e q u i r e m e n t s . 

F o r 7. A p h a s e s a n d c h l o r i t e , a d o p t i n g a s i m i l a r n o t a t i o n t o 

2+ 2+ 3+ 2+ 
t h a t a b o v e f o r t h e s p e c i e s M g , F e , F e ,Ca , t h e c h a r g e b a l a n c e f o r 

t h e o c t a h e d r a l l a y e r w o u l d b e a s f o l l o w s : 

V I I V 
2 (Mg + F e + C a ) + 3 A l = 12 + A l 3

n o n o n o n o n o 

V I I V 
s u b s t i t u t i n g A l = A l + A l a n d e q u a t i o n 3 . 5 . 1 3 . 

' n o n o n o ^ 

2 (Mg + F e + C a ) = 1 4 - 3 A l - 0 . 5 0 3 H (3.5.15) 3

n o n o n o n o n o 

S i m i l a r l y f o r 9 A b a s e d p h a s e s 

2 (Mg + C a ) + 3 F e = 1 1 . 0 4 - 3 A l - 0 . 5 0 3 H ( 3 . 5 . 1 6 ) 
n o n o n o n o n o 

2+ 
T h e s e e q u a t i o n s a s s u m e t h a t t h e i r o n i s p r e s e n t a s t h e F e i o n 

3 + 

i n k a n d i t e s , s e p t e c h l o r i t e s a n d c h l o r i t e s , a n d a s t h e F e i o n i n 

s m e c t i t e , v e r m i c u l i t e a n d 9 - 1 1 A p h a s e s . 

T h e s e e q u a t i o n s w e r e u s e d t o c o n s t r u c t t h e ( t h e o r e t i c a l ) p h a s e 

d i a g r a m s h o w n i n F i g u r e 3 . 5 . 2 w h i c h i n d i c a t e s t h e r e g i o n s o f 

p h y l l o s i l i c a t e s t a b i l i t y i n t e r m s o f A l ^ a n d H
n o
 s t o i c h i o m e t r i c 

r e q u i r e m e n t . H y d r o g e n i o n r e q u i r e m e n t s w e r e c a l c u l a t e d f o r t h e i n d i v i d u a l 

c l a y p h a s e s u s i n g e q u a t i o n 3 . 5 . 1 3 . O t h e r l i m i t s o f f o r m a t i o n ( d o t t e d i n 

t h e d i a g r a m ) w e r e d e d u c e d f r o m e q u a t i o n s 3 . 5 . 1 5 a n d 3 . 5 . 1 6 u s i n g t h e 

s t r u c t u r a l f o r m u l a e c o m p u t e d i . e . M g , F e , C a a n d A l . A r e g i o n o f 
n o n o n o n o ^ 

s t a b i l i t y f o r a p a r t i c u l a r p h a s e w a s h e n c e i n d i c a t e d (a) b y t h e c l u s t e r 

o f t h e o r e t i c a l p h a s e p o i n t s a s a r i s i n g f r o m t h e A l
n Q
 a n d r e q u i r e m e n t s , 
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a n d (b) t h e c o n s t r a i n t s i m p o s e d b y t h e e l e c t r o n e u t r a l i t y o f t h e 

m o l e c u l e ( e q u a t i o n s 3 . 5 . 1 5 a n d 3 . 5 . 1 6 ) . T a k i n g t h e 9 - 1 1 A a l u m i n o s i l i c a t e s 

a s a n e x a m p l e , t h e h i g h e s t a n d l o w e s t H
n Q
 r e c o r d e d i n t h i s w o r k w e r e 1 0 

a n d - 5 . 2 , r e s p e c t i v e l y a n d f o r A l , 4 . 1 a n d 0 . 6 r e s p e c t i v e l y . U s i n g 

e q u a t i o n s 3 . 5 . 1 6 d i a g o n a l p a r a l l e l l i n e s c o u l d b e d r a w n t h r o u g h e a c h 

p o i n t . T h o s e l i n e s b o r d e r i n g o r e n c l o s i n g a l l t h e e x p e r i m e n t a l p o i n t s 
» 

m a r k e d t h e k n o w n l i m i t s o f f o r m a t i o n o f t h e p h a s e . I n t e r m e d i a t e r e g i o n s 

w e r e a s s u m e d t o r e p r e s e n t a m o r p h o u s p h a s e s a n d t h e r e m a i n d e r , s o l u t i o n 

p h a s e s ( w h e r e H
n o
 w a s h i g h ) . 

F i g u r e 3 . 5 . 2 s u m m a r i s e s t h e e f f e c t o f a l u m i n i u m a n d h y d r o g e n i o n 

r e q u i r e m e n t o n t h e f o r m a t i o n o f p h y l l o s i l i c a t e s f r o m k i m b e r l i t e . I t 

s h o u l d b e n o t e d t h a t t h e d i a g r a m i s i n d e p e n d e n t o f t e m p e r a t u r e - p r o d u c t s 

o f s i m i l a r c o m p o s i t i o n w e r e o b s e r v e d a t t e m p e r a t u r e s g r e a t e r t h a n 100°C 

( i . e . u p t o 350°C) . F u r t h e r m o r e t h e c o n s t r u c t i o n o f t h e d i a g r a m s w a s 

i n d e p e n d e n t o f e x p e r i m e n t a l w o r k o t h e r t h a n f o r t h e c h e m i c a l c o m p o s i t i o n s 

d e d u c e d f o r t h e p h a s e s o f i n t e r e s t . 

W h e r e t h e h y d r o g e n i o n r e q u i r e m e n t w a s l o w (0-4) , a v a r i e t y o f 

p h a s e s c o u l d b e f o r m e d o n s t o i c h i o m e t r i c g r o u n d s , a s i n d i c a t e d i n 

F i g u r e 3 . 5 . 2 , i n c l u d i n g k a n d i t e s , v e r m i c u l i t e s , c h l o r i t e s a n d 9 - 1 1 A 

p h a s e s . T h i s c o m p a r e s w e l l w i t h t h e e x p e r i m e n t a l r e s u l t s ( F i g u r e 3 . 3 . 9 ) 

w h e r e a m i x t u r e o f j u s t t h e s e m i n e r a l s c o m m o n l y f o r m e d t h e m a j o r i t y o f 

t h e - 7 5 y m p r o d u c t w h e r e n o p H a d j u s t m e n t w a s m a d e . F o r e x a m p l e , w h e r e 

i n i t i a l a l u m i n i u m a n d h y d r o g e n i o n c o n c e n t r a t i o n s o f 0 . 0 4 6 M a n d 0 . 3 1 M 

r e s p e c t i v e l y h a d b e e n u s e d , a n a l u m i n i a n s e r p e n t i n e f o r m e d a s i n d i c a t e d 

b y t h e p o i n t A i n t h e f i g u r e . A p p l y i n g t h e A l
n Q
 a n d H

n Q
 r e q u i r e m e n t s f o r 

t h i s k a n d i t e y i e l d s t h e e q u i v a l e n t p o i n t A i n F i g u r e 3 . 5 . 2 . I n t h e 

o 
c a s e s o f v e r m i c u l i t e , c h l o r i t e a n d t h e 9 - 1 1 A p h a s e s t h e A l / H 

* n o n o 

r e q u i r e m e n t r a t i o s w e r e g r e a t e r t h a n t h o s e f o r s m e c t i t e s , a s i n d i c a t e d 

i n t h e t h e o r e t i c a l p h a s e d i a g r a m . T h i s c o m p a r e s f a v o u r a b l y w i t h F i g u r e 3 . 3 . 9 
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w h e r e t h e s e p h a s e s a r e a s c e r t a i n e d t o f o r m w i t h a n i n c r e a s e i n i n i t i a l 

a l u m i n i u m c o n c e n t r a t i o n i n t h e o r d e r v e r m i c u l i t e , c h l o r i t e , 9 - 1 1 A 

p h a s e . T y p i c a l r e a c t i o n s w h i c h d e s c r i b e t h e s e t r a n s f o r m a t i o n s a r e 

g i v e n b y e q u a t i o n s 3 . 5 . 3 ( k a n d i t e ) , 3 . 5 . 6 ( v e r m i c u l i t e ) , 3 . 5 . 1 2 ( c h l o r i t e ) 

3 . 5 . 8 ( 9 - 1 1 k a l u m i n o s i l i c a t e ) . 

T h e e f f e c t o f a d j u s t m e n t o f t h e p H t o w a r d s a l k a l i n e v a l u e s a s 

i l l u s t r a t e d i n F i g u r e 3 . 3 . 9 , i s m o d e l l e d i n F i g u r e 3 . 5 . 2 b y c o n s i d e r i n g 

n e g a t i v e H
n o
 v a l u e s . T h e r e s u l t a n t p r o d u c t s w h i c h c o u l d f o r m a r e 

d e p e n d e n t , i n t h e m a i n , o n A l
n o
 r e q u i r e m e n t . H y d r o x y o x i d e s a n d 7 A 

s e p t e c h l o r i t e s c a n f o r m f o r v a r i o u s A l v a l u e s w h e r e a s , c h l o r i t e s a n d 

o 

9 - 1 1 A p h a s e f o r m a t i o n h a v e r e q u i r e m e n t s g r e a t e r t h a n 2 . T h e p h a s e 

d i a g r a m i n F i g u r e 3 . 3 . 9 s u g g e s t s t h a t a l u m i n i u m i o n a v a i l a b i l i t y w a s 

i n s u f f i c i e n t f o r t h e l a t t e r t w o p h a s e s t o f o r m s i n c e 7 A p h a s e s a n d 

h y d r o x y o x i d e s w e r e s o l e l y d e t e c t e d . 

A l t e r a t i o n s y s t e m e m p l o y i n g h i g h e r i n i t i a l a c i d c o n c e n t r a t i o n s 

( F i g u r e 3 . 3 . 1 0 ) w o u l d f a v o u r t h e f o r m a t i o n o f m i n e r a l s w h i c h h a v e a 

l a r g e r H
n Q
 r e q u i r e m e n t t h a n t h o s e d i s c u s s e d p r e v i o u s l y . A t t h e s e h i g h e r 

a c i d i t i e s t h e e x t e n t o f t e t r a h e d r a l s u b s t i t u t i o n i n t h e c l a y m i n e r a l 

l a t t i c e s w o u l d b e r e d u c e d . F r o m F i g u r e i3.5.2, t h i s w o u l d r e n d e r 

p o s s i b l e t h e f o r m a t i o n o f s a p o n i t i c s m e c t i t e s a n d k a n d i t e s w h i c h a r e 

a l s o o b s e r v e d i n p r a c t i c e ( F i g u r e 3 . 3 . 1 0 ) , t h e e q u i v a l e n t r e g i o n s in 

b o t h d i a g r a m s b e i n g m a r k e d B . I n c r e a s i n g t h e a l u m i n i u m i o n c o n c e n t r a t i o n 

a t h i g h i n i t i a l a c i d v a l u e s w o u l d r e s u l t i n v e r m i c u l i t e a n d c h l o r i t e 

f o r m a t i o n a c c o r d i n g t o t h e t h e o r e t i c a l d i a g r a m . T h i s i s c o n s i s t e n t 

w i t h F i g u r e 3 . 3 . 1 0 w h e r e c h l o r i t e a n d v e r m i c u l i t e a r e t h e p r i n c i p a l 

p r o d u c t s f o r i n i t i a l a l u m i n i u m c o n c e n t r a t i o n s o f 0 . 2 - 0 . 4 M , w h e r e n o p H o 

a d j u s t m e n t w a s a p p l i e d . 9 - 1 1 A p h a s e s a p p e a r t o b e t h e o n l y c l a y p h a s e s 

f o r m i n g t o h a v e A l
 Q
 r e q u i r e m e n t s g r e a t e r t h a n 2 f o r H

n o
 v a l u e s l a r g e r 

t h a n 0 . R e f e r r i n g t o F i g u r e 3 - 3 . 1 0 i t w a s e v i d e n t t h a t s m e c t i t e s a n d 
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v e r m i c u l i t e s f o r m e d i n s t e a d , t h e s e m i n e r a l s h a v i n g l o w e r A l 
n o 

r e q u i r e m e n t s t h a n 9 - 1 1 A p h a s e s . T h i s a p p a r e n t i n c o n s i s t e n c y m a y b e 

e x p l a i n e d i n t e r m s o f l o c a l i s e d r e a c t i o n s w h i c h a r e d i s c u s s e d i n C h a p t e r 4 , 

i n t h a t t h e a c t u a l a l u m i n i u m i o n a v a i l a b i l i t y w a s l e s s t h a n t h a t i n f e r r e d 

f r o m t h e b u l k c o n c e n t r a t i o n . 

O n i n c r e a s i n g t h e p H o f t h e s o l u t i o n a f t e r a n i n i t i a l 3 . 5 h i n t e r v a l 

( S e c t i o n 3 . 3 . 4 ) m i n e r a l s w i t h l o w e r H
n o
 r e q u i r e m e n t s h o u l d f o r m . 

I m m e d i a t e l y t o t h e r i g h t o f t h e p H l i n e d r a w n i n t h e e x p e r i m e n t a l p h a s e 

d i a g r a m , v e r m i c u l i t e s a n d k a n d i t e s w e r e r e c o r d e d a s t h e p r i n c i p a l 

c r y s t a l l i n e c o m p o u n d s a l t h o u g h t h e y w e r e a c c o m p a n i e d b y p o o r l y 

c r y s t a l l i n e 9 a n d 1 1 A p h a s e s . T h e p r e s e n c e o f t h e l a t t e r , c o u p l e d 

w i t h t h e l e s s w e l l r e s o l v e d p e a k s o b t a i n e d i n t h e d i f f r a c t o g r a m s , 

s u g g e s t e d t h a t t h e v e r m i c u l i t e s a n d k a n d i t e s w e r e f i r s t - f o r m e d p r o d u c t s 

i n t h e i n i t i a l 3 . 5 h e x p e r i m e n t a l p e r i o d a n d w e r e s u b s e q u e n t l y d i l u t e d b y 

t h e p r e c i p i t a t i o n o f 9 - 1 1 A p h a s e s a n d h y d r o x y o x i d e s , a f t e r p H a d j u s t m e n t 

(as i n d i c a t e d b y t h e t h e o r e t i c a l d i a g r a m ) . I n d e e d , 9 - 1 1 K p h a s e s 

a p p e a r e d t o p r e d o m i n a t e w i t h i n c r e a s i n g i n i t i a l a l u m i n i u m c o n c e n t r a t i o n 

3 + + 
( F i g u r e 3 . 5 . 1 ) . A s t h e A l / H r a t i o i n c r e a s e d w i t h i n c r e a s i n g p H , 

o 

9 - 1 1 A f o r m s w o u l d b e e x p e c t e d a t r e q u i r e m e n t s > 2 - 2 . 8 a n d / o r 

h y d r o x y o x i d e s a t l o w e r A l
n o
 v a l u e s . B o t h c o u l d b e a c c o m p a n i e d b y 

s e p t e c h l o r i t i c - k a n d i t e m i n e r a l s . T h i s t h e o r e t i c a l d e d u c t i o n a g r e e s w i t h 

t h e e x p e r i m e n t , t h o u g h , i n c o n t r a s t t o l o w - a c i d - c h a r g e d s y s t e m s ( F i g u r e 
o 

3 . 3 . 9 ) , 9 - 1 1 A p h a s e s 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 . T h i s w o u l d 

b e e x p e c t e d f r o m t h e m o r e p e n e t r a t i v e l e a c h i n g c o n d i t i o n s a f f o r d e d b y 

t h e h i g h e r i n i t i a l a c i d c o n c e n t r a t i o n u s e d . 

F r o m t h e f o r e g o i n g c o m p a r i s o n s b e t w e e n t h e e x p e r i m e n t a l p h a s e 

d i a g r a m s a n d t h a t b a s e d o n t h e o r y i n F i g u r e 3 . 5 . 1 t h e r e a p p e a r s t o b e 

s o m e j u s t i f i c a t i o n i n m o d e l l i n g t h e k i m b e r l i t e a s a n i o n a g g r e g a t e . 

A c c o r d i n g t o t h e m o d e l , t h e a g g r e g a t e r e a c t s w i t h a l u m i n i u m a n d h y d r o g e n 
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i o n s , t h e n a t u r e o f p r o d u c t s b e i n g d e t e r m i n e d b y t h e i r s t o i c h i o m e t r i c 

r e q u i r e m e n t s a n d t h e a c t u a l a v a i l a b i l i t y o f t h e r e a g e n t c a t i o n s a d d e d . 

S u c h a m o d e l , w h i c h i n e f f e c t a s s u m e s h o m o g e n e i t y o f i o n d i s t r i b u t i o n , 

w o r k s t o a d e g r e e , n a m e l y w h e r e a l t e r a t i o n c a n b e c o n s i d e r e d to o c c u r 

b y s u r f a c e / b u l k s o l u t i o n i n t e r a c t i o n o n l y f o l l o w e d b y c l a y p r e c i p i t a t i o n 

o n c e a c e r t a i n p H i s r e a c h e d . ( T h e s c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s 

o b t a i n e d f o r l o w a c i d s y s t e m s ( P l a t e s 3 . 9 - 1 0 ) a r e c o n s i s t e n t w i t h 

s u r f a c e r e a c t i o n s o f t h i s t y p e . ) I n s o m e c a s e s t h e d i s a g r e e m e n t 

b e t w e e n p r a c t i c e a n d t h e o r y m a y b e e x p l a i n e d i n t e r m s o f r e a c t i o n s 

t a k i n g p l a c e w i t h i n c a v i t i e s i n t h e k i m b e r l i t e w h i c h w o u l d l e a d t o a 

r e s t r i c t i o n o f i o n a v a i l a b i l i t y . T h i s a p p e a r e d t o b e t h e c a s e f o r h i g h -

a c i d - c h a r g e d s y s t e m s (as i n d i c a t e d b y t h e s c a n n i n g e l e c t r o n p h o t o m i c r o -

g r a p h s , P l a t e s 3 . 1 5 - 1 7 ) . S u c h r e a c t i o n s h a v e t o b e e x p l a i n e d i n t e r m s 

o f t h e m i c r o - r a t h e r t h a n m a c r o - s c a l e a n d a r e d e a l t w i t h in C h a p t e r 4 . 

3 . 5 . 2 R e a c t i o n e q u i l i b r i a a t 1 5 0 - 3 5 0°C 

A d o p t i n g t h e s a m e a p p r o a c h a s i n S e c t i o n 3 . 5 . 1 t h e f o l l o w i n g 

e q u i l i b r i a w e r e d e d u c e d : 

2 A l
3 +

 + 1 0 H
+

 + 4 'SiC^
4

""' A l S i
4
 O (OH) 

p y r o p h y l l i t e + 4 H
2
0 ( 3 . 5 . 1 7 ) 

1 . 6 2 A l
3 +

 + 9 . 4 4 H
+

 + 0 . 3 9 ' M g
2 +

» 

0 . 1 3
 1

F e
3 + 1

 + 0 . 1 2 5 ' C a
2 +

' + 

3 . 9 3
 1

S i O
 4

"
1 

4 

2 A l
3 +

 + 2 H
+

 + H
2
0 + 2

 f

S i 0
4

4

" ' A l S i
2
 0

5
 ( 0 H )

4 

k a o l i n i t e - d i c k i t e ( 3 . 5 . 1 9 ) 

+

 ~
C a

. 1 2 5
 a l

1 . 5 5 3 9
 F e

. 1 3 

( M

. 0 7
 S i

3 . 9 3 > °10
 ( 0 H )

2
 3

"
5 H

2 ° 

s m e c t i t e I I I + 0 . 2 2 H O ( 3 . 5 . 1 8 ) 
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2 . 7 0 A l
3 +

 + 0 . 7 6 H
+

 + 1 6 . 9 H
2
0 + 

0 x 4 6 ' M g
2 + I

 + 0 . 5 4
 ,

F e
3 + l

 + 

2 . 8 5 ' S i o / " ' 
4 

A 1

1 . 5 5
 M g

. 4 6
 F e

. 5 4
 ( A 1

1 . 1 5
 S i

2 . 8 5 > 

0
1 Q
 ( O H )

2
 1 6 . 3 H

2
0 

9 - 1 1 A a l u m i n o s i l i c a t e I I I ( 3 . 5 . 2 0 ) 

1 . 3 6 A l
3 +

 + 0 . 4 8 H
+

 + 4 . 7 6 H
2
0 + 

2 . 4 4 ' M g
2 +

' + 0 . 3 8 ' F e
3 + I

 + 

0 . 3 1 ' C a
2 +

' + 2 . 8 1 'SiO
 4

" ' 
4 

C a

. 3 1
 A 1

. 1 7
 M g

2 . 4 4
 F e

. 3 8 

( A 1

1 . 1 9
 S i

2 . 8 l ' °10
 ( 0 H )

2
 4 H

2 ° 

v e r m i c u l i t e I I I ( 3 . 5 . 2 1 ) 

A l
3 +

 + 3 O H ~ «-»• A l O O H + H
2
0 ( 3 . 5 . 2 2 ) 

2 . 3 1 A l
3 +

 + 6 H
2
0 + 2 . 3 1 ' M g

2 +

' + 

2 . 2 1
 1

F e
2 + 1

 + 3 ' S i O
 4

~ ' 
4 

A 1

1 . 3 1
 M g

 2 . 3 1
 F e

2 . 2 1
 ( M S i

3 .
0
' 

°10 ( 0 H ) 8 

c h l o r i t e I I I + 4 H
H 

( 3 . 5 . 2 3 ) 

4 A l
3 +

 + 1 2 O H " + 4
 1

( M g , F e )
2 + l

 + 

2 S i O 
4 -

A l
2
 ( M g , F e )

2
 ( A l

2
S i

2
) O (OH) 

a m e s i t e - c h a m o s i t e ( 3 . 5 . 2 4 ) 

T h e a b o v e e q u a t i o n s w e r e w r i t t e n f o r t h e s y s t e m d e s c r i b e d i n 

S e c t i o n 3 . 4 . 1 a n d 3 . 4 . 2 . A l o w h y d r o c h l o r i c a c i d d o s a g e w a s e m p l o y e d 
+ 

( 0 . 3 1 M H ) t h r o u g h o u t a s t h e e q u i p m e n t w o u l d n o t w i t h s t a n d a t t a c k b y 

h i g h e r a c i d c o n c e n t r a t i o n s a t t h e t e m p e r a t u r e s u s e d . 

T h e e q u a t i o n s , w h i c h a r e a r r a n g e d o n c e a g a i n i n o r d e r o f 

d e c r e a s i n g s t o i c h i o m e t r i c h y d r o g e n i o n r e q u i r e m e n t p e r
 1

 (Al ,Si) ̂ 0-j.o' ^ ^ 

s h o w t h a t m i n e r a l s f o r m e d a t h i g h e r t e m p e r a t u r e s c o n t i n u e t o d e p e n d u p o n 

a l u m i n i u m a n d a c i d r e q u i r e m e n t . 

T h e p h a s e d i a g r a m s h o w n i n F i g u r e 3 . 4 . 1 r e p r e s e n t s t h e e f f e c t 

o f t e m p e r a t u r e o n t h e n a t u r e o f c r y s t a l l i s a t i o n o f c l a y s r a t h e r t h a n t h e 

e f f e c t o f d i f f e r e n t c o n c e n t r a t i o n s o f h y d r o g e n i o n s . A s d e s c r i b e d 

e a r l i e r , a m o r p h o u s c a t i o n i c ( p r e d o m i n a n t l y a l u m i n i a n ) h y d r o x y o x i d e s 



f o r m e d t h e m a j o r i t y o f t h e - 7 5 y m p r o d u c t a t 100°C a n d 150°C. 9 - 1 1 A 

a l u m i n o s i l i c a t e s p r e f e r e n t i a l l y f o r m e d a t 150°C w h e r e h i g h a l u m i n i u m 

c o n c e n t r a t i o n s w e r e u s e d . T h e s e p r o d u c t s r e c r y s t a l l i s e d a t i n c r e a s i n g l y 

h i g h e r t e m p e r a t u r e s t o f o r m k a o l i n i t e a t 2 0 0 - 2 5 0°C, a l u m i n i a n s m e c t i t e s a t 

2 2 0 - 3 2 0°C , v e r m i c u l i t e , c h l o r i t e s a n d m o n t m o r i l l o n i t e a b o v e 300°C. O f 

t h e l a t t e r t w o , m o n t m o r i l l o n i t e c r y s t a l l i s e d w h e r e h i g h a l u m i n i u m 

c o n c e n t r a t i o n s w e r e e m p l o y e d . 

T h e e q u i l i b r i a a b o v e m i r r o r c e r t a i n o f t h e t r e n d s t h a t o c c u r w i t h 

i n c r e a s e i n t e m p e r a t u r e . F i r s t l y , t h e p r o p o r t i o n o f a m o r p h o u s 

h y d r o x y o x i d e s ( e q u a t i o n 3 . 5 . 2 2 ) d e c r e a s e s w i t h i n c r e a s i n g t e m p e r a t u r e , 

b e i n g r e p l a c e d b y t h e p h y l l o s i l i c a t e m i n e r a l s a c c o r d i n g t o e q u a t i o n s 

3 . 5 . 1 7 - 2 1 , 3 . 5 . 2 3 . S e c o n d l y , t h e p r o p o r t i o n o f a l u m i n i u m e n t e r i n g 

t e t r a h e d r a l c o o r d i n a t i o n i n c r e a s e s w i t h t e m p e r a t u r e a l t h o u g h t h i s e f f e c t 

i s n e g a t e d w h e r e t h e c o n c e n t r a t i o n o f t h e i o n i s s u f f i c i e n t l y h i g h . 

T h u s a t 2 0 0 - 2 5 0°C o c t a h e d r a l l y c o o r d i n a t e d a l u m i n i u m m i n e r a l s p r e d o m i n a t e 

( n a m e l y p y r o p h y l l i t e , a l u m i n i a n s m e c t i t e s a n d k a o l i n i t e g r o u p m i n e r a l s , 

— e q u a t i o n s 3 . 5 . 1 7 - 1 9 ) a s s h o w n i n F i g u r e 3 . 4 . 1 , a n d a s r e p o r t e d i n 

t h e l i t e r a t u r e . 1 3 3 , 1 3 8 , 1 3 9 A b o v e 250°C i t i s a p p a r e n t t h a t m i n e r a l s 

c o n t a i n i n g t e t r a h e d r a l l y c o o r d i n a t e d a l u m i n i u m a r e f o r m e d ( n a m e l y 

t r i o c t a h e d r a l v e r m i c u l i t e s a n d c h l o r i t e s , e q u a t i o n s 3 . 5 . 2 1 a n d 3 . 5 . 2 3 ) , 

w h e r e l o w a l u m i n i u m r e a g e n t c o n c e n t r a t i o n s w e r e u s e d , t h o u g h m o n t m o r i l l o n i t e 

s m e c t i t e s i n t h e c a s e o f h i g h e r o n e s . T h e l a t t e r , w h i c h a r e c h a r a c t e r i s e d 

b y a r e l a t i v e l y s m a l l p r o p o r t i o n o f t e t r a h e d r a l a l u m i n i u m m a y b e e x p l a i n e d 

w i t h r e g a r d t o t h e c o n c e n t r a t i o n o f a l u m i n i u m i o n a s a d d e d t o t h e s y s t e m . 

H i g h c o n c e n t r a t i o n s ! o f t h e c a t i o n t e n d t o s t a b i l i s e t h e o c t a h e d r a l 

c o o r d i n a t e s t a t e o f ^ a l u m i n i u m . 

3 + + 

3 . 5 . 3 P h a s e d i a g r a m s i n t h e A l - H s y s t e m I V : M i n e r a l s o l u t i o n 

e q u i l i b r i a a t 100°C 

T h e p h a s e d i a g r a m s s h o w n i n F i g u r e 3 . 3 . 9 , 3 . 3 . 1 0 a n d 3 . 4 . 1 
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i n d i c a t e d t h e p h a s e s f o r m e d i n p r a c t i c e f r o m k i m b e r l i t e a l t e r a t i o n 

3 + + 

i n d u c e d b y t h e a d d i t i o n o f t h e i o n s A l a n d H a t d i f f e r i n g 

c o n c e n t r a t i o n s a t 1 0 0 - 3 5 0°C . A s a n a d d i t i o n a l m e a n s o f i n t e r p r e t i n g 

t h e s e c o m p l e x r e s u l t s (at t h e l o w e r t e m p e r a t u r e ) , a t h e o r e t i c a l p h a s e 

d i a g r a m c a n b e c a l c u l a t e d o n t h e b a s i s o f f r e e e n e r g y o f f o r m a t i o n u n d e r 

s t a n d a r d c o n d i t i o n s . T h i s i s n o w a t t e m p t e d . 

T h e r m o d y n a m i c s t a b i l i t y r e l a t i o n s h i p s a r e n o r m a l l y o b t a i n e d b y 

c o n s i d e r i n g d i s s o l u t i o n e q u i l i b r i a f o r t h e i n d i v i d u a l m i n e r a l s 

c o n c e r n e d .
2 4 4

'
2 4

^ ^ ,In t h e p r e s e n t c o n t e x t t h i s r e q u i r e s t h e a s s u m p t i o n 

t h a t c l a y m i n e r a l s c o m e t o r e v e r s i b l e t h e r m o d y n a m i c e q u i l i b r i u m w i t h 

t h e i r c o n s t i t u e n t i o n s i n s o l u t i o n a n d t h a t t h e o r i g i n a l d i s s o l u t i o n o f 

t h e k i m b e r l i t e n e e d n o t b e c o n s i d e r e d . A l t h o u g h t h e r m o d y n a m i c d a t a f o r 

s i l i c a t e s a r e s p a r s e i t i s p o s s i b l e t o e s t i m a t e t h e G i b b s f r e e e n e r g i e s 
" 2 4 3 2 5 0 

o f f o r m a t i o n o f p h y l l o s i l i c a t e m i n e r a l s ' b y t h e m e t h o d o f T a r d y 

2 5 0 

a n d G a r r e l s . T h i s m e t h o d c o n s i d e r s t h e f r e e e n e r g y o f f o r m a t i o n o f 

c l a y m i n e r a l s a s t h e s t o i c h i o m e t r i c s u m o f t h e f r e e e n e r g i e s o f t h e 

c o m p o n e n t ' o x i d e s ' r e p r e s e n t e d i n e a c h s i l i c a t e s t r u c t u r e . T h i s 

p r o c e d u r e i s a d o p t e d f o r a l l e l e m e n t a l o x i d e s , s a v e m a g n e s i u m ( w h i c h i s 

t r e a t e d , i n s o f a r a s p o s s i b l e , a s t h e h y d r o x i d e i n a l l s i l i c a t e s ) . T h e 

f r e e e n e r g i e s o f t h e ' s i l i c a t e d ' c a t i o n i c o x i d e s a r e s h o w n in T a b l e 

3 . 5 . 1 f o r 100°C t o g e t h e r w i t h v a l u e s f o r h i g h e r t e m p e r a t u r e d e d u c e d i n 
2 5 0 t h e p r e s e n t w o r k . A n e x a m p l e o f t h e p r o c e d u r e i s g i v e n b e l o w . 

C o n s i d e r t h e m o n t m o r i l l o n i t e p h a s e H
 4
 Al.^

 5 2
 F e

 2 2
 M g

 2 g 

( A 1

. X 9
S i

3 . 8 1 > °10
 ( 0 H )

2 

A G [mont] = 0 . 2 A G [H_0] . ^ + 3 . 8 1 A G [ S i O j + 
f
2 5

 f 2
5 2 i n t e r

 f
2 5 2 

0 . 8 6 A G [ A l
o
0 j + 0 . 2 9 A G [ M g ( 0 H )

o
] + 

f 2 5
 2 3

 f 2 5
 2 

0 . 1 1
 A G

° 2
5
f

F e

2
0

3
] + 0

'
7 1 A G

° 2 5
[ H

2
0 ]

 ( 3 . 5 . 2 5 ) 

f f 
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o* 
In this equation AG Gibbs free energy of 

f
2 5 

formation at 25 °C of X as present in the main silicate structure and 

'inter' represents water in the interlayer. Substitution of values 

from Table 3.5.1 gives : 

AG°_-[mont] = 5191 kJ mol"
1 

f
2 5 

This is in good agreement with solubility measurements which yield values 

of 5190 kJ m o l
- 1

. 

In the present work free energies of formation were required 

for clay minerals formed at 100°C (and, if possible, higher temperatures). 

251 

Suitable data were available for certain minerals but these did not 

take account of compositional variations in these minerals. Hence, the 

free energies of formation of the chlorites, vermiculites and other 

synthesised minerals had to be calculated by (a) re-evaluating (for 100°C) 

the Gibbs energies of formation of the oxides of cations as present in 

the phyllosilicate structures, and (b) evaluating the stoichiometric 

sum of the free energies of these 'silicated' oxides. Thus by adopting 
250 o* 

the procedure of Tardy and Garrels , new free energy values ( A G ^ 

[oxide]) were calculated and are also shown in Table 3.5.1 for 100, 150, 

200, 250 and 350°C. Briefly, the procedure involved setting up and 

solving a number of simultaneous equations (for each temperature) which 

related the recorded free energies of formation of the various minerals 

with the (unknown) free energies of formation of the constituent 

silicated oxides, so that the latter could be determined. This procedure 

was carried out for minerals of idealised chemical composition including 

serpentine, kaolinite, pyrophyllite, chlorite and smectite. An example 

of the form of simultaneous equations is given below : 
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TABLE 3.5.1 GIBBS FREE ENERGIES OF FORMATION FOR 
CATIONIC OXIDES AND HYDROXIDES AS 
PRESENT IN SILICATES (kJ mol"

1

) 

Component AG 
f25 

AG 
o* 
flOO 

AG 
fl50 

AG 
f200 AG 

f250 
AG 
,o* 
£300 

CaO 

MgO 

Mg(OH) 

FeO 

F S

2°3 

A 1

2°3 

SiO, 

H 2 ° 

H.O. . 
2 inter 

• 765.4 

• 624.7 

• 851.2 

- 268.4 

- 744.0 

•1601.1 

• 856.6 

• 247.8 

• 245.3 

- 730.6 

- 614.2 

- 821.9 

- 252.4 

- 737.7 

•1542.1 

-849.9 

•229.0 

- 671.4 

• 613.4 

• 806.8 

• 250.0 

• 723.5 

•1550.4 

• 838.2 

• 209.4 

- 675.8 

• 605.9 

- 791.8 

- 245.8 

• 711.0 

•1531.6 

• 829.4 

• 200.1 

• 683.7 

- 598.7 

• 776.7 

- 242.0 

• 698.0 

•1511.1 

• 820.7 

• 192.6 

- 687.9 

• 590.8 

• 761.2 

• 237.8 

• 685.8 

•1488.5 

• 812.7 

• 184.6 

Notes 

o ̂  

a) A more extensive list for A G ^ ^ is given in the paper by Tardy and 

Garrels for other cations. 

b) Data produced in columns 2-6 verified using data from Barner and 

Scheuermann e.g. for a montmorillonite at 100°C Mg , A l „ Si„ .16 2.33 3.6 

0
1 Q
 (OH)

2
 calculated AG°

1 0 Q
 was 5242 kJ mol"

1

 (cf. 5246 kJ mol"
1 

as tabulated). 
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AG°
1 0 0
 [serpentine] = 2AG°*

0 Q
[Mg(OH)

2
J + AG°*

0()
[MgO] 

f f f 

2 A G

°i00
[ S i

°2
]

 (3.5.26) 

where serpentine is taken to be Mg^ Si
2
0^(0H)

4
. 

From the newly determined free energies of the 'oxides' of 

the idealised phyllosilicates above and the structural formulae computed 

for the real clay minerals produced (Section 2.5.4), Gibbs free energies 

of 'formation could be calculated for the products given in equilibria 

3.5.1-12. These final values are given in Table 3.5.2 together with 

the free energies of formation of the constituent ions at elevated 

temperatures. 

To produce a theoretical mineral-solution phase diagram based 

on the phases produced in the present work the following procedure was 

used. Equilibria were first written in the convenient form of dissolution 

equations for all the minerals in Table 3.5.2; an example being that of 

vermiculite I (originating in Figure 3.3.9). 

C a

. 2 8 ^ . 0 8
 M g

2 . 5 1
 P e

. 4 4
 ( a l

1 . 2 1
 S i

2.79> °10
 ( 0 H )

2
 + 1 0

"
8 H + 

++ 0.28 C a
2 +

 + 1.29 A l
3 +

 + 2.51 M g
2 +

 + 0.44 F e
3 +

 + 

2.79 Si(OH)^ + 0.8 H
2
0 (3.5.27) 

The free energy change for each dissolution reaction ^Q^) 

was determined in the usual way; for the example given : 

A G

d i s s 100
 = E A G

°100 < P
r o d u c t s

> -
 Z A g

°iqo <*eactants) 

= + 15.7 kJ (3.5.28) 
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TABLE 3.5.2 GIBBS FREE ENERGIES OF FORMATION 
FOR MINERALS AT 100°C AND AQUEOUS 
SPECIES IN SOLUTION AT 100-300°C 
(kJ mol"

1

) 

Mineral AG 
flOO 

chlorite I 

chlorite II 

vermiculite I 

vermiculite II 

smectite I 

kaolinite 

serpentine 

9-11 A phase I 

9-11 & phase II 

septechlorite I 

septechlorite II 

-7774.8 

-7279.1 

-5504.2 

-5518.4 

-5307.8 

-3700.0 

-3790.5 

-5219.5 

-5686.5 

-7395.2 

-6984.0 

Aqueous species 

2+ 
Ca 

Mg 

Fe 

Fe 

2+ 
2+ 

3+ 

3+ 
Al 

Si(OH) 

H 2 ° 
4 

A G

? 1 0 0 
A G

f l 5 0 
AG°200 A G

f 2 5 0 
A G

f300 

-556.4 -558.1 -559.4 -560.6 -561.5 

-452.6 -450.9 -449.7 -448.4 -447.2 

- 76.6 - 75.4 - 74.5 - 73.3 - 72.4 

+ 6.3 + 13.4 + 20.1 + 26.8 + 33.5 

-474.4 -467.3 -460.3 -453.0 -445.9 

-1221.2 -1192.9 -1167.8 -1142.6 -1119.6 

-225.3 -217.7 -210.2 -202.7 -196.0 

Notes 

a)
 v a

l
u e s

 f°
r

 ^he species save Si (OH) . were taken 
251 

from Barner and Scheuerman. 

b)
 A G

f t
 v a l u e s

 Si(OH)4 were calculated from equilibrium 

constant-temperature relationships given by Rimstadt and 
252 

Barnes. 
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making use of the equilibrium isotherm with the usual notation 

AG° = -RT InK 
T 

-2 .20 
and K^Q Q (vermiculite I) = 10 

From the equilibrium law 

. ... . .28 1.29 2.51 .44 2.79
 w 100 (vermxculrte. I) = (a

 2 +
 a a

 2 +
 a

 3 +
 a )/ 

C a AL M g F e S i ( 0H ) 4 

( a
1

^
8

 ) (3.5.29) 
H 

where a represents the activity of species X; the activity of water and 
x 

vermiculite being taken as unity. Taking logarithmic values : 

log K =-2.20 = 0.28 log a + 1 . 2 9 log a + 2 . 5 1 log a + 
^ T _ J T A T 

Ca Al Mg 

0.44 log a
 3 +

 + 2.79 log a - 10.8 log a
 + 

Fe 4 H 

(3.5.30) 

This linear equation interrelates the permissible activities 

of the constituent ion species in solution when the solid phase is at 

reversible' equilibrium with the solution. Such an equation cannot, 

however, be conveniently plotted unless three of the variables, namely 

log a . log a . , log a are suppressed. Previous sections 
_ 2+ SltOH). _.-J+ 
Ca 4 Fe 

have indicated the main ionic species to control the nature of the 

3+ 2+ + 2+ 
phyllosilicate/hydroxide product are Al , Mg , H ; the others, Ca , 

2+ 3+ . ,
 4 Fe , Fe , Si COH)

 4
 are of subsidiary importance and consequently were 
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ascribed set values. 

Activities were calculated by multiplying typical analytical 

concentrations by the activity coefficient, y, estimated from the 

calculated ionic strength and the extended Debye-Hflckel Law : 

= -Az
2

 1^/(1 + a B log y = -Az I
2

/(l + a B I
2

) (3.5.31) 

where A and B are constants characteristic of the solvent (water) at the 

o 243 
specified temperature and pressure; a is based on the 'effective diameter' 

of the ion; z, the valence of the ion; and I, the ionic strength of the 

solution. At 100°C the values of A and B were estimated as 0.589 and 

0.3411 x 10 from extrapolation of data given by Garrels. Values of a 

—8 —8 —8 
used were as follows : Ca : 6 x 10 ; Fe : 7.5 x 10 ; Mg : 8 x 10 ; 

3+ + -8 243 244 
Al and H : 9 x 10 ' In the case of silicon, the activity 

244 

coefficient could be assumed to be unity. 

Having completed all the calculations for the written equations 

of the form of 3.5.30 for all the minerals of interest, a three variable 

activity phase diagram was constructed, as is shown in Figure 3.5.3. 

The equations employed are given in their full form below, but the planes 

drawn relate only to the variable log a , log a _ and log a ; the 
13+ 2+ ..+ Al Mg H 2+ 2+ 3+ 

other activities for Ca , Fe , Fe and Si(0H)
4
 being ascribed the 

values as noted in the diagram. 

chlorite I (Figure 3.3.9) A l ^ M g
4 0 4

 P e _
7 3
 ( A l ^ S i ^ g ) <>

10
 (0H)g 

31.53 = 2.5 log a „ + 4 . 0 4 log a - 16.88 log a + 
Al Mg H

+ 

0.73 log a + 2.78 log a
s ± (

3 _
5 - 3 2 ) 
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chlorite II (Figure 3.3.10) A l ^ M g ^ F e ^ ( A l ^ ^ ^ ) 0
1 0
 (OH)

Q 

13.30 = 1.73 log a + 2 . 7 6 log a - 14.3 log a + 
Al Mg H 

1.79 log a
 2 +

 + 3.46 log a 
Fe 4 

vermiculite I (Figure 3.3.9) Ca
 2 Q

 A 1
# 0 Q

 M g
2 > 5 1

 F e
> 4 4

 ( A l ^
2 1
S i ^

 ? g
) 0

1 Q 

(0H)
2
 4.6 H

2
0 

- 2.201 = 1 . 2 9 log a + 2 . 5 1 log a - 10.8 log a + 0 . 4 4 log a , 
_ , 3 + + j + 
Al Mg H Fe 

+
 0.28 log a

 2 +
 + 2.79 log a 

Ca 4 

vemioulite II (Figure 3.3.10) C a _
Q 9
 Al ^ M g

2 > 5 8
 F e _

2 8
 ( M - ^ S i g ^ ) 

° 1 0 ( 0 H ) 2 4 " 3 H 2 ° 

- 2.93 = 1.12 log a + 2.58 log a _ - 9.54 log a , + 0.28 log a 
Al Mg H Fe 

+ 0.09 log a ^
2 +
 + 3.04 log a ^ ^

 ( 3 > 5 > 3 5 ) 

saponite (Figures 3.3.9 and 3.3.10) Ca Al Mg_ Fe
 c o

 (Al
 Q / 1

Si_ ) 
. J.O . Uy Z.QZ . O J . o4 o . lo 

°10
 ( 0 H )

2
 3

-
6 H

2° 

5.1025 = 0.93 log a + 2.42 log a - 9.33 log a + 
A l

3

 Mg
2

 H
+ 

0.21 log a + 0.32 log a „ , + 0.16 log a + 3.16 log 
•m 2+ „ 3+ „ 2+ ^ Si 
Fe Fe Ca 

(3.5.36) 

aluminian serpentine Al. . Mg' _ Fe Si_0_(OH). 
l.b .J .J 2. D 4 

4.705.= 1.6 log a + 0.3 log a
 Q > 3 + 

Al Mg
 H

+
 g

 Fe 

2 l 0 g a

si(0H)
4
 (3.5.37) 
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serpentine C a ^ A l ^ M g ^ g F e ^
g
 S i ^ (0H)

4 

4.541 = 0.34 log a _ + 1.8 log a
 0

 - 6 log a + 0.39 log a 
A L 3 + MG H FE 

+ 0.28 log a + 2 log a ^ ^
 ( 3 > 5 - 3 8 ) 

9-11 A aluminosilicate Al_ Mg. Fe (Al
 Q C

Si_ ) 0. (OH) 
0.66 1.54 .63 .95 3.05 10 2 

- 6.686 = 1 . 6 1 log a + 1 . 5 4 log a - 10.2 log a + 0.63 log a 
. i 3+ ., 2+ _ + _ 3+ 
Al Mg H Fe 

+ 3.05 log a s . ( 3 - 5 > 3 9 ) 

septechlorite Al Mg Fe (AlSi) 0
5
 (0H)

4 

17.75 = 2 log a
 3 +

 + log a
 2 +

 - 10 log a
 +
 + log a

 2 +
 + log a 

Al Mg H Fe 4 

(3.5.40) 

gibbsite Al(OH) 

- 5.68 = 3 log a - log a (3.5.41) 
H Al 

The thermodynamic data available and the method used to 

calculate free energies of formation was extended to evaluate similar 

values: for interlayered chlorite-vermiculite clay species as observed in 

Figures 3.3.9 and 3.3.10. (These products produced X-ray diffractograms 

which bore favourable comparison to other interlayered chlorite-

253 254 

vermiculites analysed elsewhere. ' ) From the computed results of 

the -75 ym products (Section 2.5.4) the ratios of vermiculite:chlorite 

were calculated and the data relating to equations 3.5.32-35 combined 

accordingly to produce equations 3.5.42 and 3.5.43. These equations were 

derived by assuming a linear relationship between the free energy of 

formation and the fraction of chlorite as present in the interlayered 

chlorite-vermiculite. 



vermiculite 

9-11 A aluminosilicat^ 

aluminian 

vermiculite-chlorite II 

vermiculite-chlorite I, serpentine, saponite 
gibbsite 

septechlorite 

log a 3+ 

1 0 9 a s l ( O H ) 

log a
c a
2

+ 

log a
p e
2 + 

log a
F e
3 + 

log a + 
^ H 

-1.55 

•1.63 

•2.29 

-3.03 

log a 2+ 
^ Mg 

Figure 3.5.3 Theoretical mineral-solution phase diagram for 
kimberlite alteration products at 100°C. 
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vermiculite-chlorite I (2/1 ratio) (Figure 3.3.9) 

9.034 = 1.692 log a _ . + 3.183 log a _ - 12.81 log a + 
jT T 

Al Mg H 

0.293 log a + 0.022 log a + 0.186 log a + 
_ 3 + „ 2 + _ 2+ 
Fe Fe Ca 

2.78 log a ^ (3.5.42) 

vermiculite-chlorite II (6/1 ratio) (Figure 3.3.10) 

-0.611 a 1.207 log a - + 2.606 log a - 10.22 log a + 
Al Mg H 

0.256 log a + 0.24 log a , + 0.07 log a + 
_ 2+ 3 + _ 2+ 
Fe Fe Ca 

3.10 log a
s
.

( 0 H )
^ (3.5.43) 

Figure 3.5.3 consists of a series of inclined planes, each of 

which represents the boundary between solvated ions and a precipitated 

(clay) phase. In all cases these planes were assumed to form once the 

log a , had decreased to a certain value in a theoretical leach of + 
H 

kimberlite. 

The seven phase types in Figure 3.3.9 and 3.3.10 are represented 

o 

- 9-11 A aluminosilicate; a l u m m i a n serpentine; saponite; vermiculite; 

vermiculte-chlorite; gibbsite; septechlorite-kandite. In certain 

instances the solution-solid boundaries for two or more different 

minerals coincided; as in the case of vermiculite-chlorite I, serpentine 

and saponite. This indicated that simultaneous formation of the mineral 

phases was likely on thermodynamic grounds. The segments in the diagram 

do not represent a single homogeneous phase. A complex mixture of mineral 

phases could crystallise as the pH increased above the limits set by each 

plane. For example, consider a system where log a = log a =-4, A l
3 +

 Mg 
then at pH. 0 ions would remain in solution. Increasing the pH to 1.2 

o 
precipitates a 9—11 A phase, whereas at pH 1.8 both a vermiculite and a 
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9-11 A phase could crystallise. At pH 3 the product could include all 

o r some of the clay minerals shown in equations 3.5.32-39. 

Attempts were made to interrelate the theoretical phase 

diagram with the experimental results in Figures 3.3.9 and 3.3.10. 

Although it was unlikely that true reversible equilibrium was ever 

established under the laboratory conditions involved, it was assumed 

that their equilibration states were closely approached so that useful 

comparisons could be made. 

Particular points of comparison are labelled A-G in Figures 

3.3.9, 3.3.10, 3.5.3. The correspondence was achieved as follows : the 

2+ 2+ 3+ -
residual concentrations of the species Ca , (Fe and Fe ) , CI , 

3+ + 2+ 

Si (OH) , Al , H , Mg in the residual solution were measured, 

the last three being converted to activities through multiplying by 

the appropriate activity coefficient. (The first four allowed an 

estimate of the ionic strength of the solution to be made.) The 

calculated activities were used to plot a point on the phase diagram. 

For example, point C in Figure 3.5.3 suggests the presence of chlorite-

vermiculite interlayered products with associated 9-11 A phases. The 

former certainly characterise the phase region marked by C in Figure 

3.3.10. The other points A-G could be similarly related. 

In comparing theory and practice two difficulties arise with 

regard to the discussion of Figure 3.5.3. Firstly, insufficient thermo-

dynamic data exists with regard to the formation of interlayered clay 

phases. The planes drawn represent approximate positions for intimately 

mixed chlorite-vermiculites and further data wduld be necessary to 

delinate their position on the phase diagram wi^xi greater accuracy. 

Secondly inconsistencies arose between the position of areas of 

stability for vermiculites. and 9-11 A aluminosilicates in the 

experimental phase diagram (Figure 3.3.10) and that inferred from the 
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theory. This may be partly resolved by assuming the vermiculite to 

be formed prior to pH adjustment and persisted despite dilution by 

precipitation of hydroxides of residual ions in solution after pH 

adjustment. 

As in Section 3.5.1, theory and practice are consistent up 

to a point in that kimberlite alteration can be considered as the 

description of an ion aggregate coupled with the inter-reaction of 

leached ions to form a clay mineral product. However, the irregularities 

noted suggested that further investigation into the alteration system 

was necessary, as is described in Chapter 4. 

3.5.4 Free-energy-temperature relationships for mineral-solution 

equilibria_at_100-300°C 

In a similar manner to that described above (Section 3.5.3) a 

comparison was made between experimental results (Figure 3.4.1) and 

derived thermodynamic data (Table 3.5.1 and 3.5.3). However as the 

residual concentration of aluminium and silicon in the reaction 

solutions were too small for precise measurements to be made at higher 

temperatures, certain thermodynamic data could not be reliably 

estimated. A simpler form of diagramatic representation concerning 

mineral stability had to be employed Ccf. Figure 3.5.3) and was 

developed in the following manner. 

The diagram (Figure 3.5.4) produced shows the variation of 

free energy of formation from solution with temperature for the minerals 

discussed in Section 3.5.2. To estimate the free energies of formation 

of the minerals therein, at elevated temperatures, the method due to 

250 

Tardy and Garrels was again employed. This necessitated the 

calculation of the free energies of formation of the constituent 

elemental oxides Cand hydroxides in the case of magnesium) which were 



TABLE 3.5.3 CALCULATED STANDARD GIBBS FREE ENERGIES OF FORMATION 
FOR MINERALS FROM SOLUTION AT VARIOUS TEMPERATURES 
(150-300°C) 

Mineral Formula Temperature 
(°C) (kJ mol ) 

AG~ 
fts 

(kJ mol" ) 

chlorite III 

vermiculite III 

smectite II 

smectite III 

kaolinite 

9-11 A phase III 

9-11 A phase IV 

9-11 A phase V 

boehmite 

M

1 . 3 1
 M g

2 . 3 1
 F e

2 . 2 1 ^ l . c r S . o ' °10
( O H )

8 

C a

. 3 1
 A 1

. 1 8 ^ 2 . 4 4
 F e

. 3 8
 ( M

1 . 1 8
S i

2 . 8 2 ' °10
 t 0 H )

 2 

^ . 1 8
 A 1

1 . 4 7
 M 9

. 3 9
 P e

. 2 2 °10
 (

°
H )

2 

C

\ l 3
 A 1

1.55
 M

3.39
 P e

. 1 3
 ( A 1

. 0 7
S i

3 . 9 3
)

 °10
 (

°
H )

2 

ai 2 s i 2 o
5
 (0H)

4 

Al Mg Fe 
1.55 .46 .54 

(Al .Si ) (OH) 

Al Mg Fe 
1.83 .51 .32 

(Al 

1.15 2.85 10 

1.45
S i

2.55
)

 °10
 (

°
H ) 

Al. Mg Fe 
'1.97 .47 .32 

AlOOH 

(Al .Si 
1.77 2.23 10 ) (OH) 

300 

250 
300 

250 

300 

150 
200 
250 
300 

200 

250 

300 

150 
200 
250 
300 

-6753.2 

-5313.7 
-5248.4 

-4999.7 

-4943.1 

-3642.7 
-3591.6 
-3537.6 
-3483.2 

-5067.3 

-5173.0 

-5161.1 

-1764.0 
-1738.9 
-1713.7 
-1688.2 

- 4.4 

- 4.1 

- 25.6 

-278.4 

-306.6 

-107.6 
-125.6 
-143.6 
-156.1 

-174.5 

-188.4 

-193.7 

-861.27 
-858.3 
-854.1 
-850.4 ro u> oo 



Table 3.5.3 contd 

Mineral Formula Temperature 
(°C) 

i G

f
t 

(kJ mol"
1

) 
fts 

(kJ mol ) 

silica SiO, 150 
200 
250 
300 

834.5 
825.3 
816.0 
807.3 

- 73.1 

- 77.0 
- 78.8 
- 79.6 

Notes 

a)
 A G

f t
 l s t

*
i e

 Gibbs free energy of formation at temperature t from the elements in their standard states; 

A G ^
t s
 is the free energy of formation at temperature t from the solution. 

b) Pressure had a negligible effect on the calculations. 
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computed at 150, 200, 250 and 300°C as described before, and are 

listed in Table 3.5.1. Using this data and the computed structural 

formulae of the various phyllosilicate minerals (employing Program 

CECPM, Appendix 5), free energies of formation for these synthesised 

phases were deduced. Following the procedures outlined in Section 3.5.4 

the free energies for the formation of the clay minerals from solution 

were calculated and are shown below in Table 3.5.3. These free energy 

values (AG£
t j g
) were plotted against temperature to give Figure 3.5.4. 

The diagram shows the relative thermodynamic stability of the 

mineral types noted in equations 3.5.18-23 together with silica and 

gibbsite. If true reversible thermodynamic equilibrium was achieved, 

the principal product expected to form would be that which has the 

highest negative free energy of formation from solution (AG°
ts
). From 

the diagram this product would appear to be boehmite, but in practice 

other phases are detected. It would appear that these products form 

more rapidly and such comparatively metastable phases can persist for 

long periods of time. The amorphous hydroxyoxides recorded in the 

experimental phase diagram were hence attributed to structureless gels 

consisting of silicilic acid species and cationic hydroxides. These 

would then recrystallise to form the more stable products; that is 

clay minerals and less hydrated oxides. 

As a consequence of the above discussion, and in accordance 

with Figure 3.5.4, the most stable products expected to form from 

alteration reactions conducted at 100-200°C would be kandites and 9-11 A 

aluminosilicates. In the case of the former a change in the chemical 

and structural composition - from a magnesian (trioctahedral) to an 

aluminian CdioctahedralJ kandite results in a five-fold increase in 

the value from 100 to 150°C. In accordance with theory, kaolinite 

and the 9-11 & products were the main products detected at 150-200°C in 
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Figure 3.5.4 Free energy of formation-temperature relationships 
for alteration products of kimberlite. 
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Figure 3.4.1. 

The agreement between theory and practice extended to the 

higher temperatures. Figure 3.5.4 shows that above 230-250°C smectites 

become the most stable phases in preference to the 7 and 9-11 A forms 

above. The increasing (negative) free energy of formation from 

solution with temperature resulted from the increasing dioctahedral 

character of the smectite produced. 7 and 9-11 A silicates would 

still be stable at these temperatures. 

An increase in temperature also renders vermiculites and 

chlorites more stable compared with the solution phase. Negative 

A G ^
t s
 values occur at temperatures greater than 230°C (vermiculite) 

and 300°C (chlorite). These values infer a comparable range of 

stability for these phases, as obtained experimentally. Although 

vermiculite-chlorites are not observed in the system studied until the 

temperature reached 300°C, these minerals can crystallise at temperatures 

as low as 100°C as discussed in the previous section, despite their 

positive values. It would appear that the diagram in Figure 

3.5.4 gives an indication of likely predominance of the solid phases 

as compared to their constituent ions in the solution or the amorphous 

solid phase. For example, at 100°C the yield of vermiculite-chlorite 

was low (Section 3.5.3) and the clay products were diluted by the 

amorphous metastable gels. However, at higher temperatures the yield 

and degree of crystallinity increased with more negative values 

such that the clay phases could be clearly identified in the XRD trace. 

In conclusion, it should be noted that there is good agreement 

between products formed in practice and those predicted to form (in 

analysable quantities) on theoretical grounds. The comparison, however, 

remains incomplete due to the lack of reliable thermodynamic data. In 

particular, data was not available for those 14-16 K phases such as 
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vermiculite in the temperature range 150-200°C where they could not 

be detected experimentally. Although the presentation was basically 

theoretical in nature, it does rely on the use of computed structural 

formulae of the phases in question; the smectites are a case in point. 
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CHAPTER 4 

ALTERATION OF KIMBERLITE : KINETICS 

AND MECHANISMS OF REACTIONS IN CHLORIDE MEDIA 

4.1 Introduction 

This chapter describes testwork to identify the steps and 

sequences in the alteration of kimberlite. The kinetic studies 

were carried out using chloride media only, as this gave the most 

extensive alteration and had many characteristics in common with 

geological systems. 

The data is used to outline a scheme of elementary reactions 

for the formation of phyllosilicate minerals from their constituent 

ionic species. An equation is derived expressing the overall rate 

of kimberlite reaction in terms of the principal variables - which 

are the initial concentrations of aluminium and hydrogen ion and 

temperature. Finally, the rate determining step is discussed as a 

prerequisite to the process design study described in Chapter 5. 

4.2 Systems Containing 0.45M Al and 0.31M H ; 0.22M Al 

cLr\ck 1. 5M H +

 at 100°C 

4.2.1 Procedures 

Two alteration systems were studied, which will be referred to 

as A and B. The initial concentrations of aluminium and hydrogen ion, 

in 40 ml aliquots, employed in the alteration experiments were as 

follows : 
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System A : 0.45MA1 
3+ 

0.316M H 
+ 

System B : 0.22M Al 
3+ 

1.50M H 

The former had been found to give the greatest alteration at very low 

acid concentrations (Section 3.3.3-5) whereas the latter appeared 

to produce the most extensive physical degradation possible at the 

temperature employed (100°C) (Figure 3.3.12). Experiments used the 

hotplate-stirrer apparatus described in Section 3.3.1. 10 g samples 

of -1180+850 ym kimberlite were reacted at 100°C for reaction times 

varying from 1 to 24 h. The same product separation/AAS analysis 

procedure was applied. The +75 ym products were ground in ethanol 

for XRD quantitative analysis and elemental mass balance determination, 

while the -75 ym fractions were analysed by XRD and IR analysis. 

Chemical assay was carried out by the fusion/AAS technique (Section 

2.4.3) and used to obtain mass balances as well as estimates of the 

clay phase concentration based on XRD identifications (Section 2.5). 

4.2.2 Results : DOA, residual olivine and serpentine proportions 

and residual solution concentrations 

The plots obtained with "time for the DOA and residual metal 

ion concentrations are shown in Figures 4.2.1 and 4.2.2. In all cases 

there was an initial rapid increase in alteration (over the first 1-2 h) 

after which reaction occurred at a much slower rate. The largest 

proportions of ions entering solution were those recorded for calcium, 

the values for systems A and B being respectively : 70 and 74% (2 h) ; 

70 and 78% (7 h) and increasing to 79 and 81% (24 h). The initial high 

values would be a result of the acid dissolution of calcite, which 

would have consumed the bulk (i.e. ^ 90%) of the acid initially added 

in system A. The plot obtained for iron was similar to that described 
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Figure 4.2.1 Relation between DOA, proportion of calcium entering solution 
and reaction time for systems A and B 
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for calcium, although the overall quantities involved were lower and 

the metal was assumed to originate from serpentine. For example, 

the respective values for Systems A and B were 12.5 and 15.5% (7 h), 

13.5 and 16.5% (24 h). Although iron and calcium concentrations 

appeared to approach equilibrium values after 5 h , the plots of the 

former indicated a difference in the rate of reaction for the two 

systems from the gradients of the lines drawn. Similar findings were 

made for the magnesium concentration, the inference being that the 

reaction in the system with the higher initial acid concentration 

took place at a faster rate; as would be expected. In contrast to 

the iron and calcium plots, those for magnesium and the DOA continued 

to rise with time beyond the initial period, respective values for 

systems A and B being 10%, 17% (Mg); 16%, 25% (DOA) at 2 h; 16.5%, 

21% (Mg); 22%, 32% (DOA) at 7 h; 23%, 25.5% (Mg); 37%, 52% (DOA) 

at 24 h. These parallel trends were indicative of a continuing 

overall reaction after the initial dissolution attack by the acid. 

The pH of the solution on extraction and the proportion of 

aluminium entering the solid phases are shown on a combined diagram 

in Figure 4.2.3. In both systems the pH rapidly increased in the 

first hour of reaction to a value ^ 3 . In the case of System A the pH 

continued to increase thereafter, though at a substantially slower 

rate, crossing the line (shown) at which aluminium hydroxide precipitation 

would occur, after 6 h , and giving a final pH of 4.5 after 24 h. The 

precipitation pH was not exceeded until 14-20 h in the case of System B 

however. 

The pH values yielded useful information on the nature of the 

aluminium-rich solid products produced, as follows. Figure 4.2.3 shows 

that in both systems similar proportions of the total aluminium present 

reported to either the +75 or -75 ym phases (the curves are virtually 

coincident) . Noting the time at which the pH line was intersected (i.e. 



Figure 4.2.3 Relation between proportion of total aluminium reporting 
to a solid +75/-75 pm fraction, pH and reaction time for 
systems A and B. 
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for system A, the mineral assays being expressed as a percentage 
of their head values. 
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Figure 4.2.5 Relationship between residual concentrations of olivine and 
serpentine in the final +75 ym fraction and reaction time for 
system B/ the mineral assays being expressed as a percentage 
of their head values. 
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at pH 3.2), the corresponding proportion of aluminium reporting to 

the solid fractions at pHs greater than 3.2 were deduced; namely 

40% for System A, 5% for System B. These are indicated on the figure 

by dotted lines. As the product precipitated at pHs greater than 

3.2 was most likely to consist of aluminium hydroxyoxide gel (whereas 

any precipitated below this pH should be predominantly clay mineral), 

it was apparent from Figure 4.2.3 that the majority (95%) of the 

aluminium ion fed to System B was involved in clay mineral formation 

whereas only 60% was so used in System A. This is consistent with 

Figures 3.3.9 and 3.3.10. 

The changing extent of degradation with time was more 

clearly shown by Figures 4.2.4 and 4.2.5 which illustrate the relationship 

between the residual fraction of the total olivine and serpentine 

present in the +75 ym fraction and the reaction time. This ordinate 

scale was preferred to that of assay proportions, as in certain cases 

particularly for low reaction times, the assay actually exceeded the 

head value. This resulted from the dissolution of calcite prior to 

reaction with the olivine/serpentine. Both figures show that equilibrium 

was closely approached after 20 h. A t this point the amount of residual 

unaltered serpentine in the +75 ym fraction was substantially smaller 

in System B (16%) compared to System A (30%) . However, over the same 

period the amounts of residual olivine were the same (42%). 

In both systems, the chemical attack was directed 

preferentially towards serpentine, rather than olivine, particularly 

in the case of B where the proportion of serpentine present fell to 

38% in the first 2 h of reaction. 

4.2.3 Results : Mass balances 

Using the peroxide fusion/AAS procedure, described in Section 
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2.4.3, elemental mass balances were determined for each of the sets of 

three phases (+75 ym, -75 ym and solution) generated in the kinetics 

experiments for the elements Ca, Si, Fe, Mg, Al. Magnesium and 

aluminium are considered first. 

The percentage distributions of the magnesium and aluminium 

present in Systems A and B are shown in Figures 4.2.6 and 4.2.7 

respectively. Comparing the two figures it can be seen that the 

magnesium proportion in the +75 ym fraction falls to 63% (System A) 

and 53% (System B) after 24 h : the rate of reaction was thus greater 

in the case of the latter, as also indicated by the difference in the 

gradient of the graph at low reaction times. Magnesium progressively 

entered both the solution and solid -75 ym phase : in System B an 

equilibrium solution concentration containing 24-26% of the total 

magnesium was established at 5 h and a similar amount was also deposited 

in the -75 ym fraction at 24 h . In System A however, such a solution 

equilibrium was only approached after 24 h, the increase in the 

proportion of ions entering the -75 ym product and solution phases 

being low in comparison. 

The aluminium distributions are plotted on the same scales 

so that the interaction of the two elements could be compared. Unlike 

other ionic species, the majority of the aluminium originated from the 

solution phase, and decreased sharply in concentration for reaction 

times 1-7 h while the -75 ym content proportionately increased. After 

24 h very little aluminium remained in solution. Aluminium also 

apparently entered the +75 ym phase, at least, temporarily : the 

proportion increased from 38% (0 h) to 47% (5 h) and then decreased 

to 34% (14 h) for System B . The ion seemed to be retained in the 

kimberlite for a longer period of time in System A, where the initial 

proportionate value was raised from 25 to 44%. The importance of these 



ro 
reaction time (h) 

Figure 4.2.3 Elemental mass distributions for the +75 vim, -75 ym and 
solution phases generated at various reaction times for 
system A . 
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trends is discussed in Section 4.5.1. 

The mass balance distributions for calcium, iron and 

silicon were mutually similar in trend, for both systems. The 

proportion of each cation concerned in the +75 ym fraction 

progressively decreased with time. The amount of ion entering the 

-75 ym fraction and/or the solution phase correspondingly increased. 

Apart from this general trend the following observations were made. 

The majority of the 'liberated' calcium reported to the 

solution phase. However, in the case of System B the proportion 

being preferentially precipitated in the -75 ym product was greater 

(e.g. 17% at 24 h). It would appear that this trend reflected the 

progressive formation of a calcium-interlayered mineral, namely 

vermiculite. The -75 ym products were also shown to have iron as an 

important constituent. 

Little silica was found to remain in solution. As much as 

38% of the total silica could be extracted from the kimberlite (System 

B , 24 h) but this presumably remained as a solid mixed phase of silica 

gel and partially formed phyllosilicates. 

4.2.4 Results and interpretation : Infra-red analyses 

The -75 ym products were also analysed by IR spectroscopy 

to investigate the nature of the reactions taking place. The 1200-

200 cm
 1

 regions of the IR spectrograms obtained for each product are 

shown in Figures 4.2.8 and 4.2.9. Vertical lines are drawn to highlight 

wavenumbers of particular interest. In the case of System A, IR analysis 

of the -75 ym products obtained after 1-4 h was not possible owing to 

the small masses obtained. The IR traces obtained for those products 

formed after 5 and 6 h were indicative of a phyllosilicate mineral 

mixture, though at 7 h and thereafter, the details of the spectrogram 
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1200 1000 800 

wavenumber (cm ) 

600 400 200 

Figure 4.2.8 Infra-red spectrograms for -75 ym 
products obtained from System A 
reacted at 100°C for 

a) 5h; d) 14h; 
b) 6h; e) 20h; 
c) 7h; f) 24h. 
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 1200 1000 800 600 400 200 

wavenumber (cm ^ 

Figure 4.2.9 Infra-red spectrograms for -75 ym 
products obtained from system B 
reacted at 100°C for a) 2 h? b) 4 h; 
c) 7 h; d) 14 h; e) 20 h; f) 24 h. 
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were partially obscured owing to hydroxyoxide precipitation (Figure 

4.2.3). Thus, the traces for 7-24 h showed an increase in peak 

width and intensity, particularly in the 250-400 cm ^ region which 

233 

was indicative of the formation of Al-OH bands (Figure 4.2.8c). 

However, the product retained a pronounced silicate character as 

opposed to a simple hydroxyoxide one as shown by the peaks at 980-
-1 -1 255 

1000 cm and 470 cm . Al—OH bonding in System B was not 

developed to the same extent. 

In both systems three peaks were selected for further 

investigation as these were expected to be characteristic of specific 

band groups of interest. 

a) 

b) 

c) 

To detect changes in the octahedral and'
1

Si-0 ordered
1 

character of the products, the peak intensities of the 540 cm ^ and 

1100 cm ^ wavenumbers were expressed as ratios compared to that of the 

Si-0 bond (1000 cm "S in the same IR trace (Section 2.4.2). The 

intensity of the latter served as a reference against which interactions 

between ions and the silicate tetrahedral lattice could be studied. 

(Other authors have used such a ratio technique but have restricted 189 it to comparing the peaks of two samples of interest. ) The relative 

540 cm ^ : the intensity of this peak increased 

VI 
in proportion with Al -0-Si bands in the 

. 232,233 
sample. 

980-1000 cm
 1

 : movement of the peak to lower 

wavenumbers represented a proportionate increase 

233 

in tetrahedrally coordinated aluminium. 

1100 cm ^ : this represents silica bonding 255 
which is associated with gelatinous phases. 
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Figure 4.2.10 Relation between relative IR peak intensity and 
reaction time for -75 ym products generated in 
systems A and B. 
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peak intensities for the 540 cm ^ and 1100 cm wavenumbers are shown 

plotted in Figure 4.2.10. Replicate analyses that the ratios obtained 

had an error of 5%. 

The ratios were compared with those for the serpentine 

standard which represented a comparatively well-crystallised 

trioctahedral silicate. In both systems the 540 cm ^ relative 

intensities increased with time. The result was more immediate in 

System B. The replacement of divalent cations by aluminium to form 

VI 

Al -O-Si bonds was complemented by tetrahedral substitution by the 

ion. In System A the peak shift from 1000 to 980 cm ^ was noted at 

a reaction time of 5 h whereas in System B a smaller shift was only 

detectable for a reaction time between 14 and 20 h. The degree of 

crystallinity in System B appeared to have been partly disrupted. An -1 

increase in the 1100 cm peak intensity was noted for most samples 

whereas for System A values similar to the 'head' were noted. 

4.3 Systems Containing 0.22/0.45M A l
3 +

 and 0.31M H
+

 at 215,260,300°C 

4.3.1 Procedures 

Four alteration systems were considered initially. One 

consisted of a 2.5 g -1180+850 ym feed reacted with 10 ml solution 

containing 0.5 g hydrated aluminium chloride conditioned at a pH of 

0.5. The other three differed solely in the quantity of aluminium 

added; the others involved 1 g, 1.5 g and 2 g A1C1 . 6EL0. The 
J M 

experimental procedure was as described in Section 3.4.1. The 

reagents were agitated in the nickel-stee^L bombs at 36 rpm and heated 

to one of five temperatures : 100, 150, 215, 260 and 300°C. Total 

reaction times of 1-8 h were employed aftejr which the bombs were 

quenched and the products removed and analysed according to the 

procedures outlined in Section 3.2.1. 
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4.3.2 Results : DOA and residual solution concentrations 

The variation in % DOA with overall reaction time is shown 

graphically in Figures 4.3.1 and 4.3.2 for the systems involving 

0.5 and 1.0 g hydrated aluminium chloride, and these will be referred 

to as C and D (cf. Systems A and B in Section 4.2) . The other two 

systems (having 1.5 and 2.0 g hydrated aluminium chloride) are not 

considered in detail here because of the masking effect observed, 
i 

which resulted from precipitating aluminium hydroxyoxide phases. 

For reference, the sets of physicochemical conditioris 

finally employed, denoted as Systems A-E, are given below in Table 

4.5.1 

TABLE 4.3.1 THE PHYSICOCHEMICAL CONDITIONS 
TESTED AS REPRESENTED BY SYSTEMS 
A , B , C, D , E 

Property System 
C A B D E 

Feed (g) 10.0 10.0 2.5 2.5 2.5 

Initial acid 
concentration (M) 

0.31 1.50 0.31 0.31 0.31 

Initial aluminium 0.41 0.20 0.20 0.41 0.88 
concentration (M) 

Temperature (°C) 100 100 100- 100- 100-
300 300 300 

Apparatus Hotplate/stirrer autoclave 

As shown in Figures 4.3.1 and 4.3.2, the majority of the 

degradation occurred during the first 3 h of reaction. For temperatures 
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overall reaction time (h) 

Figure 4.3.10 Relation between DOA and reaction time for system 
C at various temperatures. 
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overall reaction time (h) 

Figure 4.3.10 Relation between DOA and reaction time for 
system D at various temperatures. 
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below 260°C (System C) and 215°C (System D) no significant further 

degradation was recorded after this time. However, at higher 

temperatures, the DOAs continued to increase, though at a lower rate. 

Figures 4.3.3-7 illustrate the relationships between residual 

concentration (or proportion of total ion) and the overall reaction time 

for magnesium, iron and calcium. In respect of the magnesium 

concentrations it is apparent that System C exhibited more complex 

behaviour than D : in the latter case, there is an increasingly rapid 

rate of solvation with increasing temperature followed by equilibration; 

this pattern being disrupted at the higher temperatures by precipitation 

of magnesium towards the end of the reaction. In the case of System C, 

reprecipitation appears to be more extreme. Furthermore, the rate and 

amount of magnesium entering solution increased with the initial 

aluminium concentration. For example, for System C the magnesium 

concentration was 0.05M at 1 h which rose to 0.33M at 7 h; whereas at 

300°C a peak concentration 0.5M was noted at 1 h. 

The changes in the iron concentration (Figures 4.3.5 and 

4.3.6) differed in several respects from those observed for magnesium. 

In both systems a lower proportion of iron than magnesium was 

extracted from the kimberlite (e.g. 23% at 300°C, System D at 2 h, 

compared with 31% magnesium under the same conditions) . Less clear 

trends were also observed. The initial reaction rate increased with 

temperature and with the concentration of aluminium employed. After 

rapid solvation of iron, reprecipitation of the ion occurred, the 

rate increasing with temperature up to 215°C. Above 215°C, the 

temperature had a progressively less important effect on the iron 

reprecipitation rate, such that at 300°C the recorded concentrations 

approached equilibrium values similar to the peak concentrations at 

2-3 h. 
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Figure 4.3.3 Relation between proportion and concentration 
of magnesium entering solution and reaction 
time for system C at various temperatures. 
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Figure 4.3.4 
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Relation between proportion and concentration 
of magnesium entering solution and reaction 
time for system D at various temperatures. 
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Figure 4.3.7 Relation between proportion of calcium entering 
solution and reaction time for systems C and D 
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Examples of the wide extent of variation in iron concentration 

are those measured for System C at 4 h; namely 100°C, 0.017M; 150°C, 

0.016M; 215°C, 0.002M; 260°C, 0.015M; 300°C, 0.028M. (There appears 

to be no reference in the literature to this unusual type of solubility 

behaviour for iron. Consequently it was assumed that the trends 

observed were unique to rock alteration systems involving secondary 

mineral formation.) 

The proportions of calcium entering the solution phase for 

the two systems are shown in Figure 4.3.7. The spread of data points 

permitted only two plots to be drawn for both systems and are grouped 

for the temperatures 100-215°C, and 260-300°C. The majority of 

solubilised calcium was obtained during the first hour (50-70% of the 

total) , as would be expected on the basis of calcite dissolution, after 

which the increase in concentration was small. The proportion of 

calcium entering solution increased with temperature and aluminium 

dosage. 

In most cases, little or no aluminium or silicon could be 

detected in the solutions analysed. 

4.3.3 Results : Mass balances 

Examples of elemental mass balances for magnesium, silicon 

and iron at 215 and 300°C (System C) are shown in Table 4.3.2. Similar 

results were obtained at other temperatures and for System D but these 

are not shown here. In the case of the latter any trends in the mass 

balance data were masked, owing to loss of sensitivity due to the 

precipitation of aluminium hydroxyoxide phases. 

The data in Table 4.3.2 are presented in terms of 

percentage elemental distributions. These were calculated after 

deducing the mass of the ion in question in each of the +75 ym, -75 ym 



TABLE 4.3.2 PERCENTAGE ELEMENTAL DISTRIBUTION AT VARIOUS 
REACTION TIMES FOR SYSTEM C AT 215°C and 300°C 

215°C 300°C 

Phase Reaction Element Reaction Element 
Time (h) Mg Si Fe Time (h) Mg Si Fe 

+75 ym 
-75 ym 
solution 

88.5 
0.5 

11.0 

97.0 
2.0 
1.0 

93.1 
0.6 
6.3 

81.4 
1.2 

17.4 

96.0 
4.0 
0.0 

69.2 
1.6 

29.2 

+75 ym 
-75 ym 
solution 

83.9 
1.0 

15.1 

93.2 
6.8 
0 . 0 

95.8 
4.2 
0.0 

82.7 
1.2 
16.1 

95.0 
5.0 
0.0 

82.8 
2.0 

15.2 

+75 ym 
-75 ym 
solution 

86.2 
1.1 

12.7 

92.0 
8.0 
0 .0 

95.1 
4.3 
0.6 

82.0 
2.0 

16.0 

91.7 
8.3 
0.0 

73.7 
1.9 

19.4 

+75 ym 84.4 91.7 92.8 82.9 90.2 88.2 
-75 ym 5 2.0 8.3 6.5 5 2.2 9.8 2.0 
solution 13.6 0.0 0.7 14.9 0.0 9.8 

+75 ym 
-75 ym 
solution 

84.4 
3.2 

12.4 

89.2 
10.8 

0.0 

89.9 
9.5 
0.6 

8 
80.3 
7.7 

12.0 

90.0 
10.0 

0.0 

74.2 
18.7 
1.1 
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and solution phases (Section 2.4.3). 

The table indicates the progressive incorporation of 

magnesium, silicon and iron in the -75 ym altered solid phase. For 

short reaction times (1-2 h) the majority of magnesium and iron 

extracted reported to the solution phase, whereas at 5-8 h these 

ions progressively precipitated (with increasing temperature) in the 

-75 ym fraction (in particular at 8 h , 300°C). Silicon, where 

liberated, entered the -75 ym phase. 

Further to the comments at the end of the last section, the 

distributions for aluminium and calcium did not exhibit any significant 

variation with time. No aluminium remained in the solution phase, 

though as much as 70% of that present remained in the +75 ym phase. 

Any liberated calcium (56-65%) remained in solution. 

The significance of these mass balances will be considered 

in Section 4.5. 

4.3.4 Results and interpretation : Infra-red_analyses 

In consideration of the XRD results to be described in 

Section 4.4.1, the most useful IR recordings were those obtained at 

215, 260 and 300°C where discernible crystalline phases were generated 

(for Systems C and D) . These will be described here. IR recordings 

will also be interpreted for the system employing 2 g hydrated 

aluminium chloride (Section 4.3.1), which will be denoted as System E. 

The IR recordings are shown in Figures 4.3.8-14 and it is convenient 

to discuss System E (215°C) first, as the greatest variation in peak 

intensity was observed in this case. The treatment is somewhat more 

detailed than in previous sections on IR in an attempt to follow 

structural transformations taking place as the reactions proceeded. 
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215°C Figure 4.3.8a shows the trace for the -75 ym product 

obtained from System E after 1 h at 215 °C. The peak at 970 cm"*
1

 was 

taken as indicative of a tetrahedral lattice structure- containing both 

aluminium and silicon. The high aluminium concentration was reflected 

by Al-OH groups at 250 cm ^, 340 cm"
1

 (and part of the) 540-600 c m
- 1 

bands. The spectrum resembled that of an imogolite. This mineral 

255 

type is described by Farmer et al as consisting of orthosilicate 

groups attached to fragments of gibbsite-like sheets of aluminium 

hydroxide. The structure would appear to have similarities to kaolinite, 

though, of course a considerable concentration of simple hydroxyoxides 

233 

(such as boehmite ) was present. As the reaction progressed (2-4 h) 

the introduction of a shouldered peak was observed at 360-370 cm"
1

 at 

the expense of the 340 cm
 1

 peak. The bands also became broader, 

occupying the 900-1100 cm"
1

 (Al-OH, Si-0) and 470-790 cm"
1

 (Al
V I

-0-Si, 

233 

Si-0) regions (Figures 4.3.8b,c). Of particular interest was the 

peak at 1070 cm
 1

 for the 4 h product. Whereas the shape of the 204 228 

recorded spectrum was indicative of a 2:1 layered silicate mineral, ' 

the 1070 cm
 1

 peak, in conjunction with the broad shoulder at 1200 cm
 1 

and the peak at 460 cm
 1

 was suggestive of a 1:1 silicon-aluminium gel 255 

being also present. As the reaction proceeded to 8 h, the shouldered 

peaks at 900 cm
 1

 and 200-250 cm
 1

 decreased in intensity. These 

groups of peaks are associated with aluminium hydroxyoxides. This 

decrease was probably the result of the increasing silicon proportion 

in the -75 ym product which resulted in the incorporation of hydf-sxy-

oxide groups in the silicate lattice. The resultant spectra shown in 

Figures 4.3.8d,e are representative of a 2:1 layered silicate (cf. 

Figure 4.3). 

From the results obtained for System E, the data for Systems 

C and D could be more readily interpreted. The trace shown in Figures 
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1200 1000 800 600 400 200 

wavenumber Ccm 

Figure 4.3.8 Infra-red spectrograms for -75 pm 
products obtained from system E 
reacted at 215°C for 

a) lh 
b) 2h 
c) 4h 

d) 6h; 
e) 8h. 
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Figure 4.3.9 Infra-red spectrograms for -75 \im 
products obtained from system C reacted 
at 215°C for 

a) lh; d) 5h; 
b) 2h; e) 6h; 
c) 3h; f) gh. 
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Figure 4.3.10 Infra-red spectrograms for -75 ym 
products obtained from system D 
reacted at 215°C after 

a) lh 
b) 2h 
c) 4h 

d) 6h; 
e) 8h. 
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4.3.9a resembled 4.3.8a. This imogolite-type phase was replaced by 

a disordered alumino-silicate mixture at 2 h. By 4 h the broad 

940-1200 cm
 1

 and 400-800 cm
 1

 bands had sharpened and peaks at 

450 cm"
1

 (Si-0) , 540 cm"
1

 (Al
V I

-0-Si) and 1000 cm"
1

 (Si-O) had 

emerged. This product was identifiable with 1:1 kandites (Figures 

4.3.9c,d). The resolution of the first two peaks decreased as the 

reaction time increased and the 770 cm
 1

 shouldered peak became more 

prominent. It appeared that the concentration of 2:1 silicate phases 

increased in the latter stages of reaction (Figures 4.3.9e,f. cf. 

Figure 4.3.8e). 

In the case of System D (Figure 4.3.10), a series of peak 

shifts comparable with those in System E were observed. 

260°C The IR trace of the first formed product obtained using 

System C at 260°C was also similar to those in Figures 4.3.8a and 

4.3.9a. This imogolite-kandite phase was apparently replaced 

by a poorly crystalline 2:1 layer silicate at 2-3 h, 

as typified by the broad peaks in Figure 4.3.11b; (cf. 4.3.9e,f); 

and the movement of the 340 cm
 1

 peak to 360 cm
 1

. At 4 h a different 

set of peaks was observed, as seen in Figures 4.3.11d-g. These peaks 

were at 3640 cm""
1

 (Me-OH) , 1020 cm"
1

 (Si-O) , 540 cm"
1

 (Al
V I

-0-Si), 

470 cm"
1

 (Mg
V I

-0-Si, Si-O) and shoulders at 930 cm"
1

 (Al-OH) , 770 cm"
1 

VI -1 -I VI -1 
(Al -O-Si) , 700 cm (Si-O), 620 cm (Mg -O-Si, Si-O) and 360 cm 

232 233 -1 -1 
(Al-OH) ' The introduction of peaks at 540 cm , 620 cm and 

3640 cm
 1

 indicated the presence of a stable octahedral aluminium/ 

magnesium hydroxide layer in the lattice. The resolution of these 

peaks increased with time. The movement of the (Si-O) peak from 

- 1 - 1 

1000 cm to 1020 cm was also associated with the stabilisation of 

the clay mineral structure. 

A similar set of traces was obtained for System D (Figure 
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1200 1000 800 600 400 200 

wavenumber (cm
 1

) 

Figure 4.3.10 Infra-red spectrograms for -75 ym 
products obtained from system C 
reacted at 260°C for 

a) lh 
b) 2h 
c) 3h 
d) 4h 

e) 5h; 

f) 6h; 
g) 8h. 
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Figure 4.3.12 Infra-red spectrograms for -75 ym 
products obtained from system D 
reacted at 260°C for 

a) lh; 
b) 2h; 
c) 3h; 
d) 4h; 

e) 5h; 
f) 6h; 
g) 8h. 
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Figure 4.3.13 Relation between relative IR peak intensities 
reaction time for -75 ym products generated in 
systems C and D at 260°C 
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4.3.12 a-g) . Here, 2:1 layered type silicates appeared as the first 

formed products (Figures 4'. 3.12 a-c) . At 4 h a structural transformation 

began, which, by 5 h had resulted in the sharpening of the broad peaks 

in the "TOO-IIOO cm
 1

 and 400-800 cm
 1

 regions. The resultant products 

(Figures 4.3.12 e-g) had well resolved peaks at 540 cm \ 770 cm \ 

940 cm
 1

 (Al-OH) and 1020 cm
 1

 which were found to typify diactahedral 

smectites. 

The data illustrated in Figure 4.3.11 and 4.3.12 were further 

analysed by measuring peak heights relative to the 1000 cm
 1

 peak after 

the procedure described in Section 4.2.4. As can be seen (Figure 4.3.13) 

the proportion of amorphous silica species and octahedrally coordinated 

aluminium increased to maximum values at 1-2 h for both systems. The 

1100 cm
 1

 peak ratios decreased after 2 h for System C and after 4 h 

for System D. These times marked the transition from a relatively 

amorphous to a relatively crystalline state in agreement with the 

general trends observed in Figures 4.3.11 and 4.3.12. The ratios for 

the 540 cm
 1

 band also decreased with time for System C which indicated 

the progressive entry of divalent ions into the octahedral lattice 

o f the newly-forming phyllosilicates. In the higher aluminium 

concentrations of System D , however, dioctaheclral forms continued to 

predominate as inferred from Figure 4.3.13. 

300°C The IR recordings obtained for the -75 ym fractions produced 

using Systems C and D at 300°C are shown in Figures 4.3.14 and 4.3.15 

respectively. As can be seen, the resolution of the peaks was improved 

at the higher temperatures. For System C, the initial product (Figure 

4.3.14a) appeared to resemble a kandite - 2:1 layer silicate of the 

type reported in Figure 4.3.9f. At 2 h a crystalline phyllosilicate 

comparable with that obtained after 6 h at 260°C (Figure 4.3.11f) was 
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Figure 4.3.14 Infra-red spectrograms for -75 ym 
products obtained from system C 
reacted at 300°C for 

a) lh 
b) 2h 
c) 3h 
d) 4h 

e) 5h; 

f) 6h; 
g) 8h. 
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Figure 4.3.15 Infra-red spectrograms for -75 ym 
products obtained from system D 
reacted at 300°C for 

a) Ih 
b) 2h 
c) 3h 
d) 4h 

e) 5h; 

f) 6h; 
g) 8h. 
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Figure 4.3.16 Relation between relative IR peak intensities and reaction 
time for -75 ym products generated in systems C and D at 
300°C. 
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recognisable. For reaction times greater than 2 h, the peak intensities 

•increased, save for those associated with certain free Al-OH groups, 

notably at 340 and 940 cm which disappeared completely by 8 h. 

Figures 4.3.14 e-g show the progressive crystallisation of the final 

vermiculite-chlorite product (see Section 4.4.1). 

The sequence of IR traces obtained for System D was very 

similar to that of System C except peaks associated with aluminium 

groupings persisted (as expected). The first formed product was clearly 

an aluminium-rich 2:1 silicate (Figure 4.3.15a) which recrystallised 

slowly at 2-4 h into a predominantly dioctahedral smectite (Figure 

4.3.15g). 

The peak intensities of 540 and 1100 cm
 1

 expressed relative 

to that at 1000 cm
 1

 were also plotted as shown in Figure 4.3.16. The 

figure showed strong similarities with that in Figure 4.3.13, the 

difference being the larger drop in the 540 and 1100 cm
 1

 ratios for 

system C after the initial increase at 1 h. In contrast to Figure 4.3.13 

the 1100 cm
 1

 ratio continued to increase. This apparent increase in 

the amorphous siliceous character in the product may be interpreted as 

resulting from the continuation of the alteration reaction after the 

establishing of the first final crystalline product at 5-6 h (Figures 

4.3.15e,f). 

4.4 Estimation of Clay Phases Formed at 100-300°C 

4.4.1 Results_and discussion_£ Qualitative X-ray diffraction analyses 

Each of the -75 pm products) obtained (Sections 4.2.1 and 4.3.1) 

were analysed by XRD (Section 2.3.2) the 4-20 '26' regions 

V 

representing the diffractograms are shown in Figures 4.4.1-7. These 

were drawn to indicate the progress of the reactions with time. It 

should be again noted, however, that the intensity of X-rays diffracted 
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by clay minerals can greatly vary according to crystallinity, packing, 

orientation and other effects noted in Section 2.3.4. By analysing 

the products within a short space of time and adopting the same sample 

preparation procedure throughout, extraneous effects were assumed to 

be sufficiently suppressed such that trends in reaction could be 

observed; at least, in part. 

Products synthesized at temperatures of 100, 130 and 150°C 

for reaction times of less than 7 h were relatively poorly crystalline, 

particularly in the cases of Systems C-and D. In System A-however, 

where the masking effects of precipitated hydroxides were less, peaks 

attributable to vermiculite-chlorite and kandite type minerals were 

observed with some residual mica. An example is shown in Figure 

3.3.11b. A similar suite of minerals was detected for System B and 

the diffractogram peaks of the clay minerals (e.g. Figure 3.3.lid) were 

somewhat better resolved. In these products broad small 7.2 A and 9.8 A 

peaks were also observed. The low order of crystallinity of these 

products obtained at temperatures at or below 150°C resulted in poor 

peak resolution masking any trends in the proportions of mineral phases. 

Hence data for these systems at lower temperatures are not included. 

Reactions using similar conditions (Systems A or B) produced 

similar results when tested with the serpentine standard. In the case 

of the olivine standard, gels resulted in most cases. However where 

the pH exceeded 3.5 a fine alteration product was obtained (see later) . 

The degree of definition (and thus the crystallinity) of 

important clay mineral diffraction peaks improved with a rise in 

reaction temperature. Identifiable crystalline products were obtained 

at 215°C. Consequently, the technique of XRD analysis could be 

employed directly to investigate phase changes, and to make inferences 

with respect to lower temperature reactions. 
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T h e X R D r e s u l t s o f t h e s e q u e n c e o f k i n e t i c e x p e r i m e n t s 

p e r f o r m e d a t 215°C a r e g i v e n i n F i g u r e 4 . 4 . 1 a - d ( S y s t e m C ) a n d 

4 . 4 . 2 a - e ( S y s t e m D ) . I n S y s t e m C , a b r o a d b a n d w a s o b s e r v e d i n t h e 

o 

7 . 3 - 1 1 A r e g i o n a f t e r 1 h ( F i g u r e 4 . 4 . 1 a ) . T h e r e c o r d e d p e a k s r e l a t e d 

t o p o o r l y c r y s t a l l i n e s i l i c a t e p h a s e s , r a t h e r t h a n a m o r p h o u s 

h y d r o x y o x i d e s a s c a n b e s e e n f r o m c o m p a r i n g t h e d i f f r a c t o g r a m w i t h 

t h e s m o o t h t r a c e o b t a i n e d f o r h y d r o x y o x i d e m i n e r a l s in F i g u r e 2 . 3 . 2 f . 

T h e f i r s t - f o r m e d p r o d u c t s i n S y s t e m C a t 2 1 5 °C w e r e a t t r i b u t e d t o a 

m i x t u r e o f d i s o r d e r e d 1 : 1 a n d 2 : 1 l a y e r e d s i l i c a t e s . A s t h e r e a c t i o n 

p r o g r e s s e d , c r y s t a l o r d e r i n g t h e s e s i l i c a t e s e v i d e n t l y o c c u r r e d t o 

f o r m a 7 . 2 - 7 . 6 & 1 : 1 l a y e r e d s i l i c a t e a t 6 h ( f i g u r e 4 . 4 . I d ) . I n 
o 

S y s t e m D t h e 9 - 1 1 A p h a s e ( b a r e l y s e e n i n S y s t e m C ) h a d m u c h e n l a r g e d 

p e a k s w h i c h d i m i n i s h e d i n i n t e n s i t y w i t h r e a c t i o n t i m e ( F i g u r e s 

4 . 4 . 2 a - e ) . A f t e r 8 h t h e m a j o r f i n a l p r o d u c t s w e r e 7 A k a o l i n i t e 

a n d 9 - 1 1 A s i l i c a t e s . 

T h e 9 - 1 1 & p h a s e s f o r m e d c o u l d n o t b e r e a d i l y i d e n t i f i e d 

f r o m t h e X R D t r a c e s . A w e l l c r y s t a l l i s e d p r o d u c t w a s o b t a i n e d h o w e v e r , 

u s i n g S y s t e m E a t 215°C ( p r e s u m a b l y o w i n g t o t h e m o r e e x t e n s i v e 

d e g r a d a t i o n o f t h e o r i g i n a l k i m b e r l i t e i n t h i s c a s e ) . T h e X R D t r a c e 

i s s h o w n i n F i g u r e 4 . 4 . 3 a . w h i c h w a s s i m i l a r t o t h a t o f t h e 9 - 1 1 A 

p r o d u c t o b t a i n e d f r o m o l i v i n e s t a n d a r d a l t e r a t i o n ( F i g u r e 4 . 4 . 3 b ) . 

A l t h o u g h t h e w a t e r c o n t e n t (.19.5%) o f t h e f o r m e r , a s e v a l u a t e d b y T G A , 

w a s g r e a t e r t h a n t h a t e x p e c t e d f o r m o s t p h y l l o s i l i c a t e m i n e r a l s (A> 1 4 % ) , 

t h e s u i t e o f p e a k s d i d i n f e r t h a t t h e b a s i c s t r u c t u r e w a s a t t r i b u t a b l e t o 

a 2 : 1 s i l i c a t e . T h e c l o s e s t a g r e e m e n t b e t w e e n t h e t a b u l a t e d X R D d a t a 

a n d t h a t e x p e r i m e n t a l l y f o u n d w a s o b t a i n e d f o r p y r o p h y l l i t e a n d t a l c ; 

t h e p r e s e n t 9 - 1 1 A s i l i c a t e s w e r e a s s u m e d t o h a v e t h e s a m e b a s i c 

s t r u c t u r e . I t w a s t h e r e f o r e h y p o t h e s i z e d t h a t s u c h 9 - 1 1 A p h a s e s 

c o n s i s t e d o f h y d r a t e d 2 : 1 l a y e r e d a l u m i n o s i l i c a t e s o f t h e f o r m 
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F i g u r e 4 . 4 . 1 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m 

p r o d u c t s o b t a i n e d f r o m s y s t e m C 

r e a c t e d a t 215°C f o r 

a ) l h ; 

b ) 2 h ; 

c) 5h; 
d) 6h. 
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1 1 I i I 1 ! 1 1 . 1 I I t 
2 9° 1 8 1 0 4 

F i g u r e 4 . 4 . 2 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m 

p r o d u c t s o b t a i n e d f r o m s y s t e m D 

r e a c t e d a t 215°C f o r 

a ) l h 

b ) 3 h 

c ) 4 h 

d) 6h; 
e) 8h. 



5 0 4 0 30 

F i g u r e 4 . 4 . 3 a X - r a y d i f f r a c t o g r a m o f 9 - 1 1 A a l u m i n o s i l i c a t e o b t a i n e d 

u s i n g s y s t e m E a t 215°C a f t e r 5 h . 

to 



2 6° 6 0 5 0 4 0 3 0 2 0 1 0 4 

F i g u r e 4 . 4 . 3 b X - r a y d i f f r a c t o g r a m o f 9 - 1 1 A a l u m i n o s i l i c a t e 

o b t a i n e d f r o m r e a c t i o n o f 1 g o l i v i n e s t a n d a r d 

w i t h 0 . 3 1 M h y d r o c h l o r i c a c i d a t 100°C f o r 24 h . to 
KD 
to 
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( A 1

a
 M g

b
 F e

c
X

 ^ d
1

^
 ( A 1

t
 S i

4 t °10>
 t 0 H )

2
 n H

2 ° 

w h e r e 3 ( a + d ) + 2 ( b + c ) = 6 + t 

a n d n i s v a r i a b l e . 

A c o m p a r a b l e 1 0 A p h a s e h a s b e e n d i s c u s s e d r e c e n t l y b y B a u e r 

2 5 6 

a n d S c l a r i n t h e M g 0 - S i 0 2 ~ H
2
0 s y s t e m . T h e c o m p o s i t i o n s o f t h e 

9 - 1 1 A s i l i c a t e s a s d i s c u s s e d i n S e c t i o n s 4 . 4 . 2 a n d 4 . 4 . 3 s u b s e q u e n t l y 

b a s e d o n t h e r e p r e s e n t a t i o n a b o v e . 

T h e r e s u l t s f o r t h e s e r i e s o f p r o d u c t s g e n e r a t e d a t 260°C 

a r e i l l u s t r a t e d i n F i g u r e 4 . 4 . 4 a - g . ( S y s t e m C ) a n d F i g u r e 4 . 4 . 5 a - g 

( S y s t e m D) . I n S y s t e m C t h e i m p r o v e d c r y s t a l l i n i t e s w a s i m m e d i a t e l y 

e v i d e n t i n t h e . s h a r p e r p e a k s r e c o r d e d . P r o d u c t s a n d t r e n d s s i m i l a r o 

t o t h o s e n o t e d a t 215°C w e r e s e e n e x c e p t t h a t 1 4 - 1 5 A m i n e r a l s n o w 

b e c a m e o b s e r v a b l e . T h e f i r s t - f o r m e d d i s o r d e r e d s i l i c a t e s ( F i g u r e 

4 . 4 . 4 a ) r e - c r y s t a l l i z e d t o f o r m 7 . 1 A , 9 . 8 A a n d 1 4 . 7 A m i n e r a l s a t 

a p p r o x i m a t e l y 3 h ( F i g u r e 4 . 4 . 4 c ) . F i g u r e 4 . 4 . 4 d s h o w s a n i n c r e a s e a O 

i n t h e p r o m i n e n c e o f t h e 7 A a n d 14 A (.vermiculite) p h a s e s a t t h e 

e x p e n s e o f t h e 9 . 8 A o n e . A s t h e r e a c t i o n p r o c e e d e d t h e 4 . 7 A a n d 

1 4 A .basal r e f l e c t i o n s b r o a d e n e d t o i n c l u d e 4 . 9 A a n d 1 5 A p e a k s 

r e s p e c t i v e l y . T h e s e o b s e r v a t i o n s c o u p l e d w i t h m a r k e d r i s e s i n t h e 

i n t e n s i t y o f t h e 1 . 4 9 A p e a k ( n o t s h o w n ) d e m o n s t r a t e d a n i n c r e a s i n g 

p r o p o r t i o n o f d i o c t a h e d r a l s m e c t i t e i n t h e s a m p l e ( F i g u e s 4 . 4 . 5 e - g ) . 

T h e f i r s t - f o r m e d p r o d u c t s i n S y s t e m D a t 260°C w e r e 9 . 2 -

9 . 8 A a l u m i n o s i l i c a t e s ( F i g u r e 4 . 4 . 5 a ) , a l s o n o t e d a t 215°C. A t 2 - 3 h 

t h e p e a k b r o a d e n e d t o i n c l u d e a n 1 1 . 4 A p e a k , w h i c h l a t e r d i m i n i s h e d 

i n i n t e n s i t y . F u r t h e r m o r e 7 . 2 - 8 A 1 : 1 l a y e r e d s i l i c a t e s s t a r t e d t o 

d e v e l o p , a l s o n o t e d a t 215°C ( F i g u r e s 4 . 4 . 5 b - c ) . B y 4 h , t h e f i r s t -

f o r m e d p r o d u c t s h a d b e e n r e p l a c e d b y t h e s e k a n d i t e s , a s w e l l a s a 



g) 

29' 

Figure 4.4.4 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 

f r o m s y s t e m C r e a c t e d a t 260°C f o r 

a ) I h ; 

b ) 2 h ; 

c) 3 h ; 

d ) 4 h ; 

e ) 5 h ; 

f) 6 h ; 

g) 8 h . 
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F i g u r e 4 . 4 . 5 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 260°C 

f o r 

a ) l h ; c) 3 h ; e) 5 h ; 

b ) 2 h ; d ) 4 h ; f) 6 h ;
 g ) 8 h

-



a ) 

b ) 

c) 

d) 
e) 
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29' 18 10 

F i g u r e 4 . 4 . 6 X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 

o b t a i n e d f r o m s y s t e m C r e a c t e d a t 300°C 

f o r 

a ) l h ; 

b ) 2 h ; 

c) 4 h ; 

d) 6h; 
e) 8h. 
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F i g u r e 4 . 4 . 7 • X - r a y d i f f r a c t o g r a m s f o r - 7 5 y m p r o d u c t s 

o b t a i n e d f r o m s y s t e m D r e a c t e d a t 300°C 

f o r 

a ) l h ; 

b ) 2 h ; 

c) 4 h ; 

d) 5h; 
e) 8h. 
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v e r m i c u l i t e - s m e c t i t e p h a s e ( F i g u r e 4 . 4 . 5 d ) . T h e p e a k i n t e n s i t y o f t h e 

1 4 - 1 5 A v e r m i c u l i t e - s m e c t i t e r e m a i n e d r e l a t i v e l y c o n s t a n t , u n l i k e 

t h e k a o l i n i t e p e a k w h i c h p r o g r e s s i v e l y i n c r e a s e d i n i n t e n s i t y . 

S i m i l a r t r e n d s w e r e o b t a i n e d a t 300°C. T h e r e s u l t s a r e 

s h o w n i n F i g u r e 4 . 4 . 6 a - g ( S y s t e m C) a n d F i g u r e s 4 . 4 . 7 a - g ( S y s t e m D ) . 

I n F i g u r e 4 . 4 . 5 a a v e r y b r o a d 8 - 1 1 A p e a k w a s i n i t i a l l y d i s c e r n i b l e . 

A m i n o r 1 4 . 2 A p e a k w a s a l s o p r e s e n t . A f t e r o n l y 2 h t h e m e t a s t a b l e 

9 - 1 1 A h y d r a t e d a l u m i n o s i l i c a t e h a d d i s a p p e a r e d . H o w e v e r , n e w p e a k s 

o o 

a t 7 . 2 - 7 . 3 A a n d 1 4 . 7 A r e p r e s e n t i n g b o t h t r i o c t a h e d r a l a n d 

d i o c t a h e d r a l k a n d i t e s a n d v e r m i c u l i t e - s m e c t i t e h a d a p p e a r e d , a s 

b e f o r e ( F i g u r e 4 . 4 . 6 b ) . A s t h e r e a c t i o n p r o c e e d e d t h e d i o c t a h e d r a l 

c h a r a c t e r a n d s m e c t i t e c o n t e n t o f t h e m a j o r i t y o f t h e p r o d u c t s 

i n c r e a s e d a s i n d i c a t e d b y 1 . 4 9 & p e a k (not s h o w n ) a n d 1 5 A p e a k 

r e s p e c t i v e l y ( F i g u r e 4 . 4 . 6 c ) . T r i o c t a h e d r a l m i n e r a l s w e r e a l s o p r e s e n t o 

a c c o r d i n g t o t h e p e a k o b s e r v a b l e a t 1 . 5 4 A . T h e p r e s e n c e o f a 

s h o u l d e r e d p e a k a t 2 . 4 6 A ( n o t s h o w n ) a n d 4 . 8 4 A i n d i c a t e d t h e 

f o r m a t i o n o f a c h l o r i t i c p h a s e a s w e l l ( F i g u r e 4 . 4 . 6 e ) i n t h e l a t e r 

s t a g e s o f t h e r e a c t i o n . 

I n c o n t r a s t t o t h e i n i t i a l p r o d u c t f o r m e d i n S y s t e m C , 

F i g u r e 4 . 4 . 7 a ( S y s t e m D ) i l l u s t r a t e s a w e l l - d e v e l o p e d 9 . 3 A a l u m i n o -

s i l i c a t e p h a s e . A s a b o v e h o w e v e r , t h e p r o p o r t i o n o f t h i s p h a s e 

r a p i d l y d e c r e a s e d w i t h t h e p r o d u c t i o n o f a v e r m i c u l i t e - s m e c t i t e a t 

2 h (.Figure 4 . 4 . 8 b ) . T h e f i n a l m a j o r p r o d u c t s a f t e r 8 h a p p e a r e d t o b e 

s m e c t i t e , v e r m i c u l i t e a n d k a o l i n i t e ( F i g u r e 4 . 4 . 7 e ) . 

4 . 4 . 2 C o m p u t e d p r o p o r t i o n s o f _ p h a s e s p r o d u c e d a t 100°C 

C a r e f u l e x a m i n a t i o n o f t h e X - r a y d i f f r a c t o g r a m s a n d t h e u s e 

o f g l y c o l a t i o n a n d p o t a s s i u m s a t u r a t i o n t e c h n i q u e s d e m o n s t r a t e d t n a t 

t h e p r i n c i p a l p h y l l o s i l i c a t e p h a s e s f o r m e d w e r e c h l o r i t e , v e r m i c u l i t e , 
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a n d a l u m i n i a n s e r p e n t i n e , a l b e i t p o o r l y c r y s t a l l i n e . I n f r a - r e d d a t a 

a n d o b s e r v a t i o n s a t h i g h e r t e m p e r a t u r e s s h o w e d t h a t a f o u r t h p h a s e , 

a h y d r a t e d 9 - 1 1 A a l u m i n o s i l i c a t e , w a s a l s o l i k e l y t o b e p r e s e n t . 

T h e s e f o u r p h a s e s w e r e i n c o r p o r a t e d i n t h e P r o g r a m C E C P M ( s y s t e m c o d e 

1 0 T a b l e 2 . 5 . 1 ) e m p l o y i n g t h e m e t h o d s d e v e l o p e d i n S e c t i o n 2 . 5 . T h e 

m o d e l l i n g o f c h l o r i t e , v e r m i c u l i t e a n d k a n d i t e s h a s b e e n d i s c u s s e d 

p r e v i o u s l y . T o e s t i m a t e t h e c h e m i c a l c o m p o s i t i o n o f t h e 9 - 1 1 A 

a l u m i n o s i l i c a t e s f o r w h i c h t a b u l a t e d d a t a w a s u n a v a i l a b l e , t h e 

f o l l o w i n g a s s u m p t i o n s w e r e m a d e . 

R e f e r r i n g t o t h e s t r u c t u r a l f o r m u l a g i v e n i n S e c t i o n 4 . 4 . 1 : 

a) T h e r e l a t i v e r a t i o s o f t h e s p e c i e s A l : F e : M g w e r e t h e s a m e 

a s t h o s e f o r t h e c h e m i c a l a s s a y o f t h e - 7 5 y m f r a c t i o n a n a l y s e d 

( t h i s r e d u c e d t h e n u m b e r o f p e r m u t a t i o n s t o b e t e s t e d ) . 

b ) T h e n u m b e r o f w a t e r m o l e c u l e s p r e s e n t , n , c o u l d r a n g e 

f r o m 0 t o 3 0 (the u p p e r l i m i t w a s t a k e n t o b e 6 t i m e s t h a t n o r m a l l y 

o c c u r r i n g i n s m e c t i t e s a n d v e r m i c u l i t e s , t h e m o s t h y d r a t e d o f c l a y 

m i n e r a l s ) i n v i e w o f t h e h i g h w a t e r c o n t e n t o b s e r v e d . 

c) A l u m i n i u m c o u l d s u b s t i t u t e f o r s i l i c o n i n t h e t e t r a h e d r a l 

l a t t i c e w h e r e t (as g i v e n i n t h e f o r m u l a a b o v e ) r a n g e d f r o m 0 t o 2 . 

d ) T h e w a t e r c o n t e n t a n d e l e m e n t a l a s s a y c o u l d b e i n t e r - r e l a t e d 

b y t h e u s e o f s u i t a b l e a l g o r i t h m s i n S u b r o u t i n e s K F I X l a n d K F I X 2 

( A p p e n d i x 5 ) . 

e) . B y c a r e f u l i n c r e m e n t a t i o n o f t h e n u m b e r o f w a t e r m o l e c u l e s 

ancj t e t r a h e d r a l l y c o o r d i n a t e d a l u m i n i u m i o n s p e r ( A l , S i )
4
0 ^

Q
 u n i t c e l l , 

v a r i o u s t y p e s o f 9 - 1 1 A s i l i c a t e c o u l d b e m o d e l l e d a n d ' a c c e p t a b l e ' 

s o l u t i o n s t o t h e c o m p u t a t i o n f o u n d . 

T h e r e s u l t s o b t a i n e d f r o m t h e v a r i o u s k i n e t i c e x p e r i m e n t s 
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c o n d u c t e d u s i n g S y s t e m s A a n d B a r e s h o w n g r a p h i c a l l y i n F i g u r e s 

4 . 4 . 8 a n d 4 . 4 . 9 . M e a n e d c o m p u t e d d a t a f o r t h e 9 - 1 1 A a l u m i n o s i l i c a t e s 

a r e g i v e n i n T a b l e 4 . 4 . 1 T h e f i g u r e s a n d t a b l e s p r o v i d e c o m p l e m e n t a r y 

i n f o r m a t i o n . 

D u r i n g t h e f i r s t s i x h o u r s o f t h e r e a c t i o n u s i n g S y s t e m A , 

s e r p e n t i n e , v e r m i c u l i t e , c h l o r i t e a n d 9 - 1 1 A a l u m i n o s i l i c a t e s f o r m e d 

t h e m a j o r i t y o f t h e p r o d u c t a s s h o w n i n F i g u r e 4 . 4 . 8 . S e r p e n t i n e 

p r e d o m i n a t e d a t f i r s t (46% o f t h e - 7 5 y m r e a c t i o n a t 1 h ) t o b e 

s u p e r s e d e d l a t e r b y v e r m i c u l i t e ( 5 0 % a t 4 h ) c o m b i n e d w i t h a n 

i n c r e a s i n g p r o p o r t i o n o f c h l o r i t e ( 2 1 % ) . T h e p r o p o r t i o n o f 9 - 1 1 A 

a l u m i n o s i l i c a t e s a t t a i n e d a c o n s t a n t v a l u e o f 8 - 1 2 % 1 - 4 h a f t e r w h i c h 

i t s t e a d i l y i n c r e a s e d u p t o 6 8 % a t 6 h , w h e r e a s t h o s e o f t h e o t h e r 

p h y l l o s i l i c a t e s c o r r e s p o n d i n g l y d e c r e a s e d ; t h e p r o p o r t i o n o f 

v e r m i c u l i t e f a l l i n g f r o m 5 0 % (4 h ) t o 1 2 % (8 h ) a n d s e r p e n t i n e b e i n g 

r e p l a c e d b y k a o l i n i t e . A s s h o w n i n T a b l e 4 . 4 . 1 , t h e i n c r e a s e i n 

o 

p r o p o r t i o n o f t h e 9 - 1 1 A p h a s e s w a s m i r r o r e d b y a n i n c r e a s e i n t h e a l u m i n i u m 

c o n t e n t w h i c h w o u l d b e e x p e c t e d f r o m t h e p r e c i p i t a t i o n o f a l u m i n i u m 

h y d r o x y o x i d e s n o t e d b e f o r e ( F i g u r e 4 . 2 . 3 ) . I t w a s l i k e l y t h a t t h e 9 - 1 1 

A f o r m r e c o r d e d c o n s i s t e d o f t h e o r i g i n a l 9 - 1 1 A p h a s e s t r u c t u r e f o r m e d in 

t h e f i r s t 1 - 4 h o f t h e r e a c t i o n , w i t h a s s o c i a t e d c a t i o n i c h y d r o x y o x i d e s . 

T h e p r o p o r t i o n o f t h i s ' c o m b i n e d ' p h a s e d e c r e a s e d w i t h r e a c t i o n t i m e 

w h i c h w a s s u g g e s t i v e o f a f o r m o f r e c r y s t a l l i z a t i o n t o a n o t h e r p r o d u c t , 

p r o b a b l y v e r m i c u l i t e a c c o r d i n g t o t h e d i a g r a m ; t h e c o n c e n t r a t i o n o f 

c h l o r i t e a n d k a o l i n i t e r e m a i n e d 8 - 1 2 % . 

I n S y s t e m B ( F i g u r e 4 . 4 . 9 ) t h e m a x i m u m c o n c e n t r a t i o n o f t h e 

9 - 1 1 A a l u m i n o s i l i c a t e (.46%) w a s a t t a i n e d i n t h e f i r s t 3 h o f r e a c t i o n . 

T h e c o n c e n t r a t i o n o f v e r m i c u l i t e a n d c h l o r i t e , h o w e v e r , c o n t i n u e d t o 

i n c r e a s e u p t o 5 h C b e i n g 7 2 a n d 1 0 % r e s p e c t i v e l y ) . A f t e r t h i s t i m e , 

t h e c l a y p h a s e s c a m e t o a p p a r e n t e q u i l i b r i u m v a l u e s o f 5 8 % v e r m i c u l i t e , 
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T A B L E 4 . 4 . 1 C O M P O S I T I O N A L D A T A F O R 9 - 1 5 k 

A L U M I N O S I L I C A T E S I : S Y S T E M S 

A A N D B 

3 + + 
S y s t e m A [ i n i t i a l c o n c e n t r a t i o n s : 0 . 4 4 M A l , 0 . 3 1 6 M H ; 100°C] 

M i n e r a l R e a c t i o n A s s a y (%) S t o i c h i o m e t r i c 

t i m e c o e f f i c i e n t 

S i A l F e M g H O S i A l F e M g n H 0 

1 1 3 . 1 6 . 3 5 . 6 

4 1 2 . 7 6 . 5 5 . 4 

5 1 6 . 5 1 6 . 1 9 . 1 

9 - 1 1 & 7 7 . 1 1 0 . 9 2 . 2 

p h a s e s 14 9 . 1 1 4 . 1 2 . 8 

2 0 8 . 1 1 3 . 6 2 . 9 

24 8 . 2 9 . 7 3 . 3 

c h l o r i t e 1 - 2 4 1 3 . 6 1 1 . 7 6 . 8 

v e r m i c u l i t e 1 - 2 4 1 6 . 9 7 . 5 4 . 8 

S y s t e m B [ i n i t i a l c o n c e n t r a t i o n s : 0 . 2 2 M 

2 2 5 . .7 3, .6 7. ,5 

3 2 0 . .7 3. ,4 5 . .9 

5 2 9 . .2 4 . .5 8 . .6 

9 - 1 1 A 7 2 0 . .3 1 1 . .8 7 . .1 

p h a s e s 1 4 1 7 . .9 5. .2 4 . .8 

2 0 1 4 . .5 8, .5 5. .7 

2 4 1 5 . .3 4, .9 4 . .7 

c h l o r i t e 1 - 2 4 1 5 , .8 7. .6 1 6 . .7 

v e r m i c u l i t e 1 - 2 4 1 7 . .9 6. .9 3. .6 

5 . 6 4 2 . 6 3 . 1 1 . 6 0 . 6 1 . 5 1 4 . 5 

5 . 6 4 3 . 5 3 . 0 1 . 6 0 . 7 1 . 6 1 5 . 3 

1 0 . 6 4 . 4 2 . 4 2 . 4 0 . 6 1 . 8 -

2 . 1 5 7 . 6 2 . 3 3 . 5 0 . 2 0 . 8 2 6 . 6 

2 . 7 4 5 . 4 2 . 2 3 . 6 0 . 3 0 . 8 1 6 . 1 

2 . 5 4 8 . 6 2 . 1 3 . 6 0 . 4 0 . 8 1 8 . 6 

3 . 1 5 4 . 4 2 . 4 2 . 9 0 . 6 1 . 0 2 4 . 2 

1 6 . 8 1 1 . 7 2 . 8 2 . 5 0 . 7 4 . 0 -

1 3 . 0 2 0 . 1 2 . 8 1 . 3 0 . 4 2 . 5 4 . 2 

l'.5M H
+ 

; 1 0 0 °C] 

7 . 0 1 6 . 1 4 . 0 0 . 6 0 . 5 1 . 3 2.9 

5 . 0 3 2 . 4 4 . 0 0 . 7 0 . 6 1 . 1 8 . 8 

7 . 3 4 . 7 4 . 0 0 . 6 0 . 7 1 . 1 0 

7 . 0 1 2 . 6 3 . 1 1 . 8 0 . 5 1 . 3 2.0 

4 . 6 3 7 . 9 3 . 7 1 . 1 0 . 6 1 . 1 1 1 . 5 

5 . 0 3 6 . 6 3 . 0 1 . 9 0 . 6 1 . 2 1 1 . 0 

4 . 2 4 4 . 4 3 . 6 1 . 2 0 . 6 1 . 1 1 5 . 4 

1 0 . 9 1 1 . 7 3 . 4 1 . 7 1 . 8 2 . 7 -

1 3 . 4 2 0 . 1 3 . 0 1 . 2 0 . 3 2 . 6 4 . 2 
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* 2 3 % 9 - 1 1 A a l u m i n o s i l i c a t e , 1 0 % c h l o r i t e a n d 9 % m a g n e s i a n k a o l i n i t e . 

T a b l e 4 . 4 . 1 i n c l u d e s m e a n e d s t r u c t u r a l f o r m u l a e d a t a f o r 

t h e v e r m i c u l i t e s a n d c h l o r i t e s o b t a i n e d i n b o t h s y s t e m s . C o m p a r i n g 

t h e s e w i t h t h e f o r m u l a e d e d u c e d ( i . e . f r o m t h e s t o i c h i o m e t r i c 

o . 

c o e f f i c i e n t s ) f o r t h e 9 - 1 1 A a l u m i n o s i l i c a t e s s h o w e d t h a t t h e e x t e n t 

o f t e t r a h e d r a l s u b s t i t u t i o n w a s s i m i l a r a t 4 - 5 h ( S y s t e m A ) a n d 

1 4 - 2 0 h ( S y s t e m B ) i . e . a t p H s 2 . 5 - 3 ( F i g u r e 4 . 2 . 3 ) . I t w a s a p p a r e n t 

t h a t a l u m i n i u m e n t e r e d i n t o t e t r a h e d r a l r a t h e r t h a n o c t a h e d r a l 

c o o r d i n a t i o n a t s u c h p H l e v e l s m a k i n g p o s s i b l e t h e f o r m a t i o n o f 

c h l o r i t e s a n d v e r m i c u l i t e s . ( T h i s i s d i s c u s s e d l a t e r in t e r m s o f 

r e a c t i o n m e c h a n i s m . ) 

4 . 4 . 3 C o m p u t e d p r o p o r t i o n s o_f p h a s e s p r o d u c e d a t 2 1 5 , 2 6 0 _ a n d 

300°C 

215°C ; S y s t e m s C a n d D A t 215°C, t h e d e g r e e o f c r y s t a l l i n i t y o f t h e 

- 7 5 y m p r o d u c t s w a s g r e a t e r t h a n a t 150°C. X R D a n a l y s i s ( S e c t i o n 

2 . 3 . 2 ) a n d r e s i d u a l s o l u t i o n i o n a n a l y s i s ( S e c t i o n 4 . 3 . 2 ) s h o w e d t h a t 

a l u m i n o s i l i c a t e s d e p l e t e d i n m a g n e s i u m a n d i r o n w e r e t h e m a j o r 

p r o d u c t s . T h e s a m e c o m p u t e r m e t h o d a s d e s c r i b e d i n S e c t i o n 4 . 4 . 2 

w i t h t h e e x c e p t i o n t h a t t h e m i n e r a l s y s t e m , i d e n t i f i e d b y c o d e 2 0 , 

w a s e m p l o y e d . I n t h i s p a r t i c u l a r s y s t e m , t h e f o l l o w i n g s u i t e o f 

m i n e r a l s w a s c o n s i d e r e d : k a o l i n i t e - h a l l o y s i t e , 9 - 1 1 K a l u m i n o s i l i c a t e s , 

a l u m i n i u m a n d i r o n h y d r o x i d e s a n d s e r p e n t i n e - m a g n e s i a n c a r b o n a t e . T h e 

r e s u l t s o b t a i n e d a r e s h o w n i n F i g u r e s 4 . 4 . 1 0 a n d 4 . 4 . 1 1 . 

I n b o t h s y s t e m s t h e p r i n c i p a l h y d r o x y o x i d e s o f a l u m i n i u m 

a n d i r o n w e r e b o e h m i t e (A1 O O H ) a n d l e p i d o c r o c i t e ( F e O O H ) r e s p e c t i v e l y . 

T h i s c o n c l u s i o n w a s r e a c h e d o n t h e b a s i s b o t h o f t h e s e m i n e r a l s g i v i n g 

s u i t a b l e m a s s b a l a n c e s o l u t i o n s a n d t h o s e m o s t l i k e l y t o e x i s t a t t h e 

t e m p e r a t u r e i n q u e s t i o n ( F i g u r e 1 . 4 . 3 ) . F o r t h e p u r p o s e o f c o m p u t a t i o n 

t h e y w e r e c o n s i d e r e d a s a m i n e r a l m i x t u r e f o r m i n g o n e p h a s e ; t h e r a t i o 
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Figure 4.4.11 Computed proportions of phases in the -75 pm product 
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o f a l u m i n i u m a n d i r o n a s s a y b e i n g t h e s a m e a s t h a t i n t h e a s s a y o f 

t h e - 7 5 y m p r o d u c t . ( N o n e o f t h e c a l c u l a t i o n s s u g g e s t e d t h e p r e s e n c e 

o f g i b b s i t e ( A l ( O H ) o r a n i r o n e q u i v a l e n t , F e ( 0 H )
3
. ) 

I n S y s t e m C , t h e t h r e e a l u m i n i u m r i c h p r o d u c t s w e r e f o r m e d 

s i m u l t a n e o u s l y a n d m a x i m u m c o n c e n t r a t i o n s r e a c h e d a f t e r d i f f e r e n t 

t i m e p e r i o d s ; t h e f i r s t b e i n g b o e h m i t e - l e p i d o c r o c i t e (28%) a f t e r 1 h . 

A s t h e r e a c t i o n t i m e i n c r e a s e d , t h e h y d r o x y o x i d e p r o p o r t i o n 

p r o g r e s s i v e l y d e c r e a s e d , r e a c h i n g 1 2 % a t 8 h . T h e c o n c e n t r a t i o n o f 

t h e k a o l i n i t e - h a l l o y s i t e c o n t i n u e d t o i n c r e a s e u p t o 3 h ( m a x i m u m 4 9 % ) . 

o 

A f t e r 4 h t h e 9 - 1 1 A a l u m m o s i l i c a t e s b e c a m e i n c r e a s i n g l y t h e d o m i n a n t 

p h a s e . T h e p r o p o r t i o n o f s e r p e n t i n e c h a n g e d l i t t l e t h r o u g h o u t . 

S y s t e m D e x h i b i t e d s i m i l a r b e h a v i o u r . T h e b o e h m i t e -

l e p i d o c r o c i t e w a s p r e c i p i t a t e d i n i n c r e a s i n g c o n c e n t r a t i o n s u p t o 2 h , 

a f t e r w h i c h i t d e c r e a s e d t o a n o v e r a l l a s s a y o f 1 2 % a s b e f o r e . T h e 

k a o l i n i t e - h a l l o y s i t e a n d 9 - 1 1 A a l u m i n o s i l i c a t e p h a s e p r o p o r t i o n s 

v a r i e d l i t t l e f r o m 1 - 6 h , t h e v a l u e s r e c o r d e d b e i n g 3 8 - 4 0 % a n d 2 5 - 3 5 % 

r e s p e c t i v e l y . T h e e l e m e n t a l c o n c e n t r a t i o n s o f t h e p h a s e s s u g g e s t e d 

t h a t a d i o c t a h e d r a l t y p e o f m i n e r a l p r e d o m i n a t e d w h i c h w a s l i k e l y i n 

v i e w o f t h e r e l a t i v e l y l a r g e q u a n t i t i e s o f t h e a l u m i n i u m a p p l i e d . 

T h i s c h a n g e w a s m i r r o r e d b y t h e i n c r e a s e i n t h e k a o l i n i t e - h a l l o y s i t e 

c o n c e n t r a t i o n f r o m 3 9 t o 5 8 % a t 8 h a n d a d e c r e a s e in t h a t f o r t h e 

9 - 1 1 A s i l i c a t e f r o m 3 0 t o 1 8 % . 

260°C : S y s t e m s C a n d D T h e i n c r e a s e i n r e a c t i o n t e m p e r a t u r e i m p r o v e d 

t h e c r y s t a l l i n i t y o f t h e p r o d u c t s , f a c i l i t a t i n g t h e i r i d e n t i f i c a t i o n , 

t h e m i n e r a l s f o r m e d b e i n g : v e r m i c u l i t e , s m e c t i t e , ( i n s t e a d o f h a l l o y s i t e ) , 

k a o l i n i t e , s e r p e n t i n e a n d 9 - 1 1 A a l u m i n o s i l i c a t e s . T h e i r p r o p o r t i o n s 

w e r e e v a l u a t e d u s i n g t h e m i n e r a l s y s t e m f o r w h i c h t h e c o d e w a s 3 0 

(.Table 2 . 5 . 1 ) . I n c e r t a i n i n s t a n c e s , b o t h a t 2 6 0 a n d 300°C, a 
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o v e r a l l r e a c t i o n t i m e (h) 
u> 
o 

F i g u r e 4 . 4 . 1 2 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t
 0 0 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m C a t 

260°C. 
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F i g u r e 4 . 4 . 1 3 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 y m p r o d u c t 

g e n e r a t e d a t v a r i o u s r e a c t i o n t i m e s f o r s y s t e m D a t 

260°C. 
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f i v e m i n e r a l s u i t e ( c o d e 3 2) h a d t o h e e m p l o y e d d u e t o t h e s i g n i f i c a n t 

p r o p o r t i o n o f a l u m i n i u m a n d i r o n h y d r o x y o x i d e s p r e s e n t (as i n f e r r e d 

f r o m t h e - 7 5 y m f r a c t i o n e l e m e n t a l a s s a y s ) . T h e r e s u l t s a r e s h o w n i n 

F i g u r e s 4 . 4 . 1 2 a n d 4 . 4 . 1 3 . 

S y s t e m C ( F i g u r e 4 . 4 . 1 2 ) i l l u s t r a t e d t h a t t h e 9 - 1 1 A a l u m i n o -

s i l i c a t e s r e p r e s e n t t h e p r i n c i p a l f i r s t - f o r m e d p h a s e s (62% o f t o t a l ) 

a t 1 h . T h e c o n c e n t r a t i o n o f t h i s m i n e r a l p r o g r e s s i v e l y d e c r e a s e d w i t h 

t i m e (48% a t 3 h , 2 0 % a t 6 h ) b u t w a s s t i l l d e t e c t a b l e a f t e r 8 h . 

V e r m i c u l i t e a n d s m e c t i t e i n c r e a s e d s l o w l y i n p r o p o r t i o n f o r m o s t o f t h e 

r e a c t i o n p e r i o d m i r r o r i n g t h e l a r g e r 1 4 - 1 5 A p e a k s r e c o r d e d w i t h t i m e 

i n t h e X R D a n a l y s e s . U n l i k e t h e 9 - 1 1 A a l u m i n o s i l i c a t e s , t h e s e m i n e r a l s 

w e r e r e a d i l y i d e n t i f i a b l e b y X R D . B y 8 h t h e c o n c e n t r a t i o n s o f t h e s e 

t h r e e p h a s e s w e r e v i r t u a l l y e q u a l (^ 2 0 % ) . T h e k a o l i n i t e c o n c e n t r a t i o n , 

i n g e n e r a l , i n c r e a s e d w i t h t i m e i n c o n c e r t w i t h t h e 1 4 - 1 5 A m i n e r a l s , 

d e s p i t e a n a p p a r e n t r e d u c t i o n a t 3 - 4 h . A t 5 h k a o l i n i t e b e c a m e t h e 

p r e d o m i n a n t p h a s e . 

S i m i l a r t r e n d s w e r e o b s e r v e d f o r S y s t e m D . H o w e v e r b e c a u s e 

o f t h e p r e s e n c e o f a l a r g e r q u a n t i t y o f a l u m i n i u m , m o r e p r e c i p i t a t e d 

a s t h e h y d r o x y o x i d e a n d c o n s t i t u t e d a s m u c h a s 3 0 % o f t h e p r o d u c t 

i n t h e i n i t i a l s t a g e s o f t h e r e a c t i o n . S m a l l e r q u a n t i t i e s o f t h e 9 - 1 1 A 

s i l i c a t e , v e r m i c u l i t e a n d s m e c t i t e w e r e f o r m e d , c o m p a r e d w i t h t h o s e i n 

F i g u r e 4 . 4 . 1 2 o w i n g t o t h e d i l u t i o n e f f e c t o f t h e h y d r o x y o x i d e . I n 

c o n t r a s t t o S y s t e m C , t h e r e w a s n o t r a c e o f t h e 9 - 1 1 A a l u m i n o s i l i c a t e 

a f t e r 4 h ( c f . F i g u r e 4 . 4 . 5 ) . T h e p r o p o r t i o n o f t h e a l u m i n i u m 

h y d r o x y o x i d e d e c r e a s e d t o 1 8 % (.5-8 h ) w h e r e a s t h o s e o f v e r m i c u l i t e a n d 

k a o l i n i t e i n c r e a s e d , t h e l a t t e r f o r m i n g t h e m o s t p r e d o m i n a n t p h a s e 

(.50%) i n t h e - 7 5 y m p r o d u c t . T h e c o n c e n t r a t i o n o f s m e c t i t e r e a c h e d 

a m a x i m u m o f 2 5 % a t 4 h b u t d e c r e a s e d t o 1 5 % b y 8 h . 



overall reaction time (h) 

Figure 4.4.14 C o m p u t e d p r o p o r t i o n s o f p h a s e s i n t h e - 7 5 yiu p r o d u c t 

generated at various reaction times for system C at 
300°C. 
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overall reaction time (h) 

LJ 

Figure 4.4.15 Computed proportions of phases in the -75 ym product 
generated at various reaction times for system D at 
300°C. 
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300°C ; S y s t e m s C a n d D T h e m i n e r a l o g y o f t h e - 7 5 p m p r o d u c t s 

b e c a m e m o r e c o m p l e x a t t h i s t e m p e r a t u r e . X R D a n a l y s i s h a d d e m o n s t r a t e d 

t h e p r e s e n c e o f v e r m i c u l i t e , s m e c t i t e ( m o n t m o r i l l o n i t e ) a n d k a n d i t e 

( k a o l i n i t e / s e r p e n t i n e ) a t e x p e r i m e n t s c o n d u c t e d a t 8 h ( F i g u r e 3 . 4 . 1 ) . 

S y s t e m C d i f f e r e d f r o m D i n t h a t t h e r e w a s e v i d e n c e f o r t h e p r e s e n c e 

o f c h l o r i t e a s w e l l . I t w a s n e c e s s a r y t o e m p l o y d i f f e r e n t m i n e r a l 

s u i t e s i n P r o g r a m C E C P M a t d i f f e r e n t s t a g e s o f t h e r e a c t i o n v i z : 

S y s t e m C - c o d e 3 2 , 1 - 2 h ; c o d e 4 0 , 3 - 8 h ; S y s t e m D - c o d e 3 2, 

1 - 2 h ; c o d e 3 1 , 3 - 8 h . 

T h e c o m p u t e d r e s u l t s f o r t h e k i n e t i c e x p e r i m e n t s a t 300°C 

f o r S y s t e m C a r e s h o w n i n F i g u r e 4 . 4 . 1 4 . T h e g r a p h s h o w s a n a b r u p t 

i n c r e a s e i n t h e c o n c e n t r a t i o n o f t h e 9 - 1 1 a l u m i n o s i l i c a t e s t o 5 2 - 5 8 % 

d u r i n g 1 - 2 h . A f t e r 3 h , h o w e v e r , t h e p h a s e w a s u n d e t e c t a b l e , a n d 

h a d b e e n r e p l a c e d b y v e r m i c u l i t e , d i o c t a h e d r a l s m e c t i t e , k a o l i n i t e , 

a n d c h l o r i t e , t h e l a t t e r i n r e l a t i v e l y s m a l l p r o p o r t i o n s . I n c o n t r a s t 

t o F i g u r e 4 . 4 . 1 2 , k a o l i n i t e c o n c e n t r a t i o n r e a c h e d a m a x i m u m (40%) a t 

3 - 4 h a f t e r w h i c h i t p r o g r e s s i v e l y d e c r e a s e d t o 8 % a t 8 h . T h i s m i n e r a l 

w a s r e p l a c e d b y s m e c t i t e ( m o n t m o r i l l o n i t e ) a s t h e m a j o r p h a s e (40% a t 

5 h , 5 4 % a t 8 h ) ; t o g e t h e r w i t h v e r m i c u l i t e a n d c h l o r i t e , t h e f o r m e r 

r e a c h i n g a n e q u i l i b r i u m v a l u e o f 2 2 % ' b y 8 h a n d t h e l a t t e r r i s i n g t o 

a c o n c e n t r a t i o n o f 1 4 % o f t h e t o t a l . 

I n S y s t e m D ( F i g u r e 4 . 4 . 1 5 ) n o c h l o r i t e w a s d e t e c t e d . T h e 

o 

m a s s b a l a n c e w a s m a d e u p o f s m e c t i t e , v e r m i c u l i t e , 9 - 1 1 A a l u m i n o s i l i c a t e s 

a n d a l u m i n i u m a n d i r o n h y d r o x y o x i d e s ( b o e h m i t e - l e p i d o c r o c i t e ) a s b e f o r e . o 

T h e t r e n d s w e r e s i m i l a r t o t h o s e n o t e d i n S y s t e m C , a 9 - 1 1 A p h a s e b e i n g 

i n i t i a l l y f o r m e d a n d r e p l a c e d b y t h e o t h e r p h y l l o s i l i c a t e s p e c i e s . T h e 

f o r m e r h o w e v e r , a s s u m e d s m a l l e r p r o p o r t i o n s t h a n b e f o r e ( o n l y 3 0 % ) a n d 

w a s u n d e t e c t a b l e a f t e r 3 h . A t 2 h t h e k a o l i n i t e c o n c e n t r a t i o n r e a c h e d 

a m a x i m u m (46%) a f t e r w h i c h i t t e n d e d t o d e c r e a s e ( c f . F i g u r e 4 . 4 . 1 4 ) t o 

2 0 % a f t e r 8 h . A t 3 h s m e c t i t e r e p l a c e d k a o l i n i t e a s t h e m o s t c o m m o n 



.314 

p h a s e f o r m e d . T h e c o n c e n t r a t i o n o f t h e f o r m e r i n c r e a s e d w i t h t i m e 

r e a c h i n g 5 2 % a f t e r 8 h . T h e p r o p o r t i o n o f v e r m i c u l i t e a l s o i n c r e a s e d 

w i t h t i m e a s i n F i g u r e 4 . 4 . 1 5 . T h e p r o p o r t i o n o f t h e h y d r o x y o x i d e s 

h o w e v e r , d e c r e a s e d f r o m a m a x i m u m o f 2 2 % (1 h ) t o 1 0 % (8 h ) . 

C o m p o s i t i o n a l d a t a f o r t h e 9 - 1 1 A a l u m i n o s i l i c a t e s T h e c o m p o s i t i o n s 

o f t h e 9 - 1 1 A a l u m i n o s i l i c a t e s a s w e l l a s f o r t h e 1 4 - 1 5 A p h a s e s 

f o r m e d a r e s h o w n i n T a b l e s 4 . 4 . 2 a n d 4 . 4 . 3 . T h e s e t a b l e s i n d i c a t e 

that the majority of the 9-11 A phases contained more than 32% 

w a t e r . H o w e v e r , in t h e c a s e s n a m e d b e l o w t h e w a t e r c o n t e n t w a s l e s s 

7 2 

a n d a p p r o a c h e d t h a t t a b u l a t e d f o r v e r m i c u l i t e s a n d s m e c t i t e s : 

S y s t e m C : 215°C (5-8 h ) , 260°C (4 h ) ; S y s t e m D 300°C (2 h ) . T h e r e 

a p p e a r e d t o b e a g e n e r a l t r e n d : a s t h e t i m e o r t e m p e r a t u r e o f r e a c t i o n 

i n c r e a s e d t h e w a t e r c o n t e n t d e c r e a s e d . T h i s w o u l d b e e x p e c t e d i f 

t h e s e 9 - 1 1 A a l u m i n o s i l i c a t e s l a t e r r e c r y s t a l l i z e d a s 1 4 - 1 6 A 

p h y l l o s i l i c a t e s . o 

A l l t h e 9 - 1 1 A p h a s e s h a d a d i o c t a h e d r a l c h a r a c t e r , t h e i r o n 

a n d m a g n e s i u m a s s a y s b e i n g l e s s t h a n 7 . 5 a n d 2 . 2 % r e s p e c t i v e l y . H o w e v e r , 

i t w a s s e e n t h a t t h e a s s a y s o f t h e s e e l e m e n t s i n c r e a s e d w i t h r e a c t i o n 

t i m e f o r S y s t e m C . O t h e r t r e n d s n o t e d w e r e t h a t a s t h e t e m p e r a t u r e 

i n c r e a s e d , t h e a l u m i n i u m a s s a y a n d t h e e x t e n t o f t e t r a h e d r a l 

r e p l a c e m e n t o f s i l i c o n i n c r e a s e d f o r b o t h s y s t e m s s t u d i e d . T h e s e t r e n d s 

c a n b e s u m m a r i s e d b y F i g u r e 4 . 4 . 1 6 . 
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TABLE 4.4.2 COMPOSITIONAL DATA FOR 9-15 & 
ALUMINOSILICATES II : SYSTEM C 

. . . 3+ + 
System C [initial concentrations : 0.22M Al , 0.31M H ] 

Mineral Reaction Assay (% ) Stoichiometric 
time coefficient 

Si Al Fe Mg H

2° 
Si Al Fe Mg H

2 ° 

215°C 1 13.1 10.6 1.4 1.6 47.3 4.0 1.8 0.2 0.4 16.9 

2 12.3 11.2 2.8 0.7 47.4 2.9 3.0 0.4 0.2 17.3 

3 14.1 8.4 2.9 1.3 47.7 4.0 1.6 0.4 0.4 17.4 

9-11 A 4 15.9 10.3 3.8 1.1 
i 

39.2 3.3 2.4 0.4 0.3 12.0 

phases 5 17.7 17.6 6.2 2.2 16.4 2.8 2.9 0.5 0.4 3.0 

6 18.5 15.4 7.3 2.8 16.3 2.9 2.5 0.6 0.5 3.0 

8 20.4 13.4 4.1 2.0 22.0 3.3 2.3 0.4 0.4 4.7 

260°C 1 9.9 17.0 2.2 1.0 41.9 2.2 4.0 0.2 0.3 13.6 

2 

o 

9.7 18.5 1.6 1.1 40.3 2.1 4.2 0.1 0.3 12.5 

9-11 A 

J 

4 12.3 21.4 4.2 2.9 22.3 2.1 3.8 0.1 0.6 4.7 

phases 5 12.7 12.4 2.5 1.7 42.8 2.8 2.9 0.4 0.5 14.3 

6 13.7 15.1 4.4 2.2 32.0 2.6 3.1 0.4 0.5 8.6 

_ i 8 13.2 16.6 3.0 2.2 32.5 2.5 3.3 0.4 0.5 8.9 

300°C 1 9.3 16.3 2.9 2.0 41.8 2.0 4.2 0.2 0.4 13.6 

9-11 A phases 2 8.7 14.3 2.5 1.6 48.3 2.2 3.7 0.4 0.5 18.3 
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T A B L E 4 . 4 . 3 C O M P O S I T I O N A L D A T A F O R 9 - 1 5 k 

A L U M I N O S I L I C A T E S I I I : S Y S T E M S 

C A N D D 

3 + + 
S y s t e m D [ i n i t i a l c o n c e n t r a t i o n s 0 . 4 4 M A l , 0 . 3 1 M H ] 

M i n e r a l R e a c t i o n 

t i m e 

S i A l 

A s s a y 

F e 

(%) 

M g 
H

2 ° 
S i 

S t o i c h i o m e t r i c 

c o e f f i c i e n t 

A l F e M g H

2 ° 

215°C 

1 1 4 . 7 1 1 . 5 1 . 8 1 . 1 4 2 . 4 4 . 0 1 . 9 0 . 2 0 . 3 1 3 . 6 

2 1 2 . 2 1 0 . 8 0 . 7 0 . 4 5 1 . 7 3 . 3 2 . 8 0 . 1 0 . 1 1 9 . 9 

9 - 1 1 A 3 1 5 . 2 1 3 . 9 1 . 0 0 . 5 3 8 . 9 4 . 0 2 . 1 0 . 1 0 . 1 1 1 . 5 

p h a s e s 4 1 7 . 1 1 5 . 9 1 . 0 0 . 5 3 1 . 2 3 . 2 3 . 0 0 . 1 0 . 1 7.9 

5 1 8 . 8 1 5 . 8 1 . 6 0 . 6 2 6 . 6 3 . 2 2 . 8 0 . 1 0 . 1 6 . 0 

6 1 5 . 2 7 . 3 0 . 8 0 . 3 5 2 . 2 4 . 0 2 . 0 0 . 1 0 . 2 20.4 

8 1 5 . 6 1 2 . 3 1 . 3 0 . 7 4 0 . 3 3 . 3 2 . 7 0 . 1 0 . 2 1 2 . 2 

260°C 

9 - 1 1 K 1 1 0 . 7 1 9 . 4 2 . 9 0 . 9 3 6 . 3 2 . 0 4 . 2 0 . 3 0 . 2 1 0 . 6 

p h a s e s 2 1 1 . 3 2 0 . 6 0 . 9 0 . 6 3 4 . 6 2 . 1 4 . 2 0 . 2 0 . 1 0.6 

300°C 

9 - 1 1 A 1 1 3 . 7 2 0 . 5 2 . 5 0 . 9 2 6 . 8 2 . 4 3 . 6 0 . 4 0 . 2 6.5 

p h a s e s 2 1 3 . 0 2 5 . 1 2 . 0 1 . 4 1 9 . 6 2 . 2 4 . 0 0 . 2 0 . 2 3.9 

S y s t e m s C a n d D 

260°C 

s m e c t i t e 2 4 . 6 1 0 . 5 2 . 8 2 . 1 1 9 . 1 3 . 7 9 1 . 6 8 0 . 2 2 0 . 3 8 3.6 

v e r m i c u l i t e 1 6 . 9 7 . 9 4 . 6 1 2 . 7 2 0 . 1 2 . 8 1 1 . 3 6 0 . 3 8 2 . 4 4 4 . 2 

300°C 

s m e c t i t e 2 5 . 7 1 0 . 2 1 . 7 2 . 2 1 9 . 1 3 . 9 3 1 . 6 2 0 . 1 3 0 . 3 9 3.6 

c h l o r i t e 1 3 . 5 1 0 . 0 1 9 . 8 9 . 0 1 1 . 7 3 . 0 0 2 . 3 1 2 . 2 1 2 . 3 1 -

v e r m i c u l i t e 1 6 . 8 7 . 9 4 . 2 1 2 . 8 2 0 . 1 2 . 8 4 1 . 3 6 0 . 3 5 2 . 4 5 4 . 2 
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300°C t = 2 , t r i o c t t = 2 , d i o c t 

260°C 

2 1 5 °C t = 0 — 1 , d i o c t t = 0 - 1 , d i o c t 

0 . 2 M A l
3 +

 0 . 4 M A l
3 + 

t r e p r e s e n t s t h e n u m b e r o f a l u m i n i u m i o n s i n t e t r a h e d r a l 

c o o r d i n a t i o n p e r u n i t c e l l ( A l ^ S i . ^ 0.,-) e

 t 4 t 1 0 

F i g u r e 4 . 4 . 1 6 T r e n d s i n t h e o c t a h e d r a l a n d t e t r a h e d r a l 

s t r u c t u r e o f t h e 9 - 1 1 A s i l i c a t e s f o r m e d 

i n a l u m i n i u m r i c h c o n d i t i o n s a t 2 1 5 - 3 0 0°C 

T h e s e t r e n d s m i r r o r e d t h o s e r e p o r t e d f o r t h e 1 4 - 1 5 A m i n e r a l s 

p o r t r a y e d i n t h e p h a s e d i a g r a m i n F i g u r e 3 . 4 . 1 . T h i s w o u l d b e e x p e c t e d 

o , 

i f t h e 9 - 1 1 A a l u m i n o s i l i c a t e s w e r e m e t a s t a b l e t r a n s i t i o n a r y p r o d u c t s 

f r o m w h i c h s m e c t i t e s , v e r m i c u l t e s a n d c h l o r i t e s e v e n t u a l l y c r y s t a l l i s e d . 

I n d e e d , s i m i l a r c o m p o s i t i o n a l v a r i a t i o n s w i t h i n c r e a s i n g t e m p e r a t u r e 

h a v e b e e n n o t e d f o r 1 4 - 1 6 A s i l i c a t e s y n t h e s i s . ^ ^ ^ ^ 

4 . 5 D i s c u s s i o n : R e a c t i o n M e c h a n i s m s 

I t w a s e v i d e n t t h a t t h e a l t e r a t i o n r e a c t i o n s ( S e c t i o n s 4 . 2 

a n d 4 . 3 ) y i e l d e d a v a r i e t y o f d i f f e r e n t p r o d u c t s s o m e o f w h i c h w e r e 

m e t a s t a b l e o r c o u l d n o t b e i d e n t i f i e d a t t h e l o w e r t e m p e r a t u r e s s t u d i e d 

i . e . 1 0 0 a n d 150°C. T h e p u r p o s e o f t h i s s e c t i o n i s t o a t t e m p t a 

g e n e r a l c o r r e l a t i o n o f t h e d i f f e r e n t r e a c t i o n s o c c u r r i n g w i t h t h e d a t a 

o b t a i n e d a n d t o p o s t u l a t e a n o v e r a l l r e a c t i o n m e c h a n i s m . A s e a c h o f t h e 

t e m p e r a t u r e s e m p l o y e d y i e l d e d p a r t i c u l a r m e c h a n i s t i c i n f o r m a t i o n , i t h a s 

b e e n c o n v e n i e n t t o c o n s i d e r e a c h t e m p e r a t u r e r a n g e in s e q u e n c e , s o a s 

t o b u i l d u p p r o g r e s s i v e l y a s c h e m e o f e l e m e n t a r y e q u i l i b r i a , a n d t o 

i n t r o d u c e b a c k g r o u n d i n f o r m a t i o n a s r e q u i r e d . 
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4 . 5 . 1 R e a c t i o n s _at__100°C 

T h e o b s e r v a t i o n s d i s c u s s e d b e l o w r e l a t e p r i n c i p a l l y t o S y s t e m s 

A a n d B . 

T h e r e s u l t s a n d d i s c u s s i o n i n p r e v i o u s s e c t i o n s ( S e c t i o n s 

3 . 3 . 6 , 3 . 5 . 1 , 3 . 5 . 3 , 4 . 2 . 2 , 4 . 2 . 3 ) i m p l i e d t h a t t h e a l t e r a t i o n r e a c t i o n s 

t o o k p l a c e , a t l e a s t i n p a r t , w i t h i n t h e k i m b e r l i t e p a r t i c l e s a n d n o t 

j u s t a t t h e s u r f a c e . F o r t h i s r e a s o n , a l t e r a t i o n o f t h e m a t e r i a l c a n 

b e a s s o c i a t e d w i t h t h e c l a s s i c s h r i n k i n g c o r e m o d e l w h e n a c c o u n t i s 

t a k e n o f t h e d i f f e r e n t i n t e r - r e a c t i o n p o s s i b l e , d u e t o t h e h e t e r o g e n e o u s 

k i m b e r l i t e p e t r o l o g y . T h e m a i n e v i d e n c e f o r ' c a v i t y
1

 r e a c t i o n s w a s 

o b t a i n e d f r o m t h e s c a n n i n g e l e c t r o n p h o t o m i c r o g r a p h s ( P l a t e s 3 . 9 - 3 . 1 9 ) . 

P l a t e s 3 . 9 - 3 . 1 1 s h o w t h e b u l k a l t e r a t i o n o f k i m b e r l i t e i n d u c e d 

b y 0 . 3 1 M h y d r o c h l o r i c a c i d . C a v i t i e s w e r e o b s e r v e d w i t h i n t h e r e a c t e d 

p o r t i o n ( P l a t e 3 . 1 1 ) a l t h o u g h t h e p h y l l o s i l i c a t e p r o d u c t c o u l d n o t b e 

r e a d i l y d i s t i n g u i s h e d f r o m t h e r o c k m a t r i x . P l a t e s 3 . 1 2 - 1 4 i l l u s t r a t e 

t h e e f f e c t o f 1 . 5 M h y d r o c h l o r i c a c i d o n t h e k i m b e r l i t e . C a v i t i e s 

a d j a c e n t t o t h e s u r f a c e w e r e c o m m o n l y o b s e r v e d ( P l a t e 3 . 1 2 ) , i n w h i c h 

l a t h e - s h a p e d c l a y c r y s t a l l i t e s d e v e l o p e d ( P l a t e 3 . 1 4 ) , p a r t o f t h e i r 

g r o w t h o r i g i n a t i n g f r o m t h e r e a c t i o n i n t e r f a c e w i t h t h e c o m p a r a t i v e l y 

u n a l t e r e d k i m b e r l i t e . T h e i n t r o d u c t i o n o f a l u m i n i u m t o t h e s y s t e m 

r e s u l t e d i n m o r e p e n e t r a t i v e a l t e r a t i o n ( P l a t e s 3 . 1 5 , 3 . 1 6 ) , m a k i n g 

p o s s i b l e t h e c r y s t a l l i s a t i o n o f p h y l l o s i l i c a t e s i n t h e s o l u t i o n c a v i t i e s 

w i t h i n t h e k i m b e r l i t e ( P l a t e 3 . 1 7 ) . 

T h e k i n e t i c d a t a ( S e c t i o n s 4 . 2 . 2 - 4 ) h a v e i n d i c a t e d t h a t t h e 

a l t e r a t i o n p r o c e s s e s o c c u r r e d i n t w o s t a g e s ! : d i s s o l u t i o n o f t h e 

k i m b e r l i t e f o l l o w e d b y p r e c i p i t a t i o n o f s o l ' ^ t e d / l i b e r a t e d i o n i c s p e c i e s . 

j , 
T h e i n i t i a l p e r i o d o f a c i d i c d i s s o l u t i o n w a s v e r y s h o r t 

• 

c o m p a r e d w i t h t h e o v e r a l l r e a c t i o n p e r i o d s e m p l o y e d , a s i n d i c a t e d b y 

t h e r a p i d i n c r e a s e i n m e t a l i o n c o n c e n t r a t i o n i n s o l u t i o n ( e s p e c i a l l y 
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t h a t o f c a l c i u m ) , a s s h o w n i n F i g u r e s 4 . 2 . 1 a n d 4 . 2 . 2 . A f t e r t h e 

b u l k o f t h e a c i d a d d e d h a d b e e n c o n s u m e d , ( l - 2 h , F i g u r e 4 . 2 . 3 ) 

i n t e r a c t i o n s b e t w e e n a l u m i n i u m a n d l i b e r a t e d i o n i c s p e c i e s f o l l o w e d . 

I t w a s a s s u m e d t h a t s u c h r e a c t i o n s w e r e s i m i l a r i n b o t h s u r f a c e a n d 

c a v i t y z o n e s t h o u g h d i f f e r e n t t i m e s c a l e s c o u l d h a v e b e e n i n v o l v e d . 

T h a t t h i s t w o - s t a g e a l t e r a t i o n m o d e a c c o u n t e d f o r t h e d e g r a d a t i o n o f t h e 

k i m b e r l i t e w a s s u p p o r t e d b y t h e p l o t s o b t a i n e d f r o m t h e D O A , r e s i d u a l 

p H , o l i v i n e a n d s e r p e n t i n e a n a l y s e s ( F i g u r e s 4 . 2 . 1 , 4 . 2 . 3 - 5 ) . T h e 

e x t e n t o f p h y s i c a l d e g r a d a t i o n i n c r e a s e d w i t h ' t h e b r e a k d o w n o f o l i v i n e 

a n d s e r p e n t i n e w h i c h w a s a t t r i b u t a b l e n o t o n l y t o a c i d c o n s u m p t i o n 

( i . e . 0 - 1 h ) b u t a l s o t o a l u m i n i u m i n t e r - r e a c t i o n s . T h e s t e a d y i n c r e a s e 

i n t h e - 7 5 y m p r o d u c t r e f l e c t e d t h e f o r m a t i o n o f c l a y p h a s e s (as 

d e t e c t e d b y X R D ) w h i c h c o n s t i t u t e d t h e s e c o n d s t a g e o f t h e a l t e r a t i o n 

p r o c e s s . 

T h e m a s s b a l a n c e r e s u l t s ( S e c t i o n 4 . 2 . 3 ) c o n f i r m e d t h a t t h e 

a l t e r a t i o n i n d u c e d i n v o l v e d t h e p r o g r e s s i v e f o r m a t i o n o f a m a g n e s i u m -

i r o n - a l u m i n i u m s i l i c a t e a s t h e - 7 5 y m p r o d u c t . W h e r e a s s i m p l e t r e n d s 

w e r e r e c o r d e d f o r t h e c a l c i u m , s i l i c o n , i r o n a n d m a g n e s i u m (the + 7 5 u m 

d i s t r i b u t i o n v a l u e s d e c r e a s e d w i t h t i m e a n d t h o s e d u e t o t h e - 7 5 y m 

f r a c t i o n a n d s o l u t i o n p h a s e i n c r e a s e d ) , t h o s e f o r a l u m i n i u m s h o w e d a 

d i f f e r e n t t y p e o f b e h a v i o u r . B e t w e e n 3 - 5 h , t h e a l u m i n i u m c o n c e n t r a t i o n 

i n s o l u t i o n a p p a r e n t l y a c h i e v e d a t e m p o r a r y s t e a d y s t a t e , d u r i n g w h i c h 

t h e c a t i o n w a s i n s o m e w a y i n t e r c h a n g e a b l e b e t w e e n t h e + 7 5 y m a n d - 7 5 y m 

f r a c t i o n s . T h e s e o b s e r v a t i o n s w e r e c o n s i s t e n t w i t h t h e i n t r o d u c t i o n o f 

a l u m i n i u m i n t o t e t r a h e d r a l a n d o c t a h e d r a l c o o r d i n a t i o n s t a t e s , a s n o t e d 

f r o m I R a n a l y s e s ( S e c t i o n 4 . 2 . 4 ) , t o f o r m p h y l l o s i l i c a t e m i n e r a l s . 

T h e p r i n c i p a l c l a y m i n e r a l s p r o d u c e d a s i d e n t i f i e d b y X R D 

w e r e v e r m i c u l i t e - c h l o r i t e ( p r e s u m a b l y a p o o r l y - f o r m e d m i x e d - l a y e r e d 

p h a s e ) , k a n d i t e s : ( s e r p e n t i n e - k a o l i n i t e ) a n d i l l - d e f i n e d 9 - 1 1 A a l u m i n o s i l i c a t e s . 
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T h e l a t t e r p r o d u c t s , w h a t e v e r t h e i r p r e c i s e c o m p o s i t i o n , w e r e a m a j o r 

c o n s t i t u e n t i n t h e r e a c t i o n p r o d u c t s a t 100°C w h i c h o n c e f o r m e d , 

p e r s i s t e d u n d e r t h e c o n d i t i o n s e m p l o y e d . I t w a s a s s u m e d , h o w e v e r , t h a t 

t h e y w e r e b a s i c a l l y m e t a s t a b l e i n n a t u r e . 

L i t t l e m o r e c a n b e s t a t e d f o r r e a c t i o n s a t 100°C e x c e p t b y 

i n f e r e n c e f r o m h i g h e r t e m p e r a t u r e r e a c t i o n s (see l a t e r ) . 

4 . 5 . 2 R e a c t i o n s _ a t _ 1 5 0 a n d _ 2 1 5°C 

T h i s s e c t i o n c o n s i d e r s t h e i n t e r m e d i a t e t e m p e r a t u r e s , 1 5 0 a n d 

215°C f o r S y s t e m s C a n d D , b u t c o n c e n t r a t e s m a i n l y o n t h e l a t t e r a s t h e s e 

r e a c t i o n s y i e l d e d t h e b e s t i n f o r m a t i o n o n f i r s t f o r m e d m e t a s t a b l e 

p r o d u c t s . 

A s n o t e d p r e v i o u s l y , t h e f i r s t s t a g e o f t h e a l t e r a t i o n p r o c e s s 

w a s c o n s i d e r e d a s t h e d i s s o l u t i o n o f t h e k i m b e r l i t i c m i n e r a l s . T h e 

m a i n a c t i v e a g e n t w a s t h e h y d r o g e n i o n , t h e l i b e r a t e d s i l i c o n b e i n g 

c o n s i d e r e d t o e n t e r s o l u t i o n a s m o n o m e r i c s i l i c i l i c a c i d a s n o t e d 

p r e v i o u s l y . ^ 

M
2
 S i 0

4
 + 4 H

+

 2 M
2 +

 + S i (OH)
 4
 ( 4 . 5 . 1 ) 

o l i v i n e 

M
3
 S i

2
 0

5
( 0 H )

4
 + 6 H

+

 3 M
2 +

 + 2 S i ( 0 H )
4
 + H

2
0 ( 4 . 5 . 2 ) 

2+ 2 + 2 4* 2 + 
w h e r e M r e p r e s e n t s M g ,Fe , N i ,Ca 

S u c h d i s s o l u t i o n r e a c t i o n s a r e c o n s i d e r e d t o i n v o l v e r a p i d i o n 

2+ + 
e x c h a n g e b e t w e e n t h e M a n d H i o n s c o m b i n e d w i t h a s l o w e r r a t e o f 

2 5 7 

i n c o n g r u e n t d i s s o l u t i o n o f t h e s i l i c a t e s t r u c t u r e . W h e r e a s t h e 

2+ 

m a j o r i t y o f t h e M i o n s w o u l d b e c o m e r e a d i l y s o l v a t e d , t h e c o n d i t i o n s 

w e r e n o t f a v o u r a b l e f o r f o r m a t i o n o f c o n c e n t r a t e d s i l i c a s o l u t i o n s a s 

s h o w n b y t h e d a t a i n S e c t i o n s 4 . 3 . 2 a n d 4 . 3 . 3 . T h e s u b s e q u e n t 
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p o l y m e r i z a t i o n o f s i l i c a m o n o m e r s a n d t h e i n t e r a c t i o n o f t h e a l u m i n i u m 

108 

i o n s t o f o r m t h e r e s i d u a l c l a y m i n e r a l s a p p e a r e d t o c o n s t i t u t e t h e 

s e c o n d s t a g e o f t h e a l t e r a t i o n p r o c e s s . 

T h e p o l y m e r i z a t i o n / p r e c i p i t a t i o n o f r e l e a s e d s i l i c a m a y h a v e 

b e e n i n d u c e d b y t h r e e a g e n c i e s : 

a ) 

b ) 

c ) 

H e n c e t h e e f f e c t o f t h e c o n s t i t u e n t c a t i o n s in s o l u t i o n 

p r e d o m i n a t e d o v e r t h a t o f t h e t e m p e r a t u r e w h i c h w o u l d o t h e r w i s e h a v e 

259 
i n d u c e d f u r t h e r s i l i c a d i s s o l u t i o n . 

T h e f i r s t - f o r m e d p r o d u c t s w e r e i d e n t i f i e d b y I R a n a l y s e s 

2 5 5 

( F i g u r e s 4 . 3 . 8 a , 4 . 3 . 9 a , 4 . 3 . 1 0 a ) a s b e i n g s i m i l a r t o p r o t o - i m o g o l i t e 

d e s p i t e d i f f i c u l t i e s i n i n t e r p r e t a t i o n o f t h e c o m p l e x t r a c e s i n v o l v e d . 

X R D a n a l y s i s ( F i g u r e s 4 . 4 . 1 a , 4 . 4 . 2 a ) i n d i c a t e d a m i x t u r e o f 7 a n d 9 A 

s i l i c a t e f o r m s , t h e l a t t e r b e i n g p r e f e r e n t i a l l y p r o d u c e d w h e r e l a r g e r 

i n i t i a l a l u m i n i u m i o n c o n c e n t r a t i o n s h a d b e e n e m p l o y e d . A s s t a t e d 

b e f o r e t h i s p r o d u c t c o n s i s t e d l a r g e l y o f o r t h o s i l i c a t e u n i t s b o n d e d t o 

a n a l u m i n i u m h y d r o x i d e l a t t i c e . T h r e e t y p e s o f p o l y m e r i z a t i o n c o u l d b e 

c o n s i d e r e d i n r e l a t i o n t o t h e p o s s i b l e i n t e r a c t i o n s b e t w e e n t h e i o n i c 

s p e c i e s i n s o l u t i o n . 

p H . T h e e q u i l i b r i u m p H r e c o r d e d w a s i n t h e 

r a n g e 3 - 4 ( S e c t i o n 4 . 3 . 2 ) i n w h i c h s i l i c a 

s o l u b i l i t y i s l o w ( F i g u r e 1 . 4 . 2 ) . 

2+ 2+ 
t h e p r e s e n c e o f t h e i o n s C a a n d M g w o u l d 

i n c r e a s e t h e a c t i v i t y c o e f f i c i e n t o f t h e 

2 4 2 

d i s s o l v e d s i l i c a r e s u l t i n g i n a r e d u c t i o n 

2 4 1 2 5 8 i n t h e s o l u b i l i t y ' ( S e c t i o n 3 . 2 . 2 ) , a n d 

t h e a d d i t i o n o f a l u m i n i u m i o n s i n d u c e s s i l i c a 

• -4. 4.- -4.0, • 1 2 0 , 1 2 4 , 2 5 9 
c o p r e c i p i t a t i o n w i t h t h i s i o n . 
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126 
F i r s t l y , d i m e r i z a t i o n o f s i l i c i l i c a c i d o c c u r s a t a n 

1 2 4 
i n c r e a s i n g r a t e a s t h e p H i n c r e a s e d f r o m 2 t o 4 ( F i g u r e 1 . 4 . 1 ) . 

2 S i ( O H )
4
 «-»• ( H 0 )

3
S i - 0 - S i ( 0 H )

3
 + H ^ ( 4 . 5 . 3 ) 

F u r t h e r p o l y m e r i z a t i o n o f t h e d i m e r w o u l d r e s u l t i n t h e 

f o r m a t i o n o f f r e e s i l i c a . 

S i
2
0 ( 0 H )

6
 + S i (OH)

 4
 ( (HO)

 2
S i O )

 3
 + 2 ^ 0 

d i m e r m o n o m e r t r i m e r 

n [ ( ( H O ) . S i O ) _ ] S i 0 + 3 n H
o
0 

z 3 3n 6 n 2 

s i l i c a 

H o w e v e r a s s i l i c a w a s n o t f o r m e d , s u c h s i l i c a i n t e r a c t i o n s 

b e y o n d t h e d i m e r i c s t a g e a r e n o t c o n s i d e r e d . 

S e c o n d l y , t h e a l u m i n i u m i o n s s o l v a t e , a d o p t i n g a n o c t a h e d r a l 

1 3 9 1 5 3 
c o o r d i n a t i o n s t a t e d u e t o t h e h i g h i n i t i a l c o n c e n t r a t i o n a n d l o w p H . ' 

1 3 2 

I n t h e f i n a l e v e n t b o e h m i t e i s p r o d u c e d (the p h a s e a l w a y s d e t e c t a b l e 

a f t e r 1 h a t 215°C). 

A l
3 +

 + 6 H
2
0 «-»• [ A 1 ( 0 H )

2
( H

2
0 )

4
]

+

 + 2 H
+ 

[ A 1 ( 0 H )
2
( H

2
0 )

4
]

+

 A l (OH)
 3
 + H

+

 + 3 H
2
0 

A 1 ( 0 H )
3
 -H* A 1 0 0 H + H

2
0 (4.5.4) 

T h i r d l y t h e t w o e l e m e n t a r y f o r m s c o n d e n s e t o p r o d u c e a m i x e d 

e l e m e n t a r y s t r u c t u r e r e l a t a b l e t o a k a n d i t e , d e t e c t e d a s a n i m o g o l i t e . 
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O H O H 

I I 
S i S i + 2 

H O 
s

OH 
H O O H 

1

i m o g o l i t e ' I 

+ 4 H
2
0 + 2 H (4.5.5) 

T h e p r o d u c t i o n o f h y d r o g e n i o n s in t h e a l t e r a t i o n p r o c e s s i n 

t h i s w a y w o u l d e x p l a i n c o n t i n u a t i o n o f t h e d e g r a d a t i o n r e c o r d e d ( F i g u r e s 

4 . 3 . 1 , 4 . 3 . 2 a n d 4 . 3 . 7 ) a f t e r 1 h , w h e n t h e a c i d c o n c e n t r a t i o n h a d 

d e c r e a s e d t o l e s s t h a n 0 . 1 % o f i t s i n i t i a l v a l u e . 

T h e f o r m a t i o n o f 9 - 1 1 A e l e m e n t a r y s t r u c t u r e s (as i n d i c a t e d b y 

4 . 3 . 8 a , 4 . 3 . 1 0 a a s w e l l a s a l t e r a t i o n t e s t s c o n d u c t e d u s i n g t h e o l i v i n e 

s t a n d a r d ) c a n t h e n b e c o n s i d e r e d a s a c o n t i n u a t i o n o f t h e r e a c t i o n 

d e s c r i b e d i n e q u a t i o n 4 . 5 . 5 . 
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H H 

O H O 

, !

° > k ° > k 
^ " o o 

I o 
H O - S i H 

H 0

 \
0 

h2o h2o 

* 2° 

0 
I 
S i - O H 

O H 

H

\ i /° \ s i /°
H 

HO i I ~-OH 

H 0

\ ,/°
H 

O H O 
, / V 

H. 

>A1T Ale; 
/ | \ /I \ 
.0 o o I ̂  0 

H 2 ° H | 

H O — S i S i ^ - O H 

/ \ / \ H O
 N

0
/

 O H 

+ 2H 0 2 (4.5.6) 

I t w a s f r o m t h e s e t w o b a s i c s t r u c t u r a l t y p e s s h o w n o n t h e 

r i g h t h a n d s i d e o f e q u a t i o n s 4 . 5 . 5 a n d 4 . 5 . 6 t h a t t h e c l a y p h a s e s w e r e 

t h o u g h t t o b e f o r m e d . F u r t h e r p o l y m e r i z a t i o n o f t h e
 1

i m o g o l i t e I ' 

p r o d u c t s w i t h t h e r e m o v a l o f w a t e r r e s u l t e d i n k a o l i n i t e f o r m a t i o n 

( t h i s p r o c e s s w i t h t h e p r e v i o u s i n t e r - r e a c t i o n s c o m p a r e s f a v o u r a b l y 

1 3 3 , 1 3 4 , 1 3 7 , 1 3 8 , 1 4 5 - 1 4 7 , 1 5 2 , 1 5 3 . 
w i t h p r e v i o u s s y n t h e s e s ) : 

n ( H
2
0 )

4
 (HO) ̂  A l

2
 0

3
 S i

2
( O H )

4
- ^ [ A l

2
 S ^ O ^ O H ) ^ 

* i m o g o l i t e I ' k a o l i n i t e 

+ 6 n H
2
0 (4.5.7) 

I n t h e a b o v e e q u a t i o n n u n i t c e l l s o f i m o g o l i t e w e r e c o n s i d e r e d 

t o r e a c t t o f o r m a c l a y p h a s e , t h e s i m p l e s t o i c h i o m e t r i c f o r m u l a o f 

w h i c h i s g i v e n o n t h e r i g h t h a n d s i d e . T h i s c o n v e n t i o n i s u s e d i n o t h e r 

e q u a t i o n s w h i c h f o l l o w . 

S i m i l a r l y , b y p o l y m e r i z a t i o n o f t h e p r o d u c t s s h o w n in 

o 
e q u a t i o n s 4 . 5 . 6 9 - 1 1 A h y d r a t e d a l u m i n o s i l i c a t e s ( a k i n , b u t n o t t h e 

2+ 2+ 

s a m e a s p y r o p h y l l i t e o r t a l c ) f o r m e d . M e t a l l i c c a t i o n s , C a , M g 

2+ 

( r e p r e s e n t e d a s M b e l o w ) w e r e i n c o r p o r a t e d i n t h e f o r m i n g s t r u c t u r e , 

t o s t a b i l i s e t h e w a t e r m o l e c u l e s i n t h e o c t a h e d r a l i n t e r l a y e r s w h i c h 
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d e v e l o p . 

n i ( H O )
4
 S i

2
0

3
 (H

2
Q>

4
 A l

2
( 0 H )

2
O

3
 S i

2
( O H )

4
] + x n M

2 + 

~
 C M

x
 C A 1

2
 S i

4 °10
 ( 0 H )

2
] 8 H

2 °
]

n
 ( 4

'
5

'
8 ) 

A l t h o u g h t h e f i r s t - f o r m e d p r o d u c t s e x h i b i t e d n o d e t e c t a b l e 

t e t r a h e d r a l s u b s t i t u t i o n o f a l u m i n i u m f o r s i l i c o n , t h i s w a s n o t t h e 

c a s e f o r t h e p r o d u c t s o b t a i n e d f r o m 2 h o n w a r d s ( T a b l e 4 . 4 . 2 a n d 4 . 4 . 3 

o 

f o r t h e 9 - 1 1 A a l u m m o s i l i c a t e s ) . A t t h i s s t a g e o f t h e r e a c t i o n t h e 

• f r e e ' a l u m i n i u m e x i s t e d a s ' b o e h m i t e ' . T h e h y d r o x y o x i d e w a s c o n s i d e r e d 

t o r e a c t w i t h l i b e r a t e d m o n o m e r i c s i l i c a a s f o l l o w s ( c f . e q u a t i o n 4 . 5 . 3 ) : 

1

A l O O H ' + S i ( O H )
4
 (HO) A l - O - S i ( O H ) 

+ H
2
0 + H

+

 ( 4 . 5 . 9 ) 

f r o m w h i c h a n a l u m i n i u m - r i c h i m o g o l i t e p r o d u c t w a s p r o d u c e d , e x c e s s 

a l u m i n i u m e n t e r i n g o c t a h e d r a l c o o r d i n a t i o n : 

(HO ) A l - O - S i (OH)
 3
 C H

2
0 )

4
 (HO)

 4
 A l ^ A l S i O ( O H )

4 

+ 2 ' A l O O H
1

 i m o g o l i t e I I 

+ 4 H
2
0 ( 4 . 5 . 1 0 ) 

2 5 5 

(A s i m i l a r r e a c t i o n r e l a t i n g t o i m o g o l i t e i s g i v e n b y F a r m e r e t a l . ) 

T h e 9 - 1 1 A a l u m i n o s i l i c a t e w o u l d t h e n d e v e l o p f r o m i m o g o l i t e I I s p e c i e s 

a n d a l u m i n i u m - s i l i c i l i c a c i d d i m e r s a c c o r d i n g t o e q u i l i b r i a s i m i l a r t o o 
t h o s e in e q u a t i o n s 4 . 5 . 8 a n d 4 . 5 . 9 . T h e d e v e l o p m e n t o f a 7 A 1 : 1 

l a y e r e d k a o l i n i t e s t r u c t u r e a s o p p o s e d t o 9 - 1 1 A 2 : 1 l a y e r e d a l u m i n o -

1 0 5 
s i l i c a t e s w o u l d b e d e p e n d e n t o n t h e l o c a l i s e d a v a i l a b i l i t y o f s i l i c a 



.326 

(as i n d i c a t e d i n F i g u r e 3 . 5 . 1 ) . I t w a s l i k e l y t h a t i n t h e f i n a l s t a g e s 

o f r e a c t i o n t h e c o n c e n t r a t i o n o f f r e e m o n o m e r i c o r d i m e r i c s i l i c a 

w o u l d h a v e s u b s t a n t i a l l y d e c r e a s e d o w i n g t o c o n s u m p t i o n o f t h e 

o . . . 

r e g e n e r a t e d h y d r o g e n i o n s . 7 A s t r u c t u r e s w h i c h h a v e a h i g h e r a l u m i n i u m 

a s s a y w o u l d p r e f e r e n t i a l l y f o r m a s i n d i c a t e d b y t h e X R D t r a c e s a n d t h e 

c o m p u t e d p h a s e p r o p o r t i o n s . 

A l t h o u g h i t w a s n o t c e r t a i n t h a t r e a c t i o n s o f t h i s t y p e o c c u r 

a t l o w e r t e m p e r a t u r e s i t w a s a s s u m e d t h a t l e s s c r y s t a l l i n e a n d h e n c e 

u n d e t e c t a b l e s t r u c t u r e s f o r m e d i n S y s t e m s C a n d D a t 1 0 0 - 1 5 0°C. 

4 . 5 . 3 R e a c t i o n s _ a t _ 2 6 0° C _ a n d 300°C 

T h e r e a c t i o n s a t 2 6 0 a n d 300°C ( S y s t e m s C a n d D ) w e r e 

s i m i l a r t o t h o s e a t l o w e r t e m p e r a t u r e s , b u t r e a c t i o n t r e n d s w e r e c l e a r e r i n 

t h a t t h e - 7 5 y m p r o d u c t s w e r e b e t t e r c r y s t a l l i s e d a n d c o u l d t h e n b e 

i d e n t i f i e d m o r e r e a d i l y . F r o m t h e c o m p o s i t i o n a l d a t a in T a b l e s 4 . 4 . 2 

a n d 4 . 4 . 3 , a d d i t i o n a l e f f e c t s w e r e c o n s i d e r e d t o t a k e p l a c e , i n p a r t i c u l a r : 

a ) t h e i n t r o d u c t i o n o f m a g n e s i u m a n d i r o n i n t o t h e 

o c t a h e d r a l l a t t i c e o f t h e c l a y m i n e r a l s t r u c t u r e s 

b ) t h e s u b s t i t u t i o n o f a l u m i n i u m f o r s i l i c a i n 

t e t r a h e d r a l c o o r d i n a t i o n a n d 

c) t h e f o r m a t i o n o f l a r g e r c r y s t a l l a t t i c e s i . e . 

1 4 - 1 6 & m i n e r a l s . 

A s a c o n s e q u e n c e o f t h e i m p r o v e d m i n e r a l f o r m i t b e c a m e 

p o s s i b l e t o i n t e r p r e t X R D s p e c t r a i n m o r e d e t a i l , i n p a r t i c u l a r , t o 

r e l a t e c h a n g e s i n p e a k b r e a d t h a n d h e i g h t t o p a r t i c u l a r t y p e s o f 

r e a c t i o n m e c h a n i s m . I n t h i s r e s p e c t , t w o l i m i t i n g p o s s i b i l i t i e s c a n be 

i d e n t i f i e d f o r t h e p r o d u c t i o n o f w e l l c r y s t a l l i s e d c l a y m i n e r a l s f r o m 
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f i r s t - f o r m e d p o o r l y c r y s t a l l i n e m i x t u r e s (cf. F i g u r e s 4 . 4 . 8 - 1 5 ) . 

T h e s e a r e s h o w n i n t h e s c h e m e b e l o w : 

A + B •>
 1

 A B
1

 f i r s t f o r m e d / p r e c i p i t a t e d 

m i x t u r e 

s o l v a t e d 

s p e c i e s 

'AB c r y s t a l l i n e c l a y p h a s e 

O n e p o s s i b i l i t y s h o w n i s t h a t t h e f i r s t - f o r m e d p o o r l y 

c r y s t a l l i n e m i x t u r e ' A B ' i s i n e q u i l i b r i u m w i t h t h e s o l u t i o n p h a s e 

i o n s A a n d B , w h i c h a r e s i l i c o n a n d a l u m i n i u m s p e c i e s r e s p e c t i v e l y , o f 

w h a t e v e r n a t u r e . R e c r y s t a l l i s a t i o n s u b s e q u e n t l y o c c u r s v i a t h e s e t o 

f o r m c l a y p h a s e ( s ) r e p r e s e n t e d b y A B . A l t e r n a t i v e l y t h e p r o d u c t ' A B ' 

m a y u n d e r g o a s o l i d s t a t e t r a n s f o r m a t i o n t o f o r m ( s ) A B d i r e c t l y . 

A l t h o u g h b o t h m a y o c c u r , t h e p r e d o m i n a n t t y p e o f t r a n s f o r m a t i o n a p p e a r e d 

t o b e v i a t h e s o l u t i o n p h a s e . T h i s w a s i n f e r r e d b y t h e d e t e c t a b l e 

( t h o u g h s m a l l ) a l u m i n i u m a n d s i l i c o n c o n c e n t r a t i o n s (at 1 - 2 h ) in t h e 

r e s i d u a l r e a c t i o n s o l u t i o n s . I t a l s o a p p e a r e d l e s s l i k e l y t h a t t h e 

e x t e n t o f s t r u c t u r a l r e o r g a n i s a t i o n r e q u i r e d c o u l d o c c u r in t h e s o l i d 

. ' 1 4 3 
p h a s e . T h i s h y p o t h e s i s i s in. a g r e e m e n t w i t h p r e v i o u s o b s e r v a t i o n s . 

a n a l y s e s s h o w e d t h a t t h e m i n e r a l o g i c a l c o m p o s i t i o n s o f t h e - 7 5 y m 

f r a c t i o n s o b t a i n e d a t 1 - 2 h a t 260°C w e r e s i m i l a r t o t h o s e r e c o r d e d a t 

5 - 6 h a t 215°C (cf. F i g u r e s 4 . 3 . 9 d , 4 . 3 . 1 1 b ; 4 . 3 . 1 0 d , 4 . 3 . 1 2 b ; 4 . 4 . 1 c , 

4 . 4 . 4 b ; 4 . 4 . 2 d , 4 . 4 . 5 b ; 4 . 4 . 1 0 , 4 . 4 . 1 2 ; 4 . 4 . 1 1 , 4 . 4 . 1 4 ) . W h e r e a s 9 - 1 1 k 

a l u m i n o s i l i c a t e s p r o g r e s s i v e l y f o r m e d a t 215°C, t h e h i g h e r t e m p e r a t u r e 

i n d u c e d , i n c o m p a r i s o n , r a p i d p r e c i p i t a t i o n o f a s e r i e s o f a l u m i n o s i l i c a t e s 

w h i c h p r o d u c e d t h e X R D s p e c t r a s h o w n i n F i g u r e s 4 . 4 . 4 a - c , 4 . 4 . 5 a - c . I n 

c o n t r a s t t o t h e r e a c t i o n s a t 215°C, t e t r a h e d r a l l y s u b s t i t u t e d f o r m s w e r e 

t h o u g h t t o f o r m a t t h e o u t s e t a s f o l l o w s : 

R e f e r e n c e t o t h e I R , X R D a n d c o m p u t e r i n t e r p r e t e d p h a s e 
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S i (OH) + [ A 1 ( 0 H )
2
( H

2
0 )

4
J '

1

* «-»• ( H 0 )
3
A l " - 0 - S i ( 0 H )

3 

+ 2H+ + 3H20 (4.5.11) 

2 ( H O )
3
 A l " - 0 - S i ( 0 H )

3
 + 2 [ A l ( O H )

2
( H O ) ]

+ 

( H O )
4
 Al'si 0

3
( H

2
0 )

4
 ( H O )

2
 A l

2
 0

3
 Al"si(OH)

4 

+ 2H+ + 6H20 (4.5.12) 

F i n a l l y , p o l y m e r i z a t i o n y i e l d e d t h e o b s e r v e d p r o d u c t : 

n ( H O )
4
 A l S i 0

3
( H

2
0 ) C H O )

2
 A l

2
 0

3
 A l S i ( O H )

4 

~ [ A l
2
 ( A l

2
S i

2
) 0

1 Q
 ( 0 H )

2
. 8 H

2
0 ]

n 

9 - 1 1 A i n t e r m e d i a r y ( 4 . 5 . 1 3 ) 

The 9-11 A products obtained (according to the computing 

p r o c e d u r e S e c t i o n 2 . 5 . 4 ) a t 1 - 2 h / T a b l e s 4 . 4 . 2 a n d 4 . 4 . 3 ) r e p r e s e n t e d 

m e t a s t a b l e f o r m s w h i c h c o n t a i n e d t h e h i g h e s t p r o p o r t i o n s o f a l u m i n i u m 

p o s s i b l e i n a s i l i c a t e s t r u c t u r e . T h e e x t e n t o f t e t r a h e d r a l r e p l a c e m e n t 

o f s i l i c o n b y a l u m i n i u m w a s a f f e c t e d p a r t l y b y t h e l o c a l i s e d a v a i l a b i l i t y 

3 + 
(.Section 3 . 5 . 1 ) o f t h e l a t t e r (.the A l c a t i o n o n l y e n t e r i n g t e t r a h e d r a l 

c o o r d i n a t i o n w h e n t h e A l
2
0

3
/ ( A l

2
0

3
+ S i 0

2
) r a t i o a t t h e r e a c t i o n s i t e / 

1 3 9 124 
f e l l b e l o w 0 . 3 - 0 . 4 ) a n d p a r t l y b y t h e a l u m i n i u m a v o i d a n c e p r i n c i p l e . ' 

T h i s p r i n c i p l e s t a t e s t h a t t h e i n t r o d u c t i o n o f a n e g a t i v e c h a r g e i n t o 

I V 

a t e t r a h e d r a l l a t t i c e d e s t a b i l i s e s a n y f u r t h e r A l - O - S i b o n d i n g o w i n g 

t o t h e m u t u a l r e p u l s i o n o f n e g a t i v e c h a n g e s . I t w a s e v i d e n t t h a t t h e 

h i g h e r t e m p e r a t u r e (260°C) s t a b i l i s e d t h e t e t r a h e d r a l f o r m o f 
1 2 7 

a l u m i n i u m (as r e c o r d e d e l s e w h e r e ) a n d t h a t t h e p H a t t h e z o n e o f 

r e a c t i o n (y 5) w a s f a v o u r a b l e f o r t h e s u b s t i t u t i o n s t o b e m a d e . 

T h e 9 - 1 1 A f o r m w a s u n s t a b l e o v e r t h e r e a c t i o n t i m e i n v e s t i g a t e d . 

T G A a n a l y s i s s h o w e d t h a t p r o g r e s s i v e r e m o v a l o f i n t e r l a y e r w a t e r o c c u r r e d . 
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I R a n d X R D c o n f i r m e d t h a t t h e s e h y d r a t e d f o r m s w e r e r e p l a c e d b y l e s s 

o 

h y d r o u s o n e s . T h e 9 - 1 1 A f o r m s w e r e a s s u m e d t o b r e a k d o w n a c c o r d i n g 

t o t h e r e v e r s a l o f t h e e q u i l i b r i a i n e q u a t i o n s 4 . 5 . 1 1 - 1 3 ; e t h e r 

s i l i c a t e s , w h i c h f o r m e d s i m u l t a n e o u s l y w i t h t h e 9 - 1 1 & p h a s e s , n a m e l y 

k a o l i n i t e a t 260°C ( F i g u r e s 4 . 4 . 1 2 a n d 4 . 4 . 1 3 ) o r v e r m i c u l i t e a n d 

s m e c t i t e a t 300°C ( F i g u r e s 4 . 4 . 1 4 a n d 4 . 4 . 1 5 ) , r e m a i n i n g s t a b l e . T h e 

r e m a i n d e r o f c l a y p h a s e s o b s e r v e d w e r e t h e n s l o w l y f o r m e d f r o m t h e r e -

s o l v a t e d m o n o m e r i c a n d d i m e r i c a l u m i n o s i l i c i l i c s p e c i e s o r i g i n a t i n g 

f r o m t h e 9 - 1 1 A p h a s e s . T h e s y n t h e s i s o f k a o l i n i t e h a s b e e n d i s c u s s e d 

a b o v e ( e q u a t i o n s 4 . 5 . 5 a n d 4 . 5 . 7 ) . S m e c t i t e f o r m a t i o n h o w e v e r , c a n 

b e r e p r e s e n t e d b y t h e e q u a t i o n s b e l o w . A s 9 - 1 1 K s t r u c t u r e s h a d 

f o r m e d r e a d i l y e a r l i e r i n t h e r e a c t i o n , i t w a s l i k e l y t h e f o r m a t i o n o f the 

s m e c t i t e w o u l d i n v o l v e a p r o d u c t c o m p a r a b l e w i t h t h a t s h o w n in 

e q u a t i o n 4 . 5 . 6 . 

0 . 8 ( H O )
3
 S i - 0 - S i ( 0 H )

3
 + 0 . 2 ( H Q )

3
 A l - O - S i ( O H ) 

+ C H
2
0 )

4
 ( H O )

4
 A l

2
0

3
S i

2
( 0 H )

4 

i m o g o l i t e I 

~
 C H 0 )

4
 A 1

0 . 2
 S i

1 . 8 °3
 ( H

2
0 )

4
 ( H 0 )

2
 M

2 ° 3
S i

2
l 0 H >

 4
 + 2 H

2 ° 

i n t e r m e d i a t e ( 4 . 5 . 1 4 ) 

P o l y m e r i s a t i o n o f t h e i n t e r m e d i a t e p r o d u c e d t h e s m e c t i t e ; t h e i n t r o d u c t i o n 

o f m e t a l l i c c a t i o n s s t a b i l i s i n g t h e h y d r o u s i n t e r l a y e r s : 

a CHO)4 a i
o > 2

 S i
1 8

 o 3 CH20)4 (H0)2 Al 2 0 3 s i 2 (0H) 4 + n m2 + 

~ [M A l a C A l 0 > 2 S i 3 _ 8 ) 0 1 0 ( 0 H ) 2 . 3 . 5 H 2 O ] n + 4.5a ^O 

s m e c t i t e ( 4 . 5 . 1 5 ) 

T h e f o r m a t i o n o f v e r m i c u l i t e i n v o l v e d t h e i n t e r - r e a c t i o n o f 
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a l u m i n i u m - s i l i c o n d i m e r s a n d s o l v a t e d m a g n e s i u m a n d i r o n h y d r o x i d e s
2

* *
1 

t o f o r m a n i n t e r m e d i a r y p r o d u c t h a v i n g s t r u c t u r a l s i m i l a r i t i e s t o t h a t 

in e q u a t i o n 4 . 5 . 6 . 

( H O )
3
 A l - O - S i ( O H ) + ( H 0 )

3
 S i - O - S i ( O H ) 

+ 3 [ ( M g , F e ) ( O H ) ( H
2
0 )

3
]

+ 

HO O 

S i ^ 
HO-

H 

O 

O H 

'OH 
H 

O H _ 0 0 H „ 0 O 

M g ^ J!*! M g 

h2o h 2 0 

h 20 

•h20 

HO—^ . 
j^rsi^ .si 

H O ^ x O H 

+ 3H + 4H20 ( 4 . 5 . 1 6 ) 

P o l y m e r i s a t i o n l e d t o t h e s y n t h e s i s o f v e r m i c u l i t e , m e t a l l i c 

2+ . . 
c a t i o n s (M ) s t a b i l i s i n g t h e a s s o c i a t e d w a t e r m t e r l a y e r s : 

n (HO) A l S i 0
3
( H

2
0 )

6
 ( H O )

2
 ( M g , F e )

3
 0

3
S i

2
( 0 H )

4
 + 0 . 5 n M

2 + 

~ [ M
0
^ ( M g , F e )

3
( A l S i

3
) O

1 0
( O H )

2
. 4 . 5 H

2
O ]

n
 + 5 . 5 n ^ 0

 ( 4 > 5 > 1 ? ) 

A s i n d i c a t e d b y t h e r e s i d u a l i o n a n a l y s e s ( F i g u r e s 4 . 3 . 3 - 7 ) , 

I R a n a l y s e s ( F i g u r e s 4 . 3 . 1 3 a n d 4 . 3 . 1 4 ) , X R D a n a l y s e s ( F i g u r e s 4 . 4 . 6 a n d 

4 . 4 . 7 ) a n d c o m p u t e d p h a s e a n a l y s e s ( F i g u r e 4 . 4 . 1 4 a n d 4 . 4 . 1 5 ) t h e j 

a l t e r a t i o n r e a c t i o n s a t 300°C w e r e s i m i l a r t o t h o s e o b s e r v e d a t 260°C. 

T h e p r i n c i p a l d i f f e r e n c e s w e r e i n t h e s m a l l e r p r o p o r t i o n s o f t h e j 

o 

m e t a s t a b l e 9 - 1 1 A m i n e r a l s (as e x p e c t e d ) a n d i n t h e f o r m a t i o n o f 

c h l o r i t e . 

T h e f o r m a t i o n o f c h l o r i t e h a s s i m i l a r i t i e s t o t h e s y n t h e s i s 
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o f v e r m i c u l i t e , p a r t i c u l a r l y i n t h e c a s e o f t e t r a h e d r a l r e p l a c e m e n t . 

E q u a t i o n s f o r t h e s y n t h e s i s o f c h l o r i t e a r e g i v e n b e l o w (as b a s e d o n 

t h e s t r u c t u r a l f o r m u l a e i n T a b l e 4 . 4 . 3 ) : 

f o l l o w i n g r e a c t i o n s c o m p a r a b l e t o t h o s e d e s c r i b e d i n e q u a t i o n s 4 . 5 . 9 , 

4 . 5 . 1 0 a n d 4 . 5 . 1 6 

( H 0 )
3
 A l - O - S i ( O H ) ^ + ( H O )

3
 S i - 0 - S i ( 0 H )

3
 + 0 . 6 ' A l O O H

1 

+ 2 . 3 [ ( M g , F e ) ( O H ) ( H
2
0 )

3
]

+ 

(HO) ̂  A l S i 0
3
( H

2
0 )

6
( 0 H )

2
 A 1

Q
 ^

 g
 ( M g , F e )

 2
 ^ ̂ S ^ (OH)

 4 

i n t e r m e d i a t e 

+ 1 . 9 H
+

 + 2 . 4 H
2
0 ( 4 . 5 . 1 8 ) 

t h e i n t e r m e d i a t e w i t h a p r e c i p i t a t i n g s o l v a t e d m a g n e s i u m - a l u m i n i u m - i r o n 

h y d r o x i d e p o l y m e r i z e s t o f o r m t h e f i n a l c h l o r i t i c p r o d u c t 

n [ ( H 0 )
4
A l S i 0

3
( H

2
0 )

6
( 0 H )

2
 A l ^ ( M g , F e )

2 3
0

3
S i

2
( 0 H )

4
] 

+ 2 . 2 n [ ( M g , F e ) ( O H ) ( H
2
0 )

3
]

+ 

+ 0 . 7 n ' A l O O H
1 

~
 [ ( M

* '
P e )

4 . 5
 A 1

1 . 3 ( A l S i
3
) O

1 0
( O H )

8
]

n 

c h l o r i t e 

+ 1 4 . 2 n H
2
0 

+ 1 . 6 n H
+

 ( 4 . 5 . 1 9 ) 

I t i s a p p r e c i a t e d t h a t t h e s e a b o v e e q u i l i b r i a ( e q u a t i o n s 4 . 5 . 1 -

1 9 ) a r e v e r y c o m p l e x a n d a r e f a r f r o m f u l l y e s t a b l i s h e d . T h e s e e q u i l i b r i a 

d o a p p e a r
1

 jio b e c o n s i s t e n t w i t h t h e a n a l y t i c a l d a t a o b t a i n e d a n d t h e 

m a s s balakjses i n t h e f o l l o w i n g s e c t i o n w e r e i n t e n d e d t o p r o v i d e f u r t h e r 

c o m f i r m a t o t y e v i d e n c e f o r t h e p r o p o s e d m e c h a n i s m . 
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4 . 5 . 4 O v e r a l l m i n e r a l e q u i l i b r i a : _ c o n f i r m a t o r y m a s s _ b a l a n c e s 

T h e p u r p o s e o f t h i s s e c t i o n w a s t o u n d e r t a k e a c h e c k o n t h e 

i n t e r n a l c o n s i s t e n c y o f t h e e x p e r i m e n t a l d a t a a n d d e r i v e d m e c h a n i s t i c 

d a t a . S u c h a c h e c k w a s o f p a r t i c u l a r s i g n i f i c a n c e i n a s y s t e m a s 

c o m p l i c a t e d a s k i m b e r l i t e a l t e r a t i o n . T h e m e t h o d a d o p t e d i s o u t l i n e d 

i n t h e s c h e m e i n F i g u r e 4 . 5 . 1 a n d is e x p l a i n e d i n d e t a i l i n A p p e n d i x 6 . 

T h e t e c h n i q u e w a s t o e m p l o y s o l i d p h a s e e l e m e n t a l a n d m i n e r a l o g i c a l 

a s s a y d a t a , i n c o n j u n c t i o n w i t h o v e r a l l m i n e r a l e q u i l i b r i a d e d u c e d 

f r o m t h e r e a c t i o n m e c h a n i s m , t o * p r e d i c t t h e r e s i d u a l c o n c e n t r a t i o n s o f 

t h e e l e m e n t s M g , F e , A l a n d S i i n s o l u t i o n a n d c o m p a r e t h e f i g u r e s 

w i t h t h o s e d e t e r m i n e d e x p e r i m e n t a l l y . 

F i g u r e 4 . 5 . 1 i s n o w d i s c u s s e d b r i e f l y i n t e r m s o f t h e 

a s s u m p t i o n s m a d e . T h e f i r s t a s s u m p t i o n w a s t h a t t h e e l e m e n t s M g , F e a n d 

S i o r i g i n a t e d s o l e l y f r o m o l i v i n e a n d s e r p e n t i n e ( w h i c h w i t h c a l c i t e 

f o r m e d 9 2 % o f t h e k i m b e r l i t e ) . O l i v i n e a n d s e r p e n t i n e w e r e c o n s e q u e n t l y 

c o n s i d e r e d a s t h e o n l y p h a s e i n p u t s w i t h r e s p e c t t o t h e c a t i o n s o f 

i n t e r e s t . X R D a n a l y s i s s h o w e d t h a t 6 4 % o f t h e + 7 5 y m f r a c t i o n c o n s i s t e d 

o f h e a d m i n e r a l s . B y a s s u m i n g t h e r e m a i n d e r ( w h i c h f o r m e d a n a l t e r a t i o n 

c r u s t t o c o n s i s t o f m i n e r a l s s i m i l a r t o t h o s e p r e s e n t i n t h e - 7 5 y m 

fraction), a m i n e r a l o g i c a l c o m p o s i t i o n c o u l d b e d e d u c e d u s i n g P r o g r a m 

C E C P M . T o m o d e l t h e o v e r a l l m i n e r a l e q u i l i b r i a , t h e s e p a r a t e r e a c t i o n 

s t e p s d i s c u s s e d i n t h e r e a c t i o n m e c h a n i s m ( S e c t i o n s 4 . 5 . 1 - 3 ) w e r e a d d e d 

a l g e b r a i c a l l y , t a k i n g a c c o u n t o f e x p e r i m e n t a l l y b a s e d d e t e r m i n a t i o n s o f 

c l a y p r o p o r t i o n s a n d f o r m u l a e , a n d a s s a y s o f o l i v i n e a n d s e r p e n t i n e 

s t a n d a r d s , t o g i v e t h e f o l l o w i n g e q u a t i o n f o r m : 

n 
x + 

4 . o l i v i n e / c l a y p h a s e + Z c . M. 
+ a H + b A l ^ 1

 1 1 

2 . s e r p e n t i n e ( A l , S i )
4
0

1 Q
 u n i t ) + d S i ( O H )

4 

2 + 2 + 3 + 2 + 2 + 
w h e r e M i s M g ,Fe ,Fe ,Ca , N i 



q u a n t i t a t i v e X R D 

% o l i v i n e , % s e r p e n t i n e 

+ 7 5 y m p r o d u c t s 

I 

q u a l i t a t i v e X R D 

+ 7 5 , - 7 5 y m p r o d u c t s 
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% M g , % S i , % F e , % A 1 

+ 7 5 y m , - 7 5 y m p r o d u c t s 

d e r i v e d % M g , % S i , % F e , % A l 

f o r a l t e r e d + 7 5 y m c r u s t 

J 
P r o g r a m C E C P M 

r e a c t i o n 

m e c h a n i s m 

a v e r a g e d c l a y p h a s e 

p r o p o r t i o n s a n d 

s t r u c t u r a l f o r m u l a e 

+ 7 5 , - 7 5 y m . p r o d u c t s 

% M g , % S i , % F e , % A 1 

f o r o l i v i n e a n d 

s e r p e n t i n e s t a n d a r d s 

'x' a n d 'y' n o t a t i o n f o r 

t h e p r o p o r t i o n o f o l i v i n e 

a n d s e r p e n t i n e r e a c t i n g 

o v e r a l l m o d e l l e d 

m i n e r a l e q u i l i b r i a 

relationships between 

'
x

clay' 'Yclay'
 a n d 

total moles of clay formed 

s t o i c h i o m e t r i c c o e f f i c i e n t s o f 

s o l u t i o n p h a s e M g , S i , F e a n d A l 

p e r m o l e o f c l a y p h a s j f o r m e d 

o r i g i n a l s a m p l e m a s s (10 g) 

a n d + 7 5 y m m a s s % o l i v i n e 

(or s e r p e n t i n e ) n u m b e r o f 

r e a c t e d o l i v i n e (or s e r p e n t i n e ) 

m o l e s 

s u m m a t i o n o f s t o i c h i o m e t r i c 

c o e f f i c i e n t s i n 'x' a n d 'y' 

n o t a t i o n f o r M g , S i , F e a n d A l 

r e a c t i o n m e c h a n i s m 

m a s s b a l a n c e f o r r e a c t e d 

o l i v i n e o r s e r p e n t i n e i n t e r m s 

o f m o l e s o f c l a y p h a s e s f o r m e d 

e x p e r i m e n t a l n u m b e r o f M g , S i , t h e o r e t i c a l n u m b e r o f M g , S i , 

'Fe;Al m o l e s i n s o l u t i o n F e , A l m o l e s i n s o l u t i o n 

I 

^ c o m p a r i s o n 

Figure 4.5.1 S c h e m e f o r c a l c u l a t i n g m o l e s 

o f i o n s r e s i d u a l i n s o l u t i o n . 
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A n e x a m p l e i s t h e t r a n s f o r m a t i o n o f o l i v i n e t o c h l o r i t e : 

4 C a

. 0 7
 M g

1 . 6 2
 F e

. 2 1
 H i

.
L

M

. 0 1
 S i

°4
 + 2

"
7 6 + 7

'
7 2 H

2 ° 

o l i v i n e 

A 1

X . 3 7
 M 9

3 . 9 8
 F e

. 7 7
 ( A l

1 . 4 3
 S i

2 . S 7 > °10
 ( 0 H )

8 

c h l o r i t e 

+ 0 . 2 8 C a
2 +

 + 2 . 5 0 M g
2 +

 + 0 . 0 7 F e
2 +

 + 0 . 4 0 N i
2 +

 + 1 . 7 2 H
+ 

+ 1 . 4 3 S i ( O H )
4 

D i r e c t c a l c u l a t i o n t h r o u g h t h e s t e p s s h o w n p r o d u c e d t h e 

t h e o r e t i c a l n u m b e r o f m o l e s o f t h e e l e m e n t s M g , S i , F e a n d A l w h i c h c o u l d 

b e c o m p a r e d d i r e c t l y w i t h t h e e x p e r i m e n t a l s o l u t i o n c o n c e n t r a t i o n s . 

A s g i v e n i n A p p e n d i x 6 , t h e t h e o r e t i c a l a n d e x p e r i m e n t a l 

f i g u r e s f o r t h e e x a m p l e a r e s h o w n b e l o w : 

N u m b e r o f M o l e s 

M g S i F e A l 

t h e o r e t i c a l 0 . 0 1 2 9 0 . 0 0 2 4 0 . 0 0 1 1 0 . 0 1 3 9 

e x p e r i m e n t a l 0 . 0 1 0 2 0 . 0 0 2 3 0 . 0 0 0 9 0 . 0 1 4 0 

T h e a g r e e m e n t w a s s e e n t o b e w e l l w i t h i n e x p e r i m e n t a l e r r o r . 

S i m i l a r l y f a v o u r a b l e r e s u l t s w e r e o b t a i n e d f o r t h e o t h e r s y s t e m s 

i n v e s t i g a t e d a n d h e n c e i t w a s p o s s i b l e t o h a v e e x t r a c o n f i d e n c e i n b o t h 

t h e a n a l y t i c a l t e c h n i q u e s a n d t h e p r o p o s e d r e a c t i o n m e c h a n i s m . H e n c e , 

62 67 

a l t e r a t i o n c o u l d o c c u r i n a q u e o u s m e d i a t h e g r e a t e s t d e g r a d a t i o n 

m o s t r e a d i l y t a k i n g p l a c e w h e r e a l u m i n i u m a n d h y d r o g e n i o n s w e r e 

p r e s e n t i n a q u e o u s c h l o r i d e m e d i a . A l t h o u g h w a t e r c a n b e i n s t r u m e n t a l 

i n s o l u b i l i z i n g m i n e r a l s o v e r l o n g p e r i o d s o f ( g e o l o g i c a l ) t i m e , i n t h e 



.335 

p r e s e n t w o r k i t s o l e l y a c t e d a s a m e d i u m in w h i c h i o n i n t e r a c t i o n s 

a n d s t r u c t u r a l o r g a n i s a t i o n s c o u l d t a k e p l a c e , a s w e l l a s p r o v i d i n g 

f o r t h e f o r m a t i o n o f h y d r o u s p o l y m e r i c c o m p l e x e s f r o m w h i c h c l a y 

m i n e r a l s d e v e l o p e d . I t w a s t h e h y d r o g e n i o n w h i c h l i b e r a t e d i o n i c 

s p e c i e s f r o m t h e k i m b e r l i t e . I n c o n t r a s t t o s u g g e s t i o n s p r e v i o u s l y 

m a d e ^ ' ^ ' ^
2

'
9

^ t h e a d d i t i o n o f s i l i c a w a s n o t r e q u i r e d . I n d e e d , t h e 

108 

m e c h a n i s m a p p e a r e d t o m o d e l t h e g e o l o g i c a l f e n i t i z a t i o n p r o c e s s e s 

( s e c t i o n 1 . 3 . 5 ) w h i c h h a v e b e e n r e p o r t e d t o a f f e c t k i m b e r l i t e d e g r a d a t i o n 

a n d r e p l a c e m e n t b y s e c o n d a r y m i n e r a l s . 

4 . 6 A l t e r a t i o n R e a c t i o n K i n e t i c s 

4 . 6 . 1 A l t e r a t i o n s t a g e s a n d p r o d u c t s 

T h e g e n e r a l i s e d t w o - s t a g e a l t e r a t i o n m e c h a n i s m d e s c r i b e d i n 

S e c t i o n s 4 . 5 . 1 - 3 c a n b e c o n s i d e r e d a g a i n i n t h e f o r m o f t h e s c h e m a t i c 

d i a g r a m s h o w n i n F i g u r e 4 . 6 . 1 . I n t h e f i g u r e t h e h e a d m i n e r a l s , m o d e l l e d 

a s o l i v i n e , s e r p e n t i n e a n d c a l c i t e , a r e c o n s i d e r e d t o i n t e r a c t w i t h 

3 + + 

t h e i o n s A l , H a n d w a t e r a t p H s b e l o w 1 . S o l v a t e d i o n s a n d s i l i c e o u s 

g e l s a r e g e n e r a t e d i n d i s s o l u t i o n c a v i t i e s a n d a t t h e s o l i d / l i q u i d 

i n t e r f a c e o f t h e k i m b e r l i t e p a r t i c l e s (and n o t p r i m a r i l y i n t h e b u l k 

s o l u t i o n ) . T h e s e p r i m a r y s p e c i e s a r e r a p i d l y p r e c i p i t a t e d t o f o r m 

h i g h l y h y d r o u s 9 - 1 1 & i n t e r m e d i a t e s w h i c h a r e p r e s u m a b l y c o l l o i d a l 

p o l y m e r s w h i c h a r e s t a b l e o v e r 7 h a t 1 0 0 - 2 1 5°C b u t d e p o l y m e r i z e a t 

h i g h e r t e m p e r a t u r e s (£ 2 6 0°C). S o m e g i b b s i t e / b o e h m i t e a l s o p r e c i p i t a t e s 

w h e r e h i g h a l u m i n i u m c o n c e n t r a t i o n s a r e p r e s e n t ; m a g n e s i u m , i r o n a n d 

c a l c i u m e n t e r i n g s o l u t i o n . H o w e v e r , g i v e n t i m e , t h e s o l u b i l i z e d 

c a t i o n s c o n d e n s e o n t o d e p o l y m e r i z e d p r i m a r y s p e c i e s - r e p o l y m e r i z i n g 

a l u m i n o - s i l i c i l i c s t r u c t u r e s t o c r y s t a l l i z e c l a y m i n e r a l s . T h e t y p e o f 

c l a y p h a s e f o r m e d d e p e n d s o n t h e a l u m i n i u m a n d h y d r o g e n i o n 

c o n c e n t r a t i o n s a t t h e s i t e o f r e a c t i o n ( w h i c h i n t u r n i s c o n t r o l l e d b y 
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h e a d m i n e r a l s 

o l i v i n e , s e r p e n t i n e 

c a l c i t e 

r e a g e n t s 

A l
3 +

, H
+

, H
2
O 

V 

s o l v a t e d i o n / s i l i c a t e 

m o n o m e r i n c a v i t i e s / 

a t i n t e r f a c e 

1

d e p o l y m e r i z a t i o n ' ' p o l y m e r i z a t i o n
1 

9 - 1 1 A i n t e r m e d i a t e s 

± g i b b s i t e / b o e h m i t e 

/ 
d i o c t 

k a n d i t e 

t r i o c t 

c h l o r i t e 

A I
3 +

 H
+

 T
X
 T

2
 T

3 

3 4 1 1 

3 1 2 3 

d i o c t 3 1 4 3 1 

s m e c t i t e 

t r i o c t 4 2 2 5 4 

v e r m i c u l i t e 2 4 3 4 2 

2 5 4 5 3 

N o t e s : T h e n u m b e r s l-»-4 o r 5 g i v e t h e o r d e r o f p r e f e r e n t i a l f o r m a t i o n f o r 

a n i n c r e a s e in A l
3 +

 o r H
+

 i o n c o n c e n t r a t i o n o r a t 100°C (T]_) , 

200°C ( T
2
) o r 300°C ( T

3
) / 

F i g u r e 4 . 6 . 1 S c h e m a t i c r e p r e s e n t a t i o n o f a l t e r a t i o n 

r e a c t i o n m e c h a n i s m w h i c h r e l a t e s t o 

m i c r o s c a l e i n t e r - r e a c t i o n s 

- 7 5 y m p a r t i c l e s 

ex. c r u s t 

c r y s t a l l i n e 

7 A , 1 4 - 1 6 A 

p h y l l o s i l i c a t e s 

r e a c t e d l a y e r 

' c r u s t
1 

* * 

F i g u r e 4 . 6 . 2 T h e n a t u r e o f t h e d e g r a d a t i o n i n d u c e d 

i n t h e k i m b e r l i t e i n a c c o r d a n c e w i t h 

t h e p r o p o s e d r e a c t i o n m e c h a n i s m . 
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t h e i n i t i a l r e a g e n t c o n c e n t r a t i o n s e m p l o y e d a n d t e m p e r a t u r e ) . A n 

a p p r o x i m a t e o r d e r o f p r e f e r e n t i a l f o r m a t i o n is. g i v e n i n F i g u r e 4 . 6 . 1 ; 

f o r e x a m p l e d i o c t a h e d r a l k a n d i t e s w i l l p r e f e r e n t i a l l y f o r m w h e r e 

3+ 
a l u m i n i u m c o n c e n t r a t i o n s a r e h i g h ('v 0 . 4 M A l , F i g u r e 3 . 4 . 1 ) a n d 

t h e t e m p e r a t u r e s a r e ^200°C o r a b o v e . C h l o r i t e s h o w e v e r f o r m in 

w e a k l y a c i d i c p H s 4 . 5 ) , m o d e r a t e a l u m i n i u m c o n c e n t r a t i o n s 0 . 2 -

3 + 

0 . 3 M A l , F i g u r e s 3 . 3 . 9 a n d 3 . 3 . 1 0 ) a n d p r o p o r t i o n a t e l y i n c r e a s e i n 

c o n c e n t r a t i o n w i t h t e m p e r a t u r e . 

A s m e n t i o n e d a b o v e , t h e t e m p e r a t u r e a n d t h e c o n c e n t r a t i o n s o f 

a l u m i n i u m a n d h y d r o g e n i o n s a t t h e s i t e o f t h e r e a c t i o n c o n t r o l t h e 

n a t u r e o f t h e p h y l l o s i l i c a t e p r o d u c t . T h e c o n c e p t o f l o c a l i s e d 

a v a i l a b i l i t y ( S e c t i o n 3 . 5 . 1 ) i s i m p o r t a n t a s r e a c t i o n s a p p e a r t o o c c u r 

e i t h e r w i t h i n s o l u t i o n c a v i t i e s i n t h e k i m b e r l i t e (*) o r a t t h e 

s o l u t i o n / s o l i d i n t e r f a c e (**) a s i n d i c a t e d i n t h e s c h e m a t i c d i a g r a m 

in F i g u r e 4 . 6 . 2 . 

O n a d d i t i o n o f t h e r e a g e n t s , d i s s o l u t i o n o c c u r s , t h e 

r e a c t i o n b e i n g o r i e n t a t e d a l o n g p a t h s o f p h y s i c a l w e a k n e s s ( e . g . g r a i n 

b o u n d a r i e s ) o r v i a m i n e r a l s o f g r e a t e r r e a c t i v i t y ( a c c o r d i n g t o t h e 

s e q u e n c e c a l c i t e > s e r p e n t i n e > o l i v i n e ) . A r e a c t e d l a y e r o r ' c r u s t ' 

i s s u b s e q u e n t l y p r o d u c e d a s s h o w n i n F i g u r e 4 . 6 . 2 w h i c h e x t e n d s 

f u r t h e r i n t o t h e p a r t i c l e w i t h t i m e t h r o u g h t h e f o r m a t i o n o f c a v i t i e s 

( P l a t e 3 . 1 7 ) . T h i s a c t i o n i s l i m i t e d b y t h e c o n c e n t r a t i o n o f h y d r o g e n 

i o n s a v a i l a b l e v i a d i f f u s i o n c h a n n e l s . A l t h o u g h f u r t h e r p e n e t r a t i o n 

f o l l o w s f r o m h y d r o g e n i o n r e g e n e r a t i o n ( S e c t i o n s 4 . 5 . 2 a n d 4 . 5 . 3 ) a 

s u b s t a n t i a l p r o p o r t i o n o f t h e h e a d m i n e r a l d i s s o l u t i o n o c c u r s d u r i n g 

t h e p e r i o d o f i n i t i a l c o n t a c t b e t w e e n t h e a c i d i c s o l u t i o n s a n d t h e 

k i m b e r l i t e o v e r 0 . 2 5 - 2 h . T h e r e s u l t a n t r e a c t e d l a y e r c o n s i s t s 

l a r g e l y o f 9 - 1 1 A i n t e r m e d i a r y p h a s e s ( S e c t i o n 4 . 5 . 4 , A p p e n d i x 6) w h i c h 

w i t h k a o l i n i t e , a r e t h e p h a s e s m o s t r a p i d l y f o r m e d (but n o t n e c e s s a r i l y 



.338 

t h e m o s t s t a b l e ( F i g u r e s 4 . 4 . 9 - 1 5 ) ) . W h e r e a s k a n d i t e s o n c e f o r m e d 

a r e r e l a t i v e l y s t a b l e , 9 - 1 1 & p h a s e s r e - s o l v a t e a n d m a g n e s i u m , i r o n 

a n d o t h e r a l u m i n i u m c a t i o n s w i t h i n t h e s o l u t i o n r e a c t i o n z o n e i n t e r a c t 

t o p r e c i p i t a t e c l a y m i n e r a l p h a s e s ( F i g u r e 4 . 6 . 1 ) . T h e m a i n t e n a n c e 

o f a r e l a t i v e l y h i g h a l u m i n i u m c o n c e n t r a t i o n in t h e b u l k s o l u t i o n i s 

i m p o r t a n t i n d r i v i n g t h e c a t i o n t o t h e s i t e s o f r e a c t i o n . H o w e v e r 

e x c e s s C> 0 . 5 M i n t h e t e s t e d s y s t e m s ) r e s u l t s i n w i d e s p r e a d 

p r e c i p i t a t i o n o f s i m p l e h y d r o x y o x i d e s r a t h e r t h a n p h y l l o s i l i c a t e 

m i n e r a l s . T h e r e s u l t a n t p h y l l o s i l i c a t e p r o d u c t s w h i c h c r y s t a l l i z e 

w i t h i n c a v i t i e s ( P l a t e 3 . 1 7 ) o r t h e p a r t i c l e s u r f a c e (as g e n e r a l l y 

o b s e r v e d ) a r e a s s u m e d o n l y t o b e r e m o v e d t h r o u g h m e c h a n i c a l d i s r u p t i o n 

o n l y ( i . e . a t t r i t i o n b e t w e e n p a r t i c l e s ) . 

A c o m p a r i s o n w i l l n o w b e m a d e w i t h g e o l o g i c a l s y s t e m s . T h e 

p r o p o s e d r e a c t i o n m e c h a n i s m ( t h a t n e c e s s i t a t i n g t h e a d d i t i o n o f t h e 

3+ + 
i o n s A l , H a n d w a t e r t o i n d u c e k i m b e r l i t e a l t e r a t i o n ) a p p e a r s t o 

e x p l a i n n o t o n l y t h e m i n e r a l t r a n s f o r m a t i o n s n o t e d i n t h e l a b o r a t o r y 

108 

b u t a l s o t h o s e ' f e n i t i z a t i o n ' r e a c t i o n s o b s e r v e d i n t h e f i e l d . 

T h e p r e s e n t s c h e m e a l l o w s f o r i n s i t u r e p l a c e m e n t o f k i m b e r l i t i c 
64 75 

r o c k s b y t h e i r n a t u r a l a l t e r a t i o n p r o d u c t s , w h i c h i n c l u d e c h l o r i t e s , ' 

7 9 8 1 9 9 6 4 - 7 4 
v e r m i c u l a t e s , s m e c t i t e s , ' a n d k a n d i t e s a s s y n t h e s i s e d i n 

t h e p r e s e n t w o r k . K i m b e r l i t e s a l s o c o n t a i n 9 A t a l c p h a s e s a s a n 

6 1 6 4 9 7 
i m p o r t a n t a l t e r a t i o n p r o d u c t . ' ' D e h y d r a t i o n r a t h e r t h a n r e -

0 

s o l v a t i o n o f t h e 9 - 1 1 A i n t e r m e d i a t e s s h o w n i n F i g u r e 4 . 6 . 1 w o u l d 

y i e l d t a l c - p y r o p h y l l i t e p r o d u c t s . I n d e e d , t h e t a l c o s e p r o d u c t s 

o b s e r v e d a t P r e m i e r M i n e w e r e c o n s i d e r e d t o b e i n t e r m e d i a r y p r o d u c t s 61 

p r i o r t o c h l o r i t e / v e r m i c u l i t e / n o n t r o n i t e / s a p o n i t e / s t e v e n s i t e f o r m a t i o n . 

A s s h o w n i n P l a t e s 1 . 4 a n d 1 . 5 s o m e a l t e r a t i o n o c c u r r e d d u r i n g 

c o n s o l i d a t i o n o f t h e p i p e , t h e t r a n s f o r m a t i o n o f p r i m a r y m i n e r a l s ( o l i v i n e 

s e r p e n t i n e , p y r o x e n e ) t o s e c o n d a r y o n e s b e i n g e s p e c i a l l y i n d u c e d d u r i n g 
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g 

t h e g a s - l i q u i d f l u i d i z e d s t a g e i f t h e t e m p e r a t u r e s w e r e s u f f i c i e n t l y 

l o w t o p e r m i t p h y l l o s i l i c a t e f o r m a t i o n ( c f . t e m p e r a t u r e s u s e d i n t h e 

t e s t w o r k : 1 0 0 - 3 0 0°C ) . W a t e r a n d c a r b o n d i o x i d e w e r e e n t r a i n e d w i t h i n 
g 

t h e p i p e a n d t h e s e w o u l d i n d u c e r e - s o l u b i l i z a t i o n o f f e r r o m a g n e s i a n 

9 6 

m i n e r a l s ( c f . a c i d i c a q u e o u s s o l u t i o n s i n t h e t e s t w o r k ) . T h e f o r m a t i o n 

o f t h e c l a y m i n e r a l s o b s e r v e d w a s h o w e v e r a l s o d e p e n d e n t o n a l u m i n i u m 

a v a i l a b i l i t y i n t h e s a m e w a y i t w a s i n t h e l a b o r a t o r y . I t i s p r o p o s e d 

t h a t i n c o n t r a s t t o o t h e r k i m b e r l i t e s t h o s e a t P r e m i e r w e r e f o r m e d 

f r o m s i t e s i n w h i c h u n u s u a l l y h i g h c o n c e n t r a t i o n s o f a l u m i n i u m r i c h 

l i q u o r s w e r e l o c a l l y i n j e c t e d a n d c a r r i e d u p w i t h t h e f l u i d i z e d 

i n t r u s i o n . H o w e v e r , t h e o r i g i n o f t h e a l u m i n i u m w h i c h i s r e q u i r e d t o 

p r o d u c e t h e a l t e r a t i o n p r o d u c t s o f k i m b e r l i t e , a s o b s e r v e d i n t h e f i e l d , 

r e m a i n s a s u b j e c t o f d e b a t e . 

4.6.2 Overall rate_equations 

I n a c c o r d a n c e w i t h t h e c l a s s i c a p p r o a c h t o k i n e t i c s
/
 a t t e m p t s 

h a v e b e e n m a d e t o m o d e l k i m b e r l i t e d e g r a d a t i o n i n t e r m s o f a r a t e 

e q u a t i o n . T h e m a i n f a c t o r s c o n t r o l l i n g t h e r e a c t i o n s t u d i e d i n t h e 

p r e s e n t w o r k w e r e h y d r o g e n a n d a l u m i n i u m i o n c o n c e n t r a t i o n , t e m p e r a t u r e , 

f e e d s i z e a n d t h e d e g r e e o f a g i t a t i o n . T h e s e , w e r e c o n s i d e r e d f o r t h e 

deduction of rate equations based on experiments using Systems A and B 

(.Section 4 . 2 . 1 ) i n v o l v i n g - 1 1 8 0 + 8 5 0 y m s a m p l e s o f k i m b e r l i t e ( t h o u g h 

o t h e r s i z e f r a c t i o n s a l s o u s e d w e r e - 4 2 0 + 3 0 0 y m , - 1 7 0 0 + 1 1 8 0 y m , - 3 . 1 8 + 1 . 7 0 m m , 

- 6 . 1 8 + 3 . 1 8 m m , - 1 5 + 9 . 5 m m ) . Suitable criteria of alteration were the 

numbers of unreacted moles of olivine and serpentine (denoted. E , and £ 
o l sp 

r e s p e c t i v e l y ) w h i c h w e r e d e d u c e d f r o m X R D a n a l y s i s o f t h e + 7 5 y m 

f r a c t i o n s . F o r a t y p i c a l h e a d g r a d e f e e d o f 1 0 g k i m b e r l i t e i n i t i a l 

o o 

values of and were 0 . 0 2 2 7 and 0 . 0 1 6 3 respectively. Each of the 

factors above will be discussed in turn. 
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E f f e c t s o f h y d r o g e n a n d a l u m i n i u m i o n c o n c e n t r a t i o n s : T h e s e w e r e 

d e d u c e d f r o m a s e r i e s o f i n i t i a l r a t e e x p e r i m e n t s . T e n g r a m m e 

q u a n t i t i e s o f - 1 1 8 0 + 8 5 0 y m f e e d s a m p l e s w e r e r e a c t e d w i t h v a r i o u s 

i n i t i a l c o n c e n t r a t i o n s o f t h e t w o i o n s f o r 0 . 2 5 h u n d e r t h e c o n d i t i o n s 

d e s c r i b e d p r e v i o u s l y . E x a m p l e s o f t h e r e s u l t s , p l o t s o f a n d g 

a s f u n c t i o n s o f i n i t i a l h y d r o g e n a n d a l u m i n i u m c o n c e n t r a t i o n s , a r e 

s h o w n i n F i g u r e 4 . 6 . 3 . A s c a n b e s e e n , s e r p e n t i n e w a s p r e f e r e n t i a l l y 

a t t a c k e d b y t h e r e a g e n t s , t h e l a t t e r o n l y a f f e c t i n g t h e o l i v i n e 

3 + 

s i g n i f i c a n t l y w h e r e t h e r e a g e n t c o n c e n t r a t i o n s e x c e e d e d 0 . 4 M A l , 

1 . 3 M H
+

 o r 0 . 2 M A l
3 +

, 1 . 5 M H
+

. A l t h o u g h b o t h t h e H
+

 a n d A l
3 +

 i o n s 

e v i d e n t l y i n t e r a c t w i t h b o t h s e r p e n t i n e a n d o l i v i n e , b y f a r t h e m o s t + 
r e a c t i v e c o m b i n a t i o n w a s t h e H i o n s a n d s e r p e n t i n e . 

e x p r e s s e d a s f u n c t i o n s o f i n i t i a l a c i d a n d a l u m i n i u m i o n c o n c e n t r a t i o n s 

b y u s i n g a m u l t i p l e l i n e a r r e g r e s s i o n p r o c e d u r e . (The i n i t i a l i o n . 

c o n c e n t r a t i o n s p r o d u c e d m o r e s i g n i f i c a n t c o r r e l a t i o n s t h a n t h o s e 

i n v o l v i n g e i t h e r i o n c o n s u m p t i o n o r f i n a l i o n c o n c e n t r a t i o n . ) B y 

a s s u m i n g t h e i n i t i a l r a t e s t o b e c o n s t a n t w i t h t i m e o v e r 0 . 2 5 h t h e 

n u m b e r o f m o l e s o f o l i v i n e a n d s e r p e n t i n e r e a c t i n g p e r s e c o n d c o u l d b e 

e v a l u a t e d . F o r e x a m p l e , f o r = 0 . 0 0 0 9 , d = ( 0 . 0 1 6 3 - 0 . 0 0 9 ) / 9 0 0 

m o l e s s f o r t h e 0 . 2 5 h p e r i o d . M o r e o v e r b y i n t r o d u c i n g v a r i o u s t y p e s 

o f f u n c t i o n i n t o t h e m u l t i p l e l i n e a r r e g r e s s i o n r o u t i n e , t h e f o l l o w i n g 

e q u a t i o n s c o u l d b e d e d u c e d : 

I n i t i a l r a t e s o f r e a c t i o n d £ .,/dt a n d d £ / d t w e r e 
o l s p ol' 

i n i t i a l , 1 0 0°C 

cf> . = 5 . 1 9 x 1 0 

e x p ( 6 . 5 5 [ H
+

] 
i n i t i a l 

3 + 
+ 2 . 4 1 [ A l ] 

i n i t i a l 

R 
2 

1.00 (4.6.1) 
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a 
CO 

m 
o 
-H 

CO <1) 
iH 
g 

<1) 
•H +J 
C 0) ft 

<D 01 
iw 
O 
H 
Q) 

16.0 

1 4 . 0 

12.0 

10.0 • 

8.0 

2.23 

2.20 

s e r p e n t i n e 

0 . 1 0 . 2 0 . 4 O.i 

i n i t i a l a l u m i n i u m c o n c e n t r a t i o n (M) 

2 . 1 5 

0 . 5 1 . 0 

i n i t i a l a c i d c o n c e n t r a t i o n (M) 

F i g u r e 4 . 6 . 3 I n i t i a l - r a t e k i n e t i c s : R e s i d u a l n u m b e r o f 

m o l e s o f o l i v i n e a n d s e r p e n t i n e a f t e r . 0 . 2 5 h 

f o r systemfe h a v i n g : 

a) i n i t i a l a c i d c o n c e n t r a t i o n 1 . 3 M , i n i t i a l 

a l u m i n i u m c o n c e n t r a t i o n v a r i a b l e 

b ) i n i t i a l a l u m i n i u m c o n c e n t r a t i o n 0 . 2 M , 

i n i t i a l a c i d c o n c e n t r a t i o n v a r i a b l e 

a t 100°C. 
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= <J> =• - 9 . 5 2 x 1 0 

i n i t i a l , 1 0 0°C
 S P 

- 7 
+ 6 . 2 1 x 1 0 ~

6

[ H
+

] 
i n i t i a l 

- 6 3+ 
4- 3 . 9 7 x 1 0 [Al ] 

i n i t i a l 

R 
2 

0 . 9 7 (4.6.2) 

w h e r e R i s t h e c o r r e l a t i o n c o e f f i c i e n t . 

T h e s e e q u a t i o n s w i l l b e c o n s i d e r e d l a t e r . 

E f f e c t o f t e m p e r a t u r e : T h e a c t i v a t i o n e n e r g i e s , E a , f o r t h e a l t e r a t i o n 

r e a c t i o n s o f o l i v i n e a n d s e r p e n t i n e , a n d t h e a s s o c i a t e d f r e q u e n c y 

f a c t o r s M , w e r e c a l c u l a t e d f r o m t h e l i n e a r i z e d f o r m o f t h e A r r h e n i u s 

e q u a t i o n : 

w h e r e k i s t h e r a t e c o n s t a n t ; T , t h e t e m p e r a t u r e a n d R , t h e g a s c o n s t a n t . 

T o d e t e r m i n e t h e n a t u r e a n d m a g n i t u d e o f t h e r a t e c o n s t a n t , 

c o r r e l a t i o n s w e r e s o u g h t b e t w e e n v a r i o u s f u n c t i o n s o f £ , a n d £ 
o l s p 

a n d t h e r e a c t i o n t i m e , w i t h t h e o b j e c t i v e o f f i n d i n g a l i n e a r r e s p o n s e . 

O n l y o n e s u c h l i n e a r p l o t w a s o b t a i n e d ( F i g u r e 4 . 6 . 4 ) f o r t h e e n t i r e 

r e a c t i o n p e r i o d i n v e s t i g a t e d ( 0 - 2 4 h ) i . e . £
 1

 i n S y s t e m A . 

w h e r e t i s t h e t i m e (s) a n d N a c o n s t a n t . T h e o t h e r d a t a w e r e p l o t t e d 

i n a s i m i l a r m a n n e r a s s h o w n i n F i g u r e s 4 . 6 . 4 a n d 4 . 6 . 5 , b u t g a v e 

c u r v e d p l o t s i n d i c a t i n g v a r i a b l e k i n e t i c s . S t r a i g h t l i n e s c o u l d b e 

r e g r e s s e d f o r p o r t i o n s o f t h e d a t a s u c h t h a t v a l u e s o f t h e r a t e 

c o n s t a n t c o u l d b e e v a l u a t e d ( e q u a t i o n 4 . 6 . 4 ) . T h i s p r o c e d u r e w a s 

I n k = - E a / R T + I n M ( 4 . 6 . 3 ) 

k t + N ( 4 . 6 . 4 ) 
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Figure 4.6.4 Relation between the reciprocal for the residual moles of olivine 

in the +75 ym fraction, and the reaction time for systems A 

and B. 

u 
U) 



r e a c t i o n t i m e (h) 

F i g u r e 4 . 6 . 5 R e l a t i o n b e t w e e n t h e r e c i p r o c a l o f t h e r e s i d u a l m o l e s o f 

s e r p e n t i n e i n t h e + 7 5 p m f r a c t i o n , a n d t h e r e a c t i o n g 

t i m e f o r s y s t e m s A a n d B . 
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a d o p t e d i n t h e a b s e n c e o f a b e t t e r m e t h o d a t v a r i o u s t e m p e r a t u r e s f o r 

t h e t w o s y s t e m s u s e d f o r r e a c t i o n t i m e 0 - 7 h - S y s t e m A : 25°C, 6 5° C , 

100°C
f
 215°C, 260°C, 300°C; S y s t e m B : 25°C, 65°C, 70°C, 100°C. I n 

S y s t e m B i n v e s t i g a t i o n s w e r e l i m i t e d t o £ 100°C o w i n g t o t h e l o w a c i d 

t o l e r a n c e o f t h e a u t o c l a v e b o m b s ( S e c t i o n 3 . 4 . 1 ) . F u r t h e r c o n s t r a i n t s 

w e r e : n o £ v a l u e s c o u l d b e r e c o r d e d w h e r e r e a c t i o n t e m p e r a t u r e s £ 100°C 

w e r e e m p l o y e d b e c a u s e w e l l - c r y s t a l l i z e d 7 A p r o d u c t s d e p o s i t e d o n t h e 

+ 7 5 y m f r a c t i o n c o n f u s e d t h e X R D a n a l y s i s . T h i s e f f e c t w a s n o t a p p a r e n t 

•• b e l o w 100°C. I n v i e w o f t h e s e d i f f i c u l t i e s t h e r e s u l t s s h o u l d b e t r e a t e d 

w i t h c a u t i o n . 

a g a i n s t t h e r e a c t i o n t i m e (0-8 h) f o r S y s t e m A a t v a r i o u s t e m p e r a t u r e s 

i n F i g u r e 4 . 6 . 6 . T h e r e a c t i o n r a t e s w e r e c a l c u l a t e d ( i . e . t h e g r a d i e n t s 

o f t h e l i n e s a - d ) a n d t h e i r l o g a r i t h m i c v a l u e s p l o t t e d a g a i n s t t h e 

r e c i p r o c a l o f t h e t e m p e r a t u r e ( F i g u r e 4 . 6 . 7 ) . V a l u e s o f E a a n d M w e r e 

e v a l u a t e d f r o m t h e s l o p e a n d i n t e r c e p t a c c o r d i n g t o e q u a t i o n 4 . 6 . 4 . 

T h i s p r o c e d u r e w a s r e p e a t e d f o r b o t h s y s t e m s . T h e c a l c u l a t e d c o n s t a n t s 

E a a n d M a r e g i v e n i n T a b l e 4 . 6 . 1 b e l o w . 

A s a n e x a m p l e o f t h e m e t h o d , t h e v a l u e s o f £
 1

 a r e p l o t t e d 
'ol 

T A B L E 4 . 6 . 1 V A L U E S O F T H E A R R H E N I U S E Q U A T I O N 

C O N S T A N T S F O R S Y S T E M S A A N D B 

System A 
olivine serpentine 

System B 
olivine serpentine 

Ea (kJ mol 10 35 25 

M (mol 2.8 0.1 1 6 5 15 

As expected, the activation energies for serpentine were lower 
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Figure 4.6.6 
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r e a c t i o n t i m e (xlO s) 
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3 . 0 

F i g u r e 4 . 6 . 7 A r r h e n i u s p l o t f o r s y s t e m A : o l i v i n e r e a c t i o n , 
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t h a n t h o s e f o r o l i v i n e . H o w e v e r , t h e s y s t e m w i t h t h e h i g h e r a c i d 

c o n c e n t r a t i o n (B) y i e l d e d h i g h e r a c t i v a t i o n e n e r g i e s t h a n S y s t e m A . 

I n v i e w o f t h e r a p i d l o s s o f a c i d i t w a s e v i d e n t t h a t a m o r e c o m p l e x 

i n t e r p r e t a t i o n w a s n e c e s s a r y i n t h e c a s e o f S y s t e m B , i . e . t h e 

p r e c i s e d e t e r m i n a t i o n o f t w o a c t i v a t i o n e n e r g i e s (one f o r a c i d 

d i s s o l u t i o n , t h e s e c o n d f o r a l u m i n i u m i n t e r a c t i o n ) . T h e c o m p l e x i t y 

o f t h e a l t e r a t i o n r e a c t i o n s m a d e s u c h a s o p h i s t i c a t e d a p p r o a c h u n t e n a b l e 

u n d e r t h e a v a i l a b l e c o n d i t i o n s . 

D e s p i t e t h e s e d i f f i c u l t i e s , t h e s i m p l e c o m p o s i t e c o n s t a n t s 

c a l c u l a t e d w e r e t h o u g h t t o b e a c c e p t a b l e f o r t h e i r i n c l u s i o n i n a 

s e m i - q u a n t i t a t i v e d e s c r i p t i o n o f t h e r a t e p r o c e s s e s i n v o l v e d . 

2 3 8 

E f f e c t o f a g i t a t i o n : R e p l i c a t e f a c t o r i a l e x p e r i m e n t s d e m o n s t r a t e d 

a t t h e 9 9 % c o n f i d e n c e l e v e l t h a t t h e s t i r r i n g r a t e h a d a s i g n i f i c a n t 

e f f e c t o n t h e e x t e n t o f d e g r a d a t i o n . T h i s w a s i n d i c a t i v e o f m a s s 

t r a n s f e r a n d / o r s u r f a c e i n t e r a c t i o n c o n t r o l o f t h e r e a c t i o n r a t e a s 

f a r a s s o l u t i o n / m i n e r a l e q u i l i b r i a w e r e c o n c e r n e d . H o w e v e r , a s p o r o u s 

d i f f u s i o n t h r o u g h a n a l t e r e d l a y e r a p p e a r s t o o c c u r t h e n m e c h a n i c a l 

a t t r i t i o n o f t h e s u r f a c e s o f t h e r e a c t e d p a r t i c l e s w o u l d b e a n i m p o r t a n t 

f a c t o r . A s t h e p r e c i s e e f f e c t o f t h e s e c o m b i n e d p r o c e s s e s c o u l d n o t b e 

e v a l u a t e d , a c o n s t a n t s t i r r i n g r a t e h a d t o b e a d o p t e d so t h a t t h e 

r e l e v a n t p a r a m e t e r w a s r e d u c e d t o a c o n s t a n t i n t h e o v e r a l l r a t e 

e q u a t i o n . 

E f f e c t o f s u r f a c e a r e a : A s t h e i n v e s t i g a t i o n s r e l a t e d t o t h e d e g r a d a t i o n 

o f c o a r s e p a r t i c l e s , t h e e x p o s e d r e a c t i n g s u r f a c e a r e a h a d t o b e 

t r e a t e d i n t e r m s o f p a r t i c l e s c r e e n f r a c t i o n s i z e . T o e s t i m a t e t h e 

e f f e c t o f f e e d s i z e o n t h e e x t e n t o f r e a c t i o n f o r a g i v e n t i m e 1 0 g 

p o r t i o n s o f v a r i o u s s i z e d f r a c t i o n s ( f r o m t h e s a m p l i n g s c h e m e F i g u r e 
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2 . 2 . 1 ) w e r e r e a c t e d u s i n g S y s t e m B a t 100°C f o r 2 h . ( T h i s t i m e w a s 

a p p r o x i m a t e l y t h e p e r i o d e m p l o y e d i n e a c h c y c l e f o r t h e s e m i - c o n t i n u o u s 

a l t e r a t i o n e q u i p m e n t - C h a p t e r 5 . ) O l i v i n e a n d s e r p e n t i n e a s s a y s o f 

t h e r e s i d u a l + 7 5 y m f r a c t i o n w e r e m e a s u r e d a s b e f o r e . 

B y n o t i n g t h e e x t e n t o f r e a c t i o n u s i n g S y s t e m B a t 2 h f o r t h e 

1 1 8 0 + 8 5 0 y m f e e d , t h e r a t e e q u a t i o n a d o p t e d t h e f o l l o w i n g f o r m : 

d t ~ W
 (

d t
)

. „
 ( 4

'
6

'
5 ) 

w h e r e d £ / d t r e p r e s e n t s t h e g e n e r a l r e a c t i o n r a t e ; ft a f u n c t i o n r e l a t i n g 

t h e s i z e o f p a r t i c l e t o t h e e x t e n t o f r e a c t i o n A £ ; A £ ' t h e e x t e n t o f 

r e a c t i o n g i v e n b y t h e d i f f e r e n c e b e t w e e n t h e o r i g i n a l n u m b e r o f m o l e s 

o f t h e h e a d m i n e r a l a n d t h e r e s i d u a l n u m b e r o f u n r e a c t e d m o l e s £ , a n d 

( d £ / d t ) . t h e r a t e e q u a t i o n i n t e r m s o f i n i t i a l r a t e a n d t e m p e r a t u r e l 

o n l y ( a n d o t h e r c o n s t a n t s ) . 

F r o m t h e r e s u l t s o b t a i n e d t h e f o l l o w i n g c o r r e l a t i o n s w e r e 

d e d u c e d : 

0.
 ±
 = 5.37 x 10~

4

 s"
1

*
0 8

 ) 
°

 d
 > ( 4 . 6 . 6 ) 

® 6 . 8 1 x 1 0 ) 

Q - 1 . 0 3 x 1 0 ~
2

 - 7 . 0 2 x 1 0 ~
4

 (S) 
s p 

A C = 9 . 9 4 x 1 0 "
3 

s p 

( 4 . 6 . 7 ) 

w h e r e S i s t h e c u b e r o o t o f t h e s i z e u s e d b y B a r b e r y ( A p p e n d i x 2) n a m e l y 

3 3 1 / 3 
( ( d ^ + d

2
 )/2) , d ^ a n d d

2
 b e i n g t h e s c r e e n - f r a c t i o n s i z e s . 
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O v e r a l l r a t e e q u a t i o n : T h e p r e v i o u s d i s c u s s i o n s i n C h a p t e r s 3 a n d 4 

h a v e m o d e l l e d t h e a l t e r a t i o n p r o c e s s a s a t w o - s t a g e r e a c t i o n , t h e f i r s t 

s t a g e b e i n g t h e l i b e r a t i o n o f i o n s f r o m t h e m a t r i x , p r e d o m i n a n t l y b y 

a c i d h y d r o l y s i s r e a c t i o n , t h e s e c o n d , i n t e r - r e a c t i o n o f t h o s e l i b e r a t e d 

i o n s w i t h a d d e d a l u m i n i u m t o f o r m t h e c l a y m i n e r a l s . T h e o v e r a l l r a t e 

e q u a t i o n s d e d u c e d b e l o w a r e t h u s p r e s e n t e d a s a t w o - s t a g e s e r i e s : 

a) I n i t i a l r a t e k i n e t i c s . T h e p e r i o d i n v o l v e d c o n s i d e r s t h e f i r s t 

0 . 2 5 h o f t h e r e a c t i o n . T h e e q u a t i o n b e l o w w a s d e d u c e d f r o m t h e 

r e l a t i o n s e x p r e s s e d i n e q u a t i o n s 4 . 6 . 1 - 7 . 

d£ 
C - ^ r ) = C fl . . . . . (j) e x p - (Ea. .. . _ / R T ) (4.6.8! 
d t . ... . x , i n i t i a l x i n i t i a l 

i n i t i a l 

w h e r e x r e l a t e s t o o l i v i n e o r s e r p e n t i n e a n d C i s a c o n s t a n t . 

I n t h e a b o v e e q u a t i o n <J> i s t h e o n l y f u n c t i o n w h i c h h a s b e e n 

q u a n t i f i e d d i r e c t l y f r o m i n i t i a l r a t e e x p e r i m e n t ( e q u a t i o n s 4 . 6 . 1 a n d 

4 . 6 . 2 ) . D i f f i c u l t i e s w e r e e n c o u n t e r e d i n d e d u c i n g fl f o r l a r g e r 

p a r t i c l e s i z e s o w i n g t o t h e s m a l l v a l u e s o f A £ r e c o r d e d o v e r t h e t i m e 

p e r i o d ( 0 . 2 5 h ) e m p l o y e d . C o n s e q u e n t l y fl. . . c o u l d b e t r e a t e d a s 
i n i t i a l 

b e i n g e q u i v a l e n t t o fl a s d e s c r i b e d i n e q u a t i o n s 4 . 6 . 6 a n d 4 . 6 . 7 . A s t h e 

w a r m - u p t i m e r e q u i r e d f o r t h e a u t o c l a v e a p p a r a t u s w a s a b o u t f o u r t i m e s 

t h e i n i t i a l r e a c t i o n t i m e p e r i o d , i t w a s d i f f i c u l t t o o b t a i n a c c u r a t e 

v a l u e s o f t h e A r r h e n i u s c o n s t a n t s . 

A s a m a j o r i t y o f t h e r e a c t i o n s w h i c h w o u l d b e a p p l i e d t o 

p r o c e s s d e s i g n s t o o k p a l c e a t 100°C, e q u a t i o n 4 . 6 . 9 b e l o w b e c a m e t h e 

b e s t a v a i l a b l e , (as a s p e c i a l c a s e o f t h a t i m m e d i a t e l y a b o v e ) : 

d5 
C-zr-) = C fl . . . . _ < | > ( 4 . 6 . 9 ) 
d t . ... , x , i n i t i a l x 

i n i t i a l 
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b ) C l a y f o r m a t i o n k i n e t i c s . T h e s e r a t e e q u a t i o n s w e r e b a s e d o n 

t h e f o r m i n e q u a t i o n 4 . 6 . 8 . F r o m t h e e m p i r i c a l d e r i v e d r e l a t i o n s h i p 

i n e q u a t i o n 4 . 6 . 4 , t h e e x p e r i m e n t a l r e a c t i o n r a t e w a s o b t a i n e d b y 

d i f f e r e n t i a t i o n i . e . 

d

*x 2 
- n r = k £ ( 4 . 6 . 1 0 ) 
d t x x 

w h e r e k i s t h e e x p e r i m e n t a l l y d e r i v e d r a t e c o n s t a n t a n d x r e l a t e s t o 

e i t h e r o l i v i n e a n d s e r p e n t i n e . B y u s i n g t h e d a t a , a s p r e s e n t e d i n F i g u r e s 

4 . 2 . 4 a n d 4 . 2 . 5 , a n d t h e r a t e c o n s t a n t s g i v e n b y e q u a t i o n 4 . 6 . 4 , e x p e r i m e n t a l 

r e a c t i o n , r a t e s f o r S y s t e m s A a n d B c o u l d b e c a l c u l a t e d . F r o m t h e 

r e s u l t s o b t a i n e d , l o w e r r a t e s o f r e a c t i o n w e r e r e c o r d e d f o r S y s t e m B a t 

t i m e s g r e a t e r t h a n 2 h c o m p a r e d w i t h S y s t e m A . T h i s w a s a c o n s e q u e n c e 

o f t h e m o r e e x t e n s i v e a l t e r a t i o n i n d u c e d a t t h e s t a r t o f t h e r e a c t i o n . 

I t w a s s u r m i s e d t h a t t h e o v e r a l l r a t e o f r e a c t i o n w a s b e s t e x p r e s s e d 

i n t e r m s o f t h e d i f f e r e n c e b e t w e e n a ' t h e o r e t i c a l ' i n i t i a l r e a c t i o n 

r a t e a n d t h a t d e d u c e d f r o m e q u a t i o n s 4 . 6 . 1 a n d 4 . 6 . 2 ( i . e . ( ^ t h e o r y " 

<J>
x
) . I f a s y s t e m w a s c o n s i d e r e d w h e r e t h e i n i t i a l r e a c t i o n r a t e w a s l o w 

( S y s t e m A ) , t h i s d i f f e r e n c e w o u l d b e l a r g e , l e a d i n g t o l a r g e r r a t e s o f 

r e a c t i o n b e i n g r e c o r d e d a t t i m e s 1 0 - 2 4 h , c o m p a r e d w i t h t h o s e i n v o l v i n g 

h i g h e r r a t e s o f r e a c t i o n . T h e t h e o r e t i c a l i n i t i a l r a t e e m p l o y e d w a s 

t h a t e x p e c t e d i f a l l t h e m i n e r a l s w e r e l i b e r a t e d a n d a l l o w e d t o r e a c t 

i m m e d i a t e l y . T h e v a l u e s a d o p t e d f o r o l i v i n e a n d s e r p e n t i n e w e r e 2 . 5 2 x 

- 5 - 5 - 1 
1 0 a n d 1 . 8 1 x 1 0 m o l s r e s p e c t i v e l y ( i . e . t h e t o t a l n u m b e r o f 

m o l e s o f t h e h e a d m i n e r a l s in a 1 0 g f e e d w h i c h w o u l d r e a c t o v e r a 0 . 2 5 h 

p e r i o d a s u s e d in i n i t i a l r a t e e x p e r i m e n t s ) . 

I t w a s a l s o a p p a r e n t t h a t t h e e x p e r i m e n t a l r a t e s h a d a n 

i n v e r s e p r o p o r t i o n a l i t y w i t h r e s p e c t t o t i m e . A f t e r t e s t i n g v a r i o u s 

t y p e s o f f u n c t i o n , t h a t w h i c h d e s c r i b e d m o s t c l o s e l y t h e d e c r e a s e i n t h e 
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r a t e o f r e a c t i o n w a s t h e e x p o n e n t i a l d e c a y f u n c t i o n e x p - ( p t ) . T h e 

r e s u l t a n t r a t e e q u a t i o n w a s c o n c l u d e d t o h a v e t h e f o r m 

I T "
 C

W
 M (

* t h e o r y - V e x p - ( E a / R T ) . e x p - p t ( 4 . 6 . 1 1 ) 

w h e r e C a n d p a r e c o n s t a n t s a n d M t h e f r e q u e n c y f a c t o r . B y c a r r y i n g o u t 

a r e g r e s s i o n a n a l y s i s o f t h e e x p e r i m e n t a l l y d e t e r m i n e d r a t e v a l u e s i n 

t e r m s o f e x p - ( p t ) t h e f o l l o w i n g e q u a t i o n s w e r e d e d u c e d f o r o l i v i n e a n d 

s e r p e n t i n e , (the c o r r e l a t i o n c o e f f i c i e n t i s g i v e n u n d e r e a c h e q u a t i o n ) : 

S y s t e m A : o l i v i n e 

=
 1 9

'
5

 A ^ ^ t h e o r y - ^ o l ^ p - ( E a / T R + 1 . 8 9 x l o "
5

 t ) 

R
2

 = 0.92 (4.6.12) 

S y s t e m B : o l i v i n e 

N o s i g n i f i c a n t c o r r e l a t i o n c o u l d b e o b t a i n e d o w i n g t o t h e 

c o m p l e x i t y o f t h e r e a c t i o n k i n e t i c s (.see l a t e r ) . 

S y s t e m A : s e r p e n t i n e 

d£ ~ _ 
£

 = 5.65 — MC<j».. -<}> ) exp-(Ea/RT + 5.64 x 10 t) 
d t A £ '

s p
 t h e o r y

 y

s p 

R
2

 = 0.90 (4.6.13) 

S y s t e m B : s e r p e n t i n e 

dg 
— = 5.65-r-pr M(.<|) , -<f) ) exp-(Ea/RT + 4.01 x 10~

5

 t) 
d t A ^ ' t h e o r y s p 

s p 

R
2

 = 0.95 (4.6.14) 

w h e r e R i s t h e c o r r e l a t i o n c o e f f i c i e n t a n d t h e v a l u e s o f E a a n d M f o r 
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e a c h s y s t e m g i v e n i n T a b l e 4 . 6 . 1 . 

I n p r i n c i p l e t h e s e e q u a t i o n s d e s c r i b e d t h e o v e r a l l r a t e o f 

d e c o m p o s i t i o n o f t h e k i m b e r l i t e , a s t h e i n i t i a l d i s s o l u t i o n s t a g e w a s 

r e l a t i v e l y f a s t . I n p r a c t i c e , c e r t a i n q u e s t i o n m a r k s a r e h e l d a g a i n s t 

them for the reasons discussed earlier. However they do indicate that 

t h e p r o p o r t i o n o f u n r e a c t e d m a t e r i a l e f f e c t i v e l y c o n t r o l s t h e r a t e o f 

alteration. Furthermore, the inclusion of the exponential function in 

t i m e (as d i s t i n c t f r o m t e m p e r a t u r e ) i s c o n s i s t e n t w i t h a s h r i n k i n g c o r e 

m o d e l t y p e i n w h i c h a r e a c t i o n p r o d u c t d i f f u s i o n l a y e r i s s t e a d i l y 

262 

b u i l t u p t o p r o g r e s s i v e l y r e d u c e t h e o v e r a l l r e a c t i o n r a t e (by 

i n c r e a s i n g t h e n e c e s s a r y p a t h l e n g t h o f d i f f u s i o n p r i o r t o r e a c t i o n ) . 

4.6.3 Determination of the rate determining step 

The magnitude of the calculated activation energies in the 

p r e v i o u s s e c t i o n i n f e r r e d t h a t t h e o v e r a l l r a t e o f r e a c t i o n w a s , in 

2 6 3 
t h e m a i n , c o n t r o l l e d b y m a s s t r a n s f e r p r o c e s s e s ( i . e . t h e v a l u e s w e r e 

w i t h i n t h e r a n g e 1 0 . 5 - 2 7 . 2 k J m o l
 1

 w h i c h i m p l i e d d i f f u s i o n 

2 6 4 

c o n t r o l l e d m e c h a n i s m s ) . T h i s s e c t i o n b r i e f l y c o n s i d e r s o t h e r m o d e l s 

r e l a t i n g t o r a t e d e t e r m i n i n g p r o c e s s e s w h i c h m a y b e a p p l i c a b l e t o 

k i m b e r l i t e s . 

Several models have been discussed with respect to mass 265 7 
transfer be ween silicates and solutions. Adopting the techniques 

2 6 5 

discussed by Helgeson, the residual solution concentrations of 

m a g n e s i u m , i r o n a n d c a l c i u m f o r S y s t e m s A a n d B w e r e p l o t t e d a g a i n s t 

the square root of the reaction time as shown in Figures 4 . 6 . 8 and 4 . 6 . 9 . 

C o r r e l a t i n g t h e d a t a f o r m a g n e s i u m ( F i g u r e 4 . 6 . 9 ) , i r o n a n d c a l c i u m b y 
2 6 5 

a s e r i e s o f s t r a i g h t l i n e s , i n a c c o r d a n c e w i t h H e l g e s o n ' s p r o c e d u r e 

i n d i c a t e d t h a t d i f f u s i o n c o n t r o l l e d t r a n s f e r o f t h e i o n s o c c u r r e d a s 

t h e y m i g r a t e d f r o m t h e r e a c t i o n z o n e t h r o u g h s u r f a c e l a y e r s o f r e a c t i o n 
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p r o d u c t s i n t o t h e b u l k s o l u t i o n . T h e l i n e a r i t y o f t h e p l o t f o r 

268 
m a g n e s i u m i n F i g u r e 4 . 6 . 8 s u g g e s t e d a d i f f e r e n t t y p e o f c o n t r o l . 

H e r e , t h e r e a c t i o n a p p e a r e d t o b e d i f f u s i o n c o n t r o l l e d w i t h r e s p e c t t o 

t h e d i f f u s i o n o f r e a c t a n t s t o t h e s i t e o f t h e r e a c t i o n a n d s u b s e q u e n t 

i o n - e x c h a n g e ( t h i s w o u l d b e e x p e c t e d i n t h e c a s e o f S y s t e m A w h e r e a 

w e a k e r a c i d c o n c e n t r a t i o n w a s u s e d a n d h e n c e t h e d r i v i n g p o t e n t i a l f o r 

t h e r e a c t i o n w a s l o w e r c o m p a r e d t o S y s t e m B ) . H i g h i n i t i a l r a t e s o f 

r e a c t i o n o f t h e t y p e n o t e d i n S y s t e m B h a v e b e e n a t t r i b u t e d t o v a r i o u s 
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c a u s e s , ' i n t h e p r e s e n t w o r k t h e s e w o u l d a p p e a r t o b e t h e p r e s e n c e o f 

r e a c t i v e s i t e s ( i . e . c a l c i t e , s e r p e n t i n e p h e n o c r y s t s ) a n d p o s s i b l y 

m e c h a n i c a l l y s t r a i n e d s u r f a c e s . 

A r e c e n t l y d e v e l o p e d t h e o r e t i c a l m o d e l h a s r e l a t e d l a w s 

g o v e r n i n g m o l e c u l a r s p e c i e s d e t a c h m e n t , m a s s t r a n s f e r a n d c r y s t a l g r o w t h 262 

t o n o n - e q u i l i b r i u m w a t e r / r o c k i n t e r a c t i o n s . T h e w o r k e r s a t t r i b u t e 

r e s u l t s s i m i l a r t o t h o s e p r e s e n t e d i n F i g u r e s 4 . 6 . 8 a n d 4 . 6 . 9 t o s l o w 

( p h y s i c a l ) i n t e r f a c e d e t a c h m e n t p r o c e s s e s w h i c h b e c o m e a n i n t e g r a l p a r t 

o f t h e d i s s o l u t i o n r e a c t i o n s . M o r e d e t a i l e d d a t a w o u l d b e r e q u i r e d i n 

t h e p r e s e n t w o r k i n v e s t i g a t i n g t h e s y s t e m f u r t h e r w i t h r e s p e c t t o t h e 

e f f e c t o f m i c r o s t r u c t u r e s o n t h e r e a c t i o n r a t e . 

A l t h o u g h t h e a c t i v a t i o n e n e r g y f o r t h e a l t e r a t i o n o f o l i v i n e 

u s i n g S y s t e m B a n d t h e d i f f i c u l t i e s i n d e d u c i n g a r a t e e q u a t i o n s u g g e s t e d 

a n a d d i t i o n a l m e c h a n i s m , t h e r a t e c o n t r o l l i n g s t e p f o r k i m b e r l i t e a l t e r a t i o n 

w a s a t t r i b u t a b l e t o d i f f u s i o n p r o c e s s e s . D u r i n g a l t e r a t i o n a p r o g r e s s i v e l y 

t h i c k e r a l t e r e d ' c r u s t ' w a s b u i l t u p w h i c h w o u l d h i n d e r t h e p a s s a g e o f 

r e a c t a n t / p r o d u c t i o n s t o / f r o m t h e s i t e o f r e a c t i o n a t t h e i n t e r f a c e 

b e t w e e n t h e a l t e r e d a n d u n a l t e r e d k i m b e r l i t e . T h i s w a s a p p a r e n t f r o m 

o b s e r v a t i o n s m a d e u s i n g t h e s e m i - c o n t i n u o u s a l t e r a t i o n a p p a r a t u s 

( C h a p t e r 5) a n d t h e r e s u l t s d e s c r i b e d a b o v e . A l t h o u g h h y d r o g e n i o n s 

w o u l d m o s t r e a d i l y d i f f u s e t o t h e r e a c t i o n s i t e (due t o t h e i r s m a l l s i z e ) 
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Figure 4.6.9 R e l a t i o n b e t w e e n r e s i d u a l c o n c e n t r a t i o n s o f 

m a g n e s i u m , i r o n a n d c a l c i u m i n s o l u t i o n a n d t h e 

s q u a r e r o o t o f t h e r e a c t i o n t i m e f o r s y s t e m B . 
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t h e r a t e w a s c o n t r o l l e d b y t h e h y d r o g e n i o n c o n c e n t r a t i o n ( c f . t h e 

r e s u l t s f o r t h e m a g n e s i u m i o n , F i g u r e 4 . 6 . 8 ) . T h i s a r g u m e n t c a n a l s o 

b e e x t e n d e d t o t h e ( l a r g e r ) a l u m i n i u m c a t i o n s . H e r e , t h e p r e s e n c e o f a 

l a r g e a l u m i n i u m c o n c e n t r a t i o n t o p r o v i d e a d i f f u s i o n p o t e n t i a l (so a s 

t o i n d u c e t h e c a t i o n s t o m o v e t o t h e s i t e o f r e a c t i o n ) , w a s p a r t i c u l a r l y 

e v i d e n t (as s h o w n b y t h e m i n i m u m a l u m i n i u m c o n c e n t r a t i o n r e q u i r e d t o 

p r o d u c e a n a l t e r a t i o n e f f e c t i n a d d i t i o n t o t h a t d u e t o h y d r o g e n i o n s , 

F i g u r e s 3 . 3 . 8 a n d 3 . 3 . 1 2 ) . I n c o n c l u s i o n , t h e r a t e o f t h e a l t e r a t i o n 

r e a c t i o n w a s l i m i t e d b y t h e b u i l d u p o f p r o d u c t s . T h e r e m o v a l o f s u c h 

p r o d u c t s (by a t t r i t i o n ) w o u l d s u b s e q u e n t l y p r o v i d e n e w s u r f a c e a r e a s 

f o r r e a c t i o n . 

) 
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CHAPTER 5 

P R E L I M I N A R Y P R O C E S S D E S I G N 

5 . 1 . . I n t r o d u c t i o n 

• T h e t e s t w o r k i n C h a p t e r s 3 a n d 4 s h o w e d t h a t t h e i o n i c 

3 + + 

s p e c i e s A l a n d H , a n d t h e i r r e l a t i v e p r o p o r t i o n s , c o n t r o l l e d t h e 

n a t u r e a n d e x t e n t o f k i m b e r l i t e d e g r a d a t i o n a t v a r i o u s t e m p e r a t u r e s 

a n d t h e c l a y m i n e r a l s f o r m e d a s a l t e r a t i o n p r o d u c t s . M a k i n g u s e o f 

t h e d a t a o b t a i n e d f r o m t h e e x p e r i m e n t a l w o r k a n d d e r i v e d k i n e t i c s o f 

r e a c t i o n , a p r e l i m i n a r y p r o c e s s d e s i g n s t u d y h a s b e e n m a d e f o r a n e w 

m e t h o d o f d i a m o n d l i b e r a t i o n f r o m k i m b e r l i t e . T h e s t u d y i n v o l v e d t h e 

c o n s t r u c t i o n o f n e w l a b o r a t o r y a p p a r a t u s t o p r o v i d e f o r s e m i - c o n t i n u o u s 

a l t e r a t i o n o f a k i m b e r l i t e c h a r g e . T h e s e c o n s i d e r a t i o n s t o g e t h e r w i t h 

p r o c e s s r e q u i r e m e n t s a n d a b r i e f c o m p a r i s o n w i t h c u r r e n t d i a m o n d 

e x t r a c t i o n t e c h n o l o g y , f o r m t h e c o n t e n t o f t h i s c h a p t e r . 

3 + + 

5 * 2 E f f e c t o f V a r i a t i o n o f A l a n d H I o n C o n c e n t r a t i o n s 

o n D e g r a d a t i o n 

A l t h o u g h f u n d a m e n t a l l y i n t e r e s t i n g a n d r a p i d m i n e r a l o g i c a l 

t r a n s f o r m a t i o n s o c c u r r e d i n s u p e r h e a t e d a q u e o u s m e d i a a t t e m p e r a t u r e s 

g r e a t e r t h a n 100°C ( S e c t i o n 3 . 4 ) , f r o m a p r a c t i c a l e n g i n e e r i n g p o i n t o f 

v i e w i t w o u l d o b v i o u s l y b e p r e f e r a b l e , w h e r e v e r p o s s i b l e , t o r e c o m m e n d 

r e a c t i o n s a t l o w t e m p e r a t u r e s a n d p r e s s u r e f o r a n y p r o c e s s l e a d i n g 

u l t i m a t e l y t o b u l k m i n e r a l (.i.e. d i a m o n d ) p r o d u c t i o n . T h i s s e c t i o n 

c o n s i d e r s t h e o p t i m u m c o m b i n a t i o n o f t e m p e r a t u r e , a l u m i n i u m c o n c e n t r a t i o n 

a n d h y d r o g e n i o n c o n c e n t r a t i o n s f o r s y s t e m s r e a c t i n g a t a t m o s p h e r i c 
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p r e s s u r e . 

A t e m p e r a t u r e o f 100°C w a s f o u n d t o b e t h e m o s t e f f e c t i v e i n 

i n d u c i n g a l t e r a t i o n . N o t o n l y w a s t h e a l t e r a t i o n m o s t r a p i d a t 100°C 

u n d e r c o n d i t i o n s o f o r d i n a r y a t m o s p h e r i c p r e s s u r e i n c o m p a r i s o n w i t h 

l o w e r t e m p e r a t u r e s , b u t a l s o t h e m o s t e x t e n s i v e w i t h r e s p e c t t o t h e 

s o l u b i l i z a t i o n o f a l l t h e i o n i c s p e c i e s ( i n c l u d i n g s i l i c a ) a t t h e s i t e 

o f r e a c t i o n a n d l a t e r p r e c i p i t a t i o n a s c l a y m i n e r a l s . 

T h e h i g h e s t i n i t i a l a l u m i n i u m a n d h y d r o g e n i o n c o n c e n t r a t i o n s 

e m p l o y e d w e r e 0 . 4 M a n d 1 . 5 M r e s p e c t i v e l y . T h e l a t t e r w a s l i m i t e d m a i n l y 

b y t h e t o l e r a n c e o f M o n e l a l l o y ( u s e d i n t h e n e w a p p a r a t u s ) t o a c i d s a t 

100°C, b u t a l s o b y t h e r a t e o f a c i d c o n s u m p t i o n b y t h e k i m b e r l i t e s o 

a s t o r e a c h t h e p H s u i t a b l e f o r c l a y m i n e r a l p r e c i p i t a t i o n . ( F r o m 

F i g u r e 4 . 2 . 3 i t i s c l e a r t h a t h i g h e r i n i t i a l a c i d c o n c e n t r a t i o n s l e a d t o 

l o n g e r p e r i o d s b e f o r e c l a y m i n e r a l s p r e c i p i t a t e . ) A l u m i n i u m i o n 

c o n c e n t r a t i o n s i n t h e r a n g e 0 - 0 . 4 M w e r e t h e m o s t e f f e c t i v e a s i n d i c a t e d 

b y F i g u r e s 3 . 3 . 8 a n d 3 . 3 . 1 2 , h i g h e r c o n c e n t r a t i o n s b e i n g s u b j e c t t o 

s i m p l e h y d r o l y s i s . C o n s e q u e n t l y f r o m t e s t w o r k c a r r i e d o u t a s d e s c r i b e d 

i n S e c t i o n 3 . 3 . 1 , t h e e f f e c t o f v a r i a t i o n o f t h e i n i t i a l c o n c e n t r a t i o n s 

o f t h e s e i o n s w a s q u a n t i f i e d i n t e r m s o f D O A ( F i g u r e 5 . 2 . 1 ) , r e s i d u a l 

m a g n e s i u m , i r o n a n d c a l c i u m c o n c e n t r a t i o n s (.Figure 5 . 2 . 2 ) , p r o p o r t i o n 

o f a l u m i n i u m e n t e r i n g s o l i d p h a s e s ( F i g u r e 5 . 2 . 3 ) a n d t h e r e s i d u a l 

p r o p o r t i o n o f o l i v i n e a n d s e r p e n t i n e i n t h e a l t e r a t i o n s y s t e m ( F i g u r e 5 . 2 . 4 ) . 

T h e a x e s o f t h e d i a g r a m i n F i g u r e s 5 . 2 . 1 - 4 r e f e r t o t h e 

i n i t i a l a l u m i n i u m a n d h y d r o g e n i o n c o n c e n t r a t i o n . E a c h p o i n t o n t h e 

f i g u r e s r e p r e s e n t s a n e x p e r i m e n t a l t e s t , f o r w h i c h t h e D O A , r e s i d u a l 

2+ 2+ 3+ 2+ 3+ 
s o l u t i o n c o n c e n t r a t i o n o f t h e i o n s M g , (Fe a n d F e ) , C a , A l , a n d 

o l i v i n e a n d s e r p e n t i n e a s s a y s i n t h e + 7 5 uni f r a c t i o n w e r e m a d e . T h e 

m a g n i t u d e s o f t h e v a r i o u s a s s a y s w e r e i n d i c a t e d s e m i - q u a n t i t a t i v e l y b y 

c o n t o u r e d l i n e s i n t e r p o l a t e d b e t w e e n t h e r e c o r d e d d a t a p o i n t s . T h e 
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p o s i t i o n s o f t h e p o i n t s w e r e t h e s a m e in e a c h f i g u r e b u t , o f c o u r s e , 

t h e c o n t o u r s d i f f e r e d a c c o r d i n g t o t h e a s s a y i n q u e s t i o n . 

T h e D O A v a l u e s i n F i g u r e 5 . 2 . 1 w e r e s e e n t o b e m o r e s t r o n g l y 

a f f e c t e d b y t h e a l u m i n i u m c o n c e n t r a t i o n a t l o w a c i d l e v e l s ; t h e 

c o n t o u r s l o p e s b e i n g s t e e p e r . A s t h e a c i d c o n c e n t r a t i o n i n c r e a s e d , 

t h e e f f e c t o f a l u m i n i u m w a s p r o g r e s s i v e l y r e d u c e d a n d b e c a m e b a r e l y 

+ 
d e t e c t a b l e a t a c i d c o n c e n t r a t i o n s g r e a t e r , t h a n 1 . 5 M H , w h e r e t h e D O A 

w a s 4 0 % . 

F i g u r e s 5 . 2 . 2 a n d 5 . 2 . 3 r e p r e s e n t t h e p r o p o r t i o n s o f m a g n e s i u m , 

i r o n a n d c a l c i u m e n t e r i n g s o l u t i o n , a n d o f a l u m i n i u m e n t e r i n g a s o l i d 

p h a s e (+75 y m o r - 7 5 y m f r a c t i o n s ) . C o n c l u s i o n s s i m i l a r t o t h o s e o f 

t h e D O A p l o t s c o u l d b e m a d e f o r m a g n e s i u m a n d i r o n , w i t h t h e e x c e p t i o n 

t h a t a n e n c l a v e w a s o u t l i n e d f o r 3 0 % m a g n e s i u m a n d 2 5 % i r o n in t h e t o p 

r i g h t h a n d s i d e o f t h e d i a g r a m . T h i s f o r m a t i o n o f a n e n c l a v e w a s m i r r o r e d 

b y t h e r e s u l t s f o r c a l c i u m a n d a l u m i n i u m . W h e r e a s t h e c o n t o u r f o r 5 0 % 

c a l c i u m w a s e s s e n t i a l l y l i n e a r , t h o s e f o r 7 0 % a n d 9 0 % c a l c i u m w e r e 

e n c l a v e d a n d i n d i c a t e d a s i m i l a r s e t o f c o n d i t i o n s w h e r e t h e r e a g e n t 

p e n e t r a t i o n ( S e c t i o n 3 . 3 . 4 ) w a s a m a x i m u m . I n t h e c a s e o f a l u m i n i u m 

h i g h v a l u e s Cv 9 0 % a l u m i n i u m e n t e r i n g a s o l i d p h a s e ) w e r e r e c o r d e d 

e i t h e r a d j a c e n t t o t h e a b s c i s s a o r o n t h e t o p r i g h t h a n d s i d e m a r g i n . 

T h e f o r m e r w e r e a t t r i b u t a b l e t o t h e f o r m a t i o n o f s i m p l e a l u m i n i u m 

h y d r o x y o x i d e s a s i n d i c a t e d b y t h e r e s i d u a l p H m e a s u r e d a f t e r 7 h 

( c f . F i g u r e 4 . 2 . 3 ) . H o w e v e r , t h e o t h e r h i g h v a l u e s r e c o r d e d i n d i c a t e d 

e f f i c i e n t u s e o f t h e a l u m i n i u m i o n s i n c l a y m i n e r a l f o r m a t i o n a s t h e p H 

r e m a i n e d b e l o w t h e h y d r o x i d e p r e c i p i t a t i o n l e v e l a f t e r 7 h . 

T h e p r o p o r t i o n s o f o l i v i n e a n d s e r p e n t i n e i n F i g u r e 5 . 2 . 4 s e r v e d 

t o c o n f i r m t h e d e d u c t i o n s m a d e f r o m F i g u r e 5 . 2 . 3 . T h e e x t e n t o f 

a l t e r a t i o n o f t h e h e a d m i n e r a l s i n c r e a s e d f r o m t h e b o t t o m l e f t t o t h e 

t o p r i g h t h a n d s i d e s e c t i o n o f t h e d i a g r a m , t h e r e s i d u a l k i m b e r l i t e 



0.4 0.6 0.8 1.0 

initial acid concentration (M) 

Figure 5.2.3 Diagram showing the effect of the initial aluminium and hydrogen ion 
concentrations on the proportion of aluminium reporting to a solid 
product (%). 
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170 1 . 4 

i n i t i a l a c i d c o n c e n t r a t i o n (M H ) 

F i g u r e 5 . 2 . 4 D i a g r a m s h o w i n g t h e e f f e c t o f t h e i n i t i a l a l u m i n i u m a n d h y d r o g e n i o n 

c o n c e n t r a t i o n s o n t h e r e s i d u a l p r o p o r t i o n o f o l i v i n e a n d s e r p e n t i n e 

i n t h e s y s t e m (% o f h e a d v a l u e ) . 
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c o n t a i n i n g a s l i t t l e a s 1 7 % o l i v i n e a n d 9 . 5 % s e r p e n t i n e i n t h e l a t t e r 

c a s e . T h e c l a y m i n e r a l s f o r m e d i n t h e t e s t s e m p l o y i n g 1 . 4 - 1 . 5 M 

h y d r o c h l o r i c a c i d a n d 0 . 2 5 - 0 . 3 5 M a l u m i n i u m c h l o r i d e w e r e v e r m i c u l i t e -

c h l o r i t e s . T h e s e w o u l d b e e x p e c t e d a s t h e i r f o r m a t i o n w o u l d 

a ) m a x i m i s e t h e e x s o l u t i o n o f m a g n e s i u m a n d i r o n 

c a u s i n g d i s s o l u t i o n e q u i l i b r i a t o p r o c e e d 

f u r t h e r ( S e c t i o n 4 . 5 ) a n d 

b ) m a x i m i s e t h e a m o u n t o f r e g e n e r a t e d h y d r o g e n 

i o n o w i n g t o t h e t e t r a h e d r a l s u b s t i t u t i o n s o f 

a l u m i n i u m f o r s i l i c o n i n t h e l a y e r l a t t i c e s 

( S e c t i o n s 3 . 3 . 4 a n d 4 . 5 ) . 

I n c o n c l u s i o n , t h e o p t i m u m c o n d i t i o n s f o r k i m b e r l i t e a l t e r a t i o n 

+ 3 + 
w e r e 1 . 4 - 1 . 5 M H , 0 . 2 5 - 0 . 3 5 M A l f o r a 1 0 g - 1 1 8 0 + 8 5 0 y m f e e d r e a c t e d 

a t 100°C f o r 7 h . 

5 . 3 S e m i - C o n t i n u o u s A l t e r a t i o n o f K i m b e r l i t e a t 100°C 

5 . 3 . 1 A p p a r a t u s a n d p r o c e d u r e s , • 

I n d e s i g n i n g t h e n e w a p p a r a t u s p a r t i c u l a r c o n s i d e r a t i o n w a s 

g i v e n ( S e c t i o n 5 . 4 . 2 ) t o : 

a) t h e c o n t i n u o u s r e m o v a l o f a l t e r e d p r o d u c t f r o m 

t h e s i t e o f t h e r e a c t i o n 

b ) t h e c o n t i n u o u s m o n i t o r i n g o f t h e p H o f t h e 

s o l u t i o n , a n d 

c ) t h e m i n i m i s a t i o n o f t h e s o l u t i o n / f e e d r a t i o . 

T h e a p p a r a t u s e m p l o y e d i s s h o w n in F i g u r e s 5 . 3 . 1 , 5 . 3 . 2 a n d 
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0-150°C 

t h e r m o m e t S T 

3 r e a g e n t 

a d d i t i o n 

p o i n t s , 

2 s h o w n 
t o c o n d e n s e r 

P T F E 

' c a r t r i d g e ' 

B 4 5 g l a s s 

g r o u n d j o i n t 

h e a t i n g w i r e 

a n d i n s u l a t i o n 

7 5 / 6 0 0 y m 

s c r e e n 

l e d g e 

s e t t l i n g 

c h a m b e r 

u n d e r s i z e 

d r a w p o i n t 

5 m m d i a m e t e r g l a s s 

r o d g r o o v e d s t i r r e r 

r e c y c l e d 

s o l u t i o n 

s o l u t i o n (and f i n e s o l i d s ) 

t o c o n d e n s e r p H / s a m p l i n g 

p o i n t , p e r i s t a l t i c p u m p 

5 0 * 

F i g u r e 5 . 3 . 1 S e m i - c o n t i n u o u s a l t e r a t i o n a p p a r a t u s 



k i m b e r l i t e 

+ r e a g e n t s 

s u b - s c r e e n p r o d u c t 

F i g u r e 5 . 3 . 2 D i a g r a m r e p r e s e n t i n g c i r c u l a t i o n o f r e a c t i o n s o l u t i o n . 
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P l a t e s 5 . 1 a n d 5 . 2 . T h e r e a c t i o n v e s s e l , w h i c h i s s h o w n t o g e t h e r w i t h 

t h e p r e - h e a t i n g t u b e s i n F i g u r e 5 . 3 . 1 , w a s l o c a t e d i n t h e c e n t r a l r e g i o n 

o f t h e e x p e r i m e n t a l r i g i l l u s t r a t e d i n P l a t e 5 . 1 . R e f e r r i n g t o F i g u r e 

5 . 3 . 1 : t h e r e a c t i o n v e s s e l c o n s i s t e d o f t w o P y r e x t u b e s c o n n e c t e d b y a 

B 4 5 Q u i c k f i t j o i n t . T h e o v e r a l l l e n g t h a s s h o w n w a s 2 8 7 m m w i t h a n 

i n t e r n a l v o l u m e 3 2 0 m l . T h e l o w e r h a l f o f t h e r e a c t i o n v e s s e l 

c o n s i s t e d o f a m a l e g l a s s g r o u n d j o i n t , c y l i n d r i c a l r e a c t i o n c h a m b e r 

a n d a c o n i c a l s e t t l i n g c h a m b e r , t o w h i c h a 6 m m b o r e P T F E t a p h a d b e e n 

a f f i x e d t o a c t a s a n ' u n d e r s i z e ' d r a w p o i n t . T h e u p p e r h a l f o f t h e 

v e s s e l c o n s i s t e d o f a f e m a l e B 4 5 g l a s s g r o u n d j o i n t , t o w h i c h t h r e e 

r e a g e n t a d d i t i o n p o i n t s a n d a n o u t l e t f o r a B 2 4 Q u i c k f i t c o n d e n s e r w e r e 

a t t a c h e d . T h e t h r e e r e a g e n t a d d i t i o n p o i n t s c o n s i s t e d o f B I O t u b e s 

f i t t e d w i t h S o v i r e l 1 5 m m s c r e w c a p s . A t h e r m o m e t e r w a s u s u a l l y p l a c e d 

i n o n e , a 1 0 m l b u r e t t e i n a n o t h e r w i t h t h e t h i r d b e i n g u s e d f o r o t h e r 

p u r p o s e s s u c h a s s t i r r i n g . 

A P T F E ' c a r t r i d g e ' ( P l a t e 5 . 2 ) c o n s i s t i n g o f t w o c l o s e l y 

f i t t i n g (31 m m i n t e r n a l d i a m e t e r ) t u b e s 87 m m a n d 2 8 m m i n l e n g t h , 

h o l d i n g t h e s c r e e n d e c k , w a s s u p p o r t e d w i t h i n t h e l o w e r h a l f o f t h e 

r e a c t i o n v e s s e l o n a g l a s s l e d g e a s s h o w n i n F i g u r e 5 . 3 . 1 . T h i s 

' c a r t r i d g e ' c o n t a i n e d t h e
-

k i m b e r l i t e c h a r g e , w h i c h w a s s u p p o r t e d o n 

7 5 y m o r 6 0 0 y m m e s h M o n e l a l l o y d i s c s ( F i g u r e 5 . 3 . 1 ) . T h i s s c r e e n 

d e c k p r e v e n t e d l a r g e k i m b e r l i t e p a r t i c l e s f r o m f a l l i n g i n t o t h e s e t t l i n g 

c h a m b e r , w h i l e a t t h e s a m e t i m e f a c i l i t a t i n g p a s s a g e o f f i n e s a n d 

r e a g e n t s o l u t i o n s . 

T h e r e a c t i o n v e s s e l w a s f i t t e d w i t h a G a l l e n k a m p H E F - 4 8 0 - 0 7 0 B 

h e a t i n g w i r e , i n s u l a t e d b y c a l c i u m s i l i c a t e i m p r e g n a t e d m a t e r i a l a n d 

c o n n e c t e d t o a c i r c u l a t i o n s y s t e m ( F i g u r e 5 . 3 . 2 , P l a t e 5 . 1 ) a s f o l l o w s . 

The exit tube immediately below the screen deck was connected 

via a three-way tap to a water cooled condenser. The tap allowed the 
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Plate 5 . 2 Stirrer, reaction cartridge and unaltered/altered 

kimberlite. Four 40 mm long grooves were made 

along the length of a 5 mm diameter glass rod to 

produce the stirrer. The cartridge consists of 

three sections, one being the screen deck which is 

secured between two interlinking PTFE tubes. 

The left hand side of the plate shows a 25 g 

kimberlite c h a r g e . The right hand side shows the 

residual ^ 2 g altered +600 )im kimberlite after 

semi-continuous alteration using the most 

favourable conditions (see text : Figure 5.3.8). 
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c o n d e n s e r t o b e c l e a r e d o f a n y b l o c k a g e s w i t h t h e a i d o f a n a i r s t r e a m . 

T h e c o n d e n s e r w a s d e s i g n e d t o c o o l t h e r e a c t i n g m e d i u m p r i o r t o p H 

m e a s u r e m e n t . • I t w a s c o n n e c t e d i n t u r n t o a f u n n e l - T - p i e c e a r r a n g e m e n t 

w h i c h s e r v e d a s a n a c c e s s f o r a P y e U n i c a m 4 0 1 E 7 p H e l e c t r o d e , a 

r e a g e n t a d d i t i o n a n d s a m p l i n g p o i n t a s w e l l a s a ' s u r g e ' r e s e r v o i r . 

T h e T - p i e c e w a s a t t a c h e d t o a p e r i s t a l t i c p u m p w h i c h p u m p e d t h e s o l u t i o n 

b a c k t o t h e u p p e r h a l f o f t h e r e a c t i o n v e s s e l v i a a p r e - h e a t e r . T h e 

p r e - h e a t e r c o n s i s t e d o f f o u r g l a s s l o o p s (as s h o w n i n F i g u r e 5 . 3 . 1 ) 

w h i c h w e r e c a p a b l e o f r e h e a t i n g t h e s o l u t i o n t o 100°C
/
 d u r i n g a 

r e s i d e n c e t i m e o f 7 - 1 0 s . 

T h e f o l l o w i n g p r o c e d u r e w a s n o r m a l l y a d o p t e d : a 25 g - 1 1 8 0 + 8 5 0 y m 

o r - 6 . 1 8 + 3 . 1 8 m m k i m b e r l i t e s a m p l e w a s p l a c e d i n t h e P T F E c a r t r i d g e 

( w h i c h w a s f i t t e d w i t h e i t h e r a 7 5 \im o r 6 0 0 y m m e s h d i s c r e s p e c t i v e l y ) , 

a n d t h e a p p a r a t u s a s s e m b l e d a s s h o w n i n P l a t e 5 . 1 . A v o l u m e o f 9 0 - 1 0 0 m l 

o f d i s t i l l e d w a t e r w a s a d d e d d e p e n d i n g o n t h e c o n c e n t r a t i o n o f a c i d t o 

b e u s e d i n t h e t e s t . A f e e d / r e a g e n t v o l u m e r a t i o o f ^ 1 : 4 w a s e m p l o y e d 

t h r o u g h o u t , a s i n e a r l i e r w o r k . A w e i g h e d c h a r g e o f h y d r a t e d a l u m i n i u m 

c h l o r i d e w a s a d d e d t o t h e w a t e r v i a t h e p H m e a s u r i n g p o i n t . A s t e a d y 

f l o w (.of a b o u t 1 0 0 m l / m i n
!

 w a s t h e n e s t a b l i s h e d p r i o r t o h e a t i n g . T h e 
y 

h e a t i n g c u r r e n t w a s s l o w l y i n c r e a s e d , u s i n g a s m a l l v a r i a c , u n t i l a 

t e m p e r a t u r e o f 100°C w a s r e c o r d e d i n t h e r e a c t i o n c h a m b e r . K n o w n 

v o l u m e s o f 1 1 . 5 M A n a l a r h y d r o c h l o r i c a c i d w e r e a d d e d f r o m a 1 0 m l b u r e t t e . 

W h e n a - 1 1 8 0 + 8 5 0 y m f e e d w a s e m p l o y e d s o l i d s a t t r i t i o n w a s 

p r o v i d e d b y t h e i n t e n s e b u b b l i n g a c t i o n o f t h e s o l u t i o n . H o w e v e r , w h e r e 

t h e l a r g e r s i z e d f e e d w a s e m p l o y e d ] a g r o o v e d s t i r r e r f a c i l i t a t e d 

a t t r i t i o n b e t w e e n t h e p a r t i c l e s . T h r o u g h o u t a t e s t , ( w h e r e u s e d ) t h e 

s t i r r e r s p e e d a n d i t s d e p t h o f imnle r s i o n i n t h e k i m b e r l i t e w e r e a d j u s t e d 

a s f a r a s w a s p o s s i b l e , b y e y e , t o m a i n t a i n a s t e a d y d e p o s i t i o n r a t e o f 

- 6 0 0 y m m a t e r i a l . 
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T h e s t i r r i n g a c t i o n ( w h e r e p r e s e n t ) , t h e t e m p e r a t u r e , 

c i r c u l a t i o n f l o w a n d p H w e r e c o n s t a n t l y m o n i t o r e d . S u b - s c r e e n m a t e r i a l 

w a s r e g u l a r l y w i t h d r a w n a n d f i l t e r e d , t h e f i l t r a t e b e i n g r e t u r n e d t o 

t h e s y s t e m v i a t h e p H m e a s u r i n g p o i n t . I n t h i s w a y , i n t e r a c t i o n b e t w e e n 

r e a g e n t s a n d f i n e s o l i d s c o u l d b e p r e v e n t e d . A t 1 . 5 - 2 . 5 h i n t e r v a l s 

t h e s o l u t i o n w a s s a m p l e d a n d f u r t h e r q u a n t i t i e s o f a c i d a n d a l u m i n i u m 

c h l o r i d e a d d e d a s a p p r o p r i a t e ( s e e l a t e r ) . O v e r a l l r e a c t i o n t i m e s 

d i d n o t e x c e e d 8 h . A f t e r t h e r e a c t i o n , t h e a p p a r a t u s w a s a l l o w e d t o 

c o o l t o ^ 80°C a n d t h e s o l u t i o n w a s w a s h e d o u t a n d f i l t e r e d . T h e 

' c a r t r i d g e ' w a s w i t h d r a w n a n d t h e r e s i d u a l c o a r s e k i m b e r l i t e a n d t h e 

s u b - s i e v e s i z e d p r o d u c t s e p a r a t e l y w a s h e d , f i l t e r e d , s c r e e n e d a n d 

w e i g h e d . T h e t o t a l r e a c t i o n s o l u t i o n w a s a n a l y s e d b y A A S . 

5 . 3 . 2 R e s u l t s a n d d i s c u s s i o n : - 1 1 8 0 + 8 5 0 y m f e e d 

T h e e x p e r i m e n t a l p r o c e d u r e w a s b a s e d o n t h e r e s u l t s o f t h e 

b a t c h t e s t w o r k a t 100°C ( S e c t i o n s 3 . 3 , 4 . 2 a n d 5 . 2 ) . A s a l t e r a t i o n w a s 

i n d u c e d b y a c i d h y d r o l y s i s f o l l o w e d b y / c o m b i n e d w i t h a l u m i n i u m i o n 

e x c h a n g e , a p r o c e d u r e i n v o l v i n g t h e c y c l i c a l a d d i t i o n o f r e a g e n t s w a s 

e m p l o y e d . T h e f u l l i m p o r t a n c e o f s u c h a d d i t i o n s w i l l b e c o m e e v i d e n t . 

R e s u l t s w e r e c o n v e n i e n t l y r e p r e s e n t e d a s p l o t s o f r e c o r d e d p H a g a i n s t 

t i m e . F i g u r e 5 . 3 . 3 , w h i c h r e l a t e d t o t h e f i r s t t e s t u s i n g a 2 5 g - 1 1 8 0 + 

8 5 0 y m f e e d , i s i l l u s t r a t i v e o f t h e r e s u l t s o b t a i n e d . T h e p H i n c r e a s e d -

a s t h e r e a c t i o n p r o c e e d e d , w h e r e a s t h e r a t e o f d e p o s i t i o n o f t h e - 7 5 y m 

p r o d u c t d e c r e a s e d . A s t h e p H a p p r o a c h e d 3 , t h e r a t e o f a c i d c o n s u m p t i o n 

(and t h u s t h e r a t e o f r e a c t i o n ) b e c a m e a l m o s t n e g l i g i b l e . F u r t h e r 

a d d i t i o n s o f 1 1 . 5 M A n a l a r h y d r o c h l o r i c a c i d w e r e c o n s e q u e n t l y m a d e as. 

i n d i c a t e d b y t h e v o l u m e v a l u e s i n t h e f i g u r e . 

T h e n a t u r e o f t h e a l t e r a t i o n p r o d u c t s w a s a l s o s t u d i e d . N o t i n g 

t h a t a s i g n i f i c a n t d r o p i n t h e r a t e o f d e p o s i t i o n o f a l t e r e d m a t e r i a l 



reaction time (h) 

0.51-

l.d 

10.0 2 . 5 1.5 1 . 5 

d i s s o l u t i o n 

c l a y p h a s e 

p r e c i p i t a t i o n 

e n d 

DOA = 32% 

a c i d a d d e d (ml) 

F i g u r e 5 . 3 . 3 p H / t i m e r e l a t i o n f o r s e m i - c o n t i n u o u s a l t e r a t i o n o f a 

25 g - 1 1 8 0 + 8 5 0 y m f e e d . 1 . 0 g A 1 C 1 6 H O c h a r g e 

a d d e d a t 0 h . 3 2 u> 
to 
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o c c u r r e d a t p H 2
r
s e p a r a t e - 7 5 y m f r a c t i o n s w e r e c o l l e c t e d , in o r d e r 

t o i n v e s t i g a t e a n y c h a n g e s i n p r o d u c t t y p e . X R D a n a l y s i s s h o w e d t h a t 

a s w e l l a s r e s i d u a l o l i v i n e a n d s e r p e n t i n e b e i n g d e p o s i t e d i n t h e - 7 5 y m 

o 

p r o d u c t , 1 4 A p h a s e s , c h i e f l y v e r m i c u l i t e s , f o r m e d i n t h e p H r e g i m e 0 . 4 - 2 , 

w h e r e a s c o m p a r a t i v e l y a m o r p h o u s o n e s w e r e d e p o s i t e d a t h i g h e r p H s . A h i g h 

i n i t i a l d e p o s i t i o n r a t e w a s o b s e r v e d a t t h e s t a r t o f e a c h r e a c t i o n c y c l e 
2+ 

a n d t h e s o l u t i o n h a d a m a r k e d g r e e n c o l o u r a t i o n (due t o F e i o n s ) , t h e 

p H b e i n g 0 - 1 . T h e d e p o s i t i o n r a t e p r o g r e s s i v e l y d e c r e a s e d a n d t h e 

l i b e r a t e d i o n s i n p a r t r e p r e c i p i t a t e d a s i n d i c a t e d b y t h e s o l u t i o n 

b e c o m i n g c o l o u r l e s s a t p H 2 . T h e r e s u l t s o f t h e p r e l i m i n a r y t e s t w o r k 

d e m o n s t r a t e d t h a t t h e m o s t e f f e c t i v e d e g r a d a t i o n t o o k p l a c e w i t h i n t h e 

p H r a n g e 0 - 2 . T h e s e r i e s o f e x p e r i m e n t s t h a t f o l l o w e d w e r e d e s i g n e d 

a c c o r d i n g l y . 

F i g u r e 5 . 3 . 4 s h o w s t h e p H - t i m e r e l a t i o n s h i p f o r a n o t h e r s e m i -

c o n t i n u o u s a l t e r a t i o n t e s t w h i c h i n v o l v e d a d d i t i o n o f a c i d w h e n t h e 

r e a c t i o n p H r o s e t o 2 . 0 , a s w e l l a s a n i n i t i a l c h a r g e o f 5 g h y d r a t e d 

a l u m i n i u m c h l o r i d e a t t h e s t a r t o f t h e r e a c t i o n . H o w e v e r , a l t h o u g h a 

D O A o f 4 5 % w a s o b t a i n e d , l i t t l e a l u m i n i u m a p p e a r e d t o b e u t i l i s e d i n 

c l a y m i n e r a l f o r m a t i o n , a s s h o w n b y A A S o f t h e r e s i d u a l s o l u t i o n . H e n c e 

o t h e r t e s t s w e r e c o n d u c t e d t o d e t e r m i n e t h e o p t i m u m a l u m i n i u m c o n c e n t r a t i o n 

f o r d e g r a d a t i o n . D e s p i t e v a r i o u s a l u m i n i u m c h l o r i d e c h a r g e s b e i n g 

t e s t e d tin t h e r a n g e 0 - 1 5 g ) , u s i n g c o m p a r a b l e q u a n t i t i e s o f a c i d , n o 

s i g n i f i c a n t c h a n g e i n t h e D O A o r t h e a l u m i n i u m u s e d w a s o b s e r v e d . 

F u r t h e r m o r e , i n c r e a s i n g t h e d o s a g e s o f t h e a c i d s u c h t h a t t h e t o t a l 

v o l u m e i n c r e a s e d f r o m 2 1 . 9 m l ( F i g u r e 5 . 3 . 4 ) t o 30 m l (not s h o w n , t h o u g h 

e q u i v a l e n t t o F i g u r e 5 . 3 . 4 ) d i d n o t a f f e c t t h e r e s u l t e i t h e r . 

F i g u r e 5 . 3 . 4 r e p r e s e n t s a t y p i c a l r e s u l t o b t a i n e d f o r t h e 

a l t e r a t i o n o f k i m b e r l i t e u s i n g 0 - 1 5 g h y d r a t e d a l u m i n i u m c h l o r i d e w i t h 

2 1 - 3 0 m l 1 1 . 5 M h y d r o c h l o r i c a c i d . A s s h o w n , e i g h t r e a c t i o n ' c y c l e s ' 
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w e r e a p p l i e d , t h e r a t e o f r e a c t i o n ( s h o w n b y t h e g r a d i e n t o f t h e p H 

c u r v e ) d e c r e a s i n g w i t h t i m e . T h e d u r a t i o n o f e a c h c y c l e w a s s e e n t o 

i n c r e a s e f r o m 0 . 5 h ( c y c l e 1 ) t o 1 . 7 5 h ( c y c l e 8 ) . C o m p a r i n g t h e 

r e s u l t s w i t h t h o s e f r o m b a t c h t e s t s i t c o u l d b e s e e n t h a t t h e D O A s , 

w h i c h v a r i e d f r o m 4 0 - 4 5 % a f t e r a 7 h r e a c t i o n , w e r e s l i g h t l y l a r g e r t h a n 

t h o s e o b t a i n e d u n d e r c o m p a r a b l e c o n d i t i o n s i n t h e p r e v i o u s t e s t w o r k . 

T h i s w a s a t t r i b u t a b l e t o t h e r e m o v a l o f f i n e s f r o m t h e s i t e o f r e a c t i o n 

w h i c h w a s n o t p o s s i b l e i n t h e a p p a r a t u s e m p l o y e d e a r l i e r . L a r g e r 

p r o p o r t i o n s o f t h e l i b e r a t e d i o n s a l s o a p p e a r e d t o r e m a i n i n s o l u t i o n 

i n t h e c a s e o f t h e s e m i - c o n t i n u o u s a l t e r a t i o n e q u i p m e n t c o m p a r e d t o t h e 

b a t c h a p p a r a t u s : 

a p p a r a t u s m e a n p r o p o r t i o n o f i o n e n t e r i n g s o l u t i o n (%) 

M g F e C a A l 

s e m i - c o n t i n u o u s 5 6 52 8 7 9 5 

b a t c h 25 2 0 75 7 0 

I t w a s e v i d e n t t h a t t h e r e a c t i o n s i n t h e s e m i - c o n t i n u o u s 

a p p a r a t u s i n v o l v e d a c i d h y d r o l y s i s in t h e m a i n , w h e r e a s a l u m i n i u m 

i n t e r a c t i o n t o f o r m c l a y m i n e r a l s ( a s n o t e d i n b a t c h t e s t s ) w a s s m a l l i n 

c o m p a r i s o n . T h e d r o p i n t h e r a t e o f r e a c t i o n a p p e a r e d t o r e f l e c t t h e 

b u i l d u p o f h y d r o l y z e d p r o d u c t s o m e o f w h i c h w a s l o o s e l y h e l d a n d b r o k e 

o f f e a r l y i n t h e r e a c t i o n t o j o i n t h e - 7 5 ]im f r a c t i o n . S u c h m a t e r i a l 

i n c l u d e d u n a l t e r e d k i m b e r l i t e w h i c h w a s p r e s u m a b l y c o a t e d w i t h s o f t e r 

( v e r m i c u l i t e ) p h a s e s . O t h e r h y d r o l y z e d p r o d u c t s w e r e m o r e t e n a c i o u s l y 

h e l d , d e s p i t e t h e a t t r i t i o n p r o c e s s , a n d i n d u e c o u r s e p r e v e n t e d r e a c t i o n 

b y i n c r e a s i n g t h e d i f f u s i o n p a t h l e n g t h t o t h e u n r e a c t e d c o r e o f 

k i m b e r l i t e . S u c h a c r u s t a p p e a r s t o h a v e b e e n s i l i c a r i c h , d u e t o t h e 

p a u c i t y o f t h i s s p e c i e s c o n c e n t r a t i o n i n s o l u t i o n c o m p a r e d w i t h t h o s e 

2 + 2 + 3 + 2+ 3+ 
o f t h e o t h e r i o n s , M g , F e a n d F e , C a a n d A l . T h i s c r u s t 
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c o n s i s t e d o f a l e a c h e d k i m b e r l i t e , t h e i n t e r s t i c e s o f w h i c h w e r e 

f i l l e d w i t h g e l a t i n o u s s i l i c e o u s p r o d u c t s . C o n s e q u e n t l y , a s i n d i c a t e d 

b y A A S a n a l y s e s , a l u m i n i u m i o n s r e q u i r e d l o n g e r t i m e s t h a n t h o s e 

a v a i l a b l e i n e a c h c y c l e t o p a r t i c i p a t e i n c l a y f o r m a t i o n a n d w a s 

t h e r e f o r e i n a c t i v e u n d e r t h e c o n d i t i o n s u s e d . R e g a r d l e s s o f c o n c e n t r a t i o n , 

t h e h y d r o g e n i o n s b e c a m e i n a c t i v e a s t h e h y d r o l y z e d p r o d u c t d i f f u s i o n 

l a y e r b u i l t u p . T h i s c o n c l u s i o n w a s v-er-iIpieck . b y t h e f a c t t h a t 

r e s i d u a l o l i v i n e a n d s e r p e n t i n e w e r e f o u n d i n b o t h t h e + 7 5 y m a n d - 7 5 y m 

f r a c t i o n s a f t e r 7 h a n d t h a t t h e s o l u t i o n w a s n o t s a t u r a t e d w i t h r e s p e c t 

to t h e m a j o r i o n s p e c i e s . 

5 . 3 . 3 R e s u l t s a n d d i s c u s s i o n : - 6 . 1 8 + 3 . 1 8 m m f e e d 

I n t h i s s e r i e s o f t e s t s a 6 0 0 y m s c r e e n w a s u s e d i n t h e r e a c t i o n 

c h a m b e r i n p r e f e r e n c e t o a 7 5 y m o n e ; 6 0 0 y m b e i n g t h e s m a l l e s t s i z e 

o f m a r k e t a b l e g e m q u a l i t y d i a m o n d s (.Section 1 . 2 . 2 ) . 

T h e r e s u l t o f a p p l y i n g s i m i l a r a l t e r a t i o n c o n d i t i o n s (to 

t h o s e e m p l o y e d i n S e c t i o n 5 . 3 . 2 ) t o t h i s l a r g e r - s i z e d f e e d w a s r e l a t i v e l y 

l i t t l e a l t e r a t i o n . T h e a d d i t i o n o f l a r g e r q u a n t i t i e s o f a c i d (47 m l o f 

1 1 . 5 M A n a l a r h y d r o c h l o r i c a c i d ) a s s h o w n i n F i g u r e 5 . 3 . 5 a p r o d u c e d a 

l o w e r r a t e o f r e a c t i o n . T h i s w a s i n d i c a t e d f r o m t h e g r a d i e n t o f t h e p H -

t i m e p l o t . I n t h e f i g u r e t h e p H o n l y i n c r e a s e d t o 1 a f t e r 1 h , w h e r e a s 

p H 2 w a s r e a d i l y a c h i e v e d a f t e r h a l f t h e t i m e w h e n t h e s m a l l e r ( - 1 1 8 0 + 

8 5 0 y m ) f e e d w a s t e s t e d . E x a m i n i n g s e c t i o n s o f t h e r e s i d u a l p a r t i c l e s 

r e v e a l e d t h a t a c o n c e n t r i c r e a c t e d l a y e r s u r r o u n d e d a c o r e o f r e l a t i v e l y 

f r e s h k i m b e r l i t e ( F i g u r e 5 . 3 . 5 b ) . A l t h o u g h s c a n n i n g e l e c t r o n m i c r o -

p h o t o g r a p h s h a d s h o w n t h a t s u c h s m o o t h c o n c e n t r i c l a y e r i n g o f f r e s h a n d 

a l t e r e d l a y e r s d i d n o t o c c u r i n t h e c a s e o f t h e - 1 1 8 0 + 8 5 0 y m p a r t i c l e s , 

s u c h a s h r i n k i n g c o r e m o d e l a p p e a r e d t o h o l d f o r t h e l a r g e r - 6 . 1 8 + 3 . 1 8 m m 

f e e d . H o w e v e r , b y r u b b i n g p a r t i a l l y r e a c t e d p a r t i c l e s a g a i n s t o n e 
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a n o t h e r i t c o u l d b e s e e n t h a t t h e s e r e a c t e d l a y e r s w e r e f r i a b l e a n d 

c o n s i d e r a b l y l e s s c o m p e t e n t t h a n t h e f r e s h k i m b e r l i t e . W a s h i n g a b e d o f 

t h e s e p a r t i c l e s u n d e r a p o w e r f u l w a t e r j e t , h o w e v e r , d i d n o t b r e a k u p 

t h e p a r t i c l e s . A g r o o v e d s t i r r e r , a s d e s c r i b e d i n S e c t i o n 5 . 3 . 1 , w a s 

s u b s e q u e n t l y i n t r o d u c e d t o t h e s y s t e m ( F i g u r e 5 . 3 . 1 a n d P l a t e s 5 . 1 a n d 

5 . 2 ) . 

B y r o t a t i n g t h e 5 m m d i a m e t e r g r o o v e d g l a s s r o d i n a p a c k e d 

b e d o f t h e s e p a r t i c l e s i n t h e P T F E c a r t r i d g e i t w a s s e e n t h a t t h e 

r e a c t e d l a y e r o f t h e p a r t i c l e s w a s a b r a i d e d a n d r e m o v e d . A b r a s i o n t o o k 

p l a c e n o t o n l y b e t w e e n t h e s t i r r e r a n d t h e k i m b e r i t e , b u t a l s o b e t w e e n 

t h e p a r t i c l e s t h e m s e l v e s . F r o m t h i s a c t i o n i t w a s e v i d e n t t h a t t h e 

d i m e n s i o n s o f t h e r e a c t i o n c h a m b e r a n d t h e m a s s o f t h e k i m b e r l i t e c h a r g e 

w o u l d h a v e a n i m p o r t a n t e f f e c t o n t h e e f f i c i e n c y o f t h e a t t r i t i o n . 

T h e i n t r o d u c t i o n o f t h e g r o o v e d s t i r r i n g a c t i o n h a d a d r a m a t i c 

e f f e c t o n t h e D O A , a s s h o w n i n F i g u r e 5 . 3 . 6 . I n t h e s e r i e s o f t e s t s , 

t h e r e s u l t s o f w h i c h a r e s u m m a r i s e d i n t h e f i g u r e , 0 - 6 . 4 g c h a r g e s o f 

h y d r a t e d a l u m i n i u m c h l o r i d e w e r e a d d e d t o t h e r e a c t i o n s o l u t i o n w i t h 

1 1 . 8 m l o f 1 1 . 5 M A n a l a r h y d r o c h l o r i c a c i d b e i n g a d d e d a t t h e s t a r t o f 

e a c h c y c l e . T h i s r e a g e n t a d d i t i o n p r o c e d u r e w a s p r e f e r r e d t o t h o s e 

d e s c r i b e d i n F i g u r e s 5 . 3 . 3 a n d 5 . 3 . 4 s i n c e e x t e n s i v e a l t e r a t i o n t h r o u g h 

a l u m i n i u m i n t e r a c t i o n h a d n o t b e e n a c h i e v e d . C o n s e q u e n t l y h i g h e r a c i d 

c o n c e n t r a t i o n s a t t h e s t a r t o f e a c h c y c l e h a d t o b e e m p l o y e d t o p r o m o t e 

g r e a t e r d e g r a d a t i o n (as i n f e r r e d f r o m t h e o p t i m u m c o n d i t i o n s d e t e r m i n e d 

i n S e c t i o n 5 . 2 ) . I n d e e d , a n i n c o m p l e t e t e s t u s i n g s u c h r e a g e n t 

c o n c e n t r a t i o n s y i e l d e d a D O A o f 6 0 % f o r a - 1 1 8 0 + 8 5 0 y m f e e d . 

A s s h o w n i n F i g u r e 5 . 3 . 6 o n l y t h r e e a d d i t i o n s o f a c i d w e r e 

r e q u i r e d t o r e d u c e m o r e t h a n 9 3 % o f t h e r o c k t o - 6 0 0 y m ( c f . a D O A o f 

4 5 % f o r a s i m i l a r t o t a l a c i d v o l u m e a s n o t e d i n S e c t i o n 5 . 3 . 2 ) . T h e 

r e m a i n i n g + 6 0 0 y m m a t e r i a l h a d a p p a r e n t l y r e a c t e d b u t h a d n o t p a s s e d 
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t h r o u g h t h e s c r e e n o w i n g t o t h e d e c r e a s i n g e f f i c i e n c y o f t h e s t i r r i n g 

a c t i o n , a s f e w e r p a r t i c l e s b e c a m e a v a i l a b l e f o r a t t r i t i o n . I t w a s 

e v i d e n t t h a t a m i n i m u m m a s s 2 g ) o f r o c k h a d t o b e p r e s e n t t o e n s u r e 

a t t r i t i o n b e t w e e n t h e p a r t i c l e s a n d t h e s t i r r e r . 

F i g u r e 5 . 3 . 6 g i v e s s o m e i n d i c a t i o n o f t h e i n f l u e n c e o f t h e m a t r i x o n 

o n t h e n a t u r e o f t h e r e a c t i o n . A t t h e s t a r t o f t h e e x p e r i m e n t t h e 

h i g h e s t r a t e o f r e a c t i o n w a s r e c o r d e d , t h e t r e n d b e i n g c o m p a r a b l e w i t h 

t h e p H - t i m e r e l a t i o n s o b s e r v e d f o r t h e s m a l l e r s i z e d f e e d . A g a i n , a 

m a r k e d g r e e n c o l o u r a t i o n w a s n o t e d w i t h a c o m p a r a t i v e l y h i g h d e p o s i t i o n 

r a t e ^ 0 . 0 6 g / m i n . T h e m a j o r i t y o f t h e s e p a r t i c l e s d e p o s i t e d a t t h i s 

t i m e w e r e r e l a t i v e l y c o a r s e , w i t h s i z e s r a n g i n g u p t o 6 0 0 y m . T h e 

s i z e o f p r o d u c t a n d r a t e o f . d e p o s i t i o n d e c r e a s e d a s t h e r e a c t i o n 

p r o g r e s s e d , a s o b s e r v e d b e f o r e . T h e c o l o u r o f t h e s o l u t i o n s f a d e d , a s 

in e a r l i e r t e s t s . T h e r a t e o f r e a c t i o n c o n t i n u e d t o d e c r e a s e , d e s p i t e 

t h e s e c o n d a d d i t i o n o f a c i d u n t i l t h e r e a c t i o n t i m e w a s a b o u t 2 . 3 h . 

T h e p H t h e n i n c r e a s e d r a p i d l y f r o m 0 . 7 t o 1 . 5 , i n a r e p r o d u c i b l e m a n n e r . 

I t w o u l d a p p e a r t h a t a d i f f u s i o n b a r r i e r t o t h e a l t e r a t i o n r e a c t i o n s 

w a s b u i l t u p a n d t h e n , g i v e n s u f f i c i e n t t i m e , b r o k e d o w n p r o b a b l y t h r o u g h 

t h e a t t r i t i o n p r o c e s s r e s u l t i n g i n e s s e n t i a l l y c o m p l e t e d e g r a d a t i o n o f 

t h e k i m b e r l i t e . A t t h e e n d o f t h e r e a c t i o n t i m e a c i d c o n s u m p t i o n h a d 

b e c o m e v e r y l o w . 

A d d i t i o n a l d a t a c o n c e r n i n g t h e r e a c t i o n s w a s p r o v i d e d f r o m 

e l e m e n t a l m a s s b a l a n c e s a n d X R D , t h e r e s u l t s o f w h i c h a r e s h o w n i n 

T a b l e 5 . 3 . 1 a n d F i g u r e 5 . 3 . 7 r e s p e c t i v e l y . I n t h e c a s e o f t h e f o r m e r , 

t h r e e s e p a r a t e - 6 0 0 y m p r o d u c t s w e r e o b t a i n e d , o n e f o r e a c h o f t h e 

t h r e e r e a c t i o n c y c l e s . T h e s o l u t i o n w a s s a m p l e d a t t h e e n d o f e a c h 

c y c l e , a t 1 . 2 , 3 a n d 4 . 5 h o u r s , a n d a r e r e p r e s e n t e d a s C I , C 2 , C 3 

r e s p e c t i v e l y i n t h e t a b l e . 
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T A B L E 5 . 3 . 1 E L E M E N T A L M A S S B A L A N C E D A T A F O R 

S E M I - C O N T I N U O U S A L T E R A T I O N O F 

K I M B E R L I T E : - 6 . 1 8 + 3 . 1 8 m m ; 

T H R E E R E A C T I O N C Y C L E S 

D I S T R I B U T I O N (%) M g S i F e C a A l 

p h a s e 

+ 6 0 0 7 . 9 8 . 9 8 . 4 7 . 4 8 . 1 

- 6 0 0 (CI) 4 . 2 1 3 . 4 4 . 2 1 . 2 5 . 4 

- 6 0 0 (C2) 1 1 . 9 4 3 . 7 1 3 . 3 4 . 3 2 1 . 6 

- 6 0 0 (C3) 9 . 2 3 0 . 6 9 . 8 3 . 1 1 0 . 8 

s o l u t i o n (CI) 1 8 . 4 1 . 1 1 6 . 8 3 2 . 1 1 0 . 8 

s o l u t i o n (C2) 4 5 . 9 2 . 0 3 7 . 8 5 5 . 6 3 2 . 4 

s o l u t i o n (C3) 6 6 . 7 3 . 4 6 4 . 4 8 4 . 0 5 4 . 0 

A S S A Y (%) 

+ 6 0 0 1 6 . 0 1 5 . 7 6 . 0 6 . 3 1 . 5 

- 6 0 0 (CI) 9 . 4 2 5 . 3 3 . 4 1 . 0 1 . 2 

- 6 0 0 (C2) 8 . 6 2 6 . 9 3 . 4 1 . 2 1 . 4 

- 6 0 0 (C3) 8 . 8 2 5 . 9 3 . 4 1 . 1 1 . 0 

H E A D 1 6 . 1 1 5 . 8 6 . 0 6 . 3 1 . 5 

A s c a n b e s e e n f r o m T a b l e 5 . 3 . 1 , t h e r e s i d u a l + 6 0 0 y m f r a c t i o n 

h a d t h e s a m e a s s a y v a l u e s (.for t h e f i v e e l e m e n t s ) a s t h e o r i g i n a l h e a d . 

T h i s r e s u l t w o u l d b e e x p e c t e d f o r a r e a c t i o n w h i c h w a s m o d e l l e d a s a 

s h r i n k i n g c o r e . W i t h t h e e x c e p t i o n o f s i l i c o n , a l a r g e p r o p o r t i o n o f 

t h e c o n s t i t u e n t c a t i o n s i n t h e a l t e r e d p a r t o f t h e k i m b e r l i t e r e p o r t e d 

t o t h e s o l u t i o n : n a m e l y 6 6 . 8 % o f t h e t o t a l m a g n e s i u m , 6 4 . 4 % o f t h e 

i r o n , 8 4 . 0 % o f t h e c a l c i u m , 5 4 . 0 % o f t h e a l u m i n i u m . A s m u c h a s 8 7 . 7 % 

o f t h e s i l i c o n r e p o r t e d t o a - 6 0 0 y m p h a s e . T h e h i g h e s t c o n t r i b u t i o n s 
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t o t h e d i s t r i b u t i o n v a l u e s i n t h e s e t s o f r e s u l t s f o r t h e - 6 0 0 y m 

p r o d u c t s a n d t h e s o l u t i o n g e n e r a t e d w e r e t h o s e d e d u c e d f r o m c y c l e 2 , 

t h e l o n g e s t r e a c t i o n c y c l e i n t h e t e s t . T h e o n l y e x c e p t i o n t o t h i s 

t r e n d w a s c a l c i u m , w h e r e a h i g h e r v a l u e , 3 2 . 1 % , w a s r e c o r d e d f o r c y c l e 1 . 

I t w o u l d a p p e a r t h a t w h e r e a s s u b s t a n t i a l p e n e t r a t i o n o f t h e k i m b e r l i t e 

b y t h e r e a g e n t s o c c u r r e d d u r i n g c y c l e 1 , r e a c t i o n s t a k i n g p l a c e i n 

c y c l e 2 h a d t h e m o s t s i g n i f i c a n t c o n t r i b u t i o n r e g a r d i n g t h e g e n e r a l 

d e g r a d a t i o n o f t h e k i m b e r l i t e . T h e - 6 0 0 y m p r o d u c t s h a d m u t u a l l y 

s i m i l a r a s s a y v a l u e s , b u t d i f f e r e n t f r o m t h e h e a d s a m p l e , t h u s 

i n d i c a t i n g t h e i r d i f f e r e n t c o m p o s i t i o n , a s d e m o n s t r a t e d b y X R D . 

X R D a n a l y s e s o f t h e - 6 0 0 y m p r o d u c t s o b t a i n e d f r o m c y c l e s 

1 , 2 a n d 3 a r e s h o w n i n F i g u r e 5 . 3 . 7 a , b . F i g u r e 5 . 3 . 7 a ( c y c l e 1 ) 

s h o w s t h a t t h e p r i n c i p a l m i n e r a l s p r e s e n t w e r e i n d e e d o l i v i n e , m i c a a n d 

s e r p e n t i n e , b u t a l s o p h y l l o s i l i c a t e a n d a m o r p h o u s p h a s e s , n o t a b l y 

1 4 . 7 - 1 5 A c l a y s . A s i m i l a r m i n e r a l o g i c a l c o m p o s i t i o n w a s o b s e r v e d f o r 

t h e - 6 0 0 y m p r o d u c t s f r o m c y c l e s 2 a n d 3 ( s u m m a r i s e d i n ' F i g u r e 5 . 3 . 7 b ) 

t h o u g h t h e c l a y p h a s e w a s n o t s o r e a d i l y a p p a r e n t b e c a u s e o f i t s l o w e r 

d e g r e e o f c r y s t a l l i n i t y a n d / o r i t s l o w e r c o n c e n t r a t i o n i n t h e p r o d u c t . 

o 

F i g u r e s 5 . 3 . 7 a , b a l s o s h o w e d t h a t p o o r l y c r y s t a l l i n e 1 1 A a n d a m o r p h o u s 

p h a s e s w e r e p r e s e n t . T h e l a t t e r w a s i n d i c a t e d b y t h e b r o a d e n v e l o p e 

i n t h e 2 . 4 9 - 5 . 1 5 A ( 1 8 - 3 6° 2 0 ) r e g i o n . T h i s m a y b e a s c r i b e d t o s i m p l e 

o x i d e s a n d h y d r o x y o x i d e s o f m a g n e s i u m , i r o n a n d a l u m i n i u m . T h e o 

p r e s e n c e o f a n 1 1 A p h a s e w o u l d b e e x p e c t e d f r o m c o n s i d e r a t i o n s o f t h e 

r e a c t i o n m e c h a n i s m a s d e s c r i b e d i n S e c t i o n 4 . 5 . 

W h e r e a s s y s t e m s e m p l o y i n g h y d r o c h l o r i c a c i d o n l y wexje 

s u c c e s s f u l i n a l t e r i n g t h e k i m b e r l i t e , t h e e f f e c t o f t h e a d d i t i o n o f 

e x t r a a l u m i n i u m w a s s m a l l ? t h e a l t e r a t i o n r e a c t i o n s b e i n g s i m i l a r t o 

t h o s e o b s e r v e d f o r h y d r o c h l o r i c a c i d ( S e c t i o n s 3 . 3 . 2 a n d 3 . 3 . 4 ) . 

N o t i n g t h e r e s u l t s o b t a i n e d f o r t h e k i n e t i c e x p e r i m e n t s i n 



F i g u r e 5 . 3 . 7 X - r a y d i f f r a c t o g r a m s f o r 

a ) - 6 0 0 y m p r o d u c t o b t a i n e d f r o m c y c l e 1 f o r t h e s e m i - c o n t i n u o u s 

a l t e r a t i o n o f k i m b e r l i t e d e s c r i b e d i n F i g u r e 5 . 3 . 6 . 

b ) - 6 0 0 y m p r o d u c t s o b t a i n e d f r o m c y c l e s 2 a n d 3 f o r t h e s a m e 

t e s t 

c) -600 ym products from cycles 1, 2 and 3 for the semi-continuous 
alteration of kimberlite described in Figure 5 . 3 . 8 . 
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S e c t i o n 4 . 2 . 3 i t a p p e a r e d t h a t a l u m i n i u m e n t e r e d i n t o t h e c o a r s e 

p h a s e a f t e r 1 . 5 h . B y a l l o w i n g t h e f e e d t o r e a c t w i t h t h e a l u m i n i u m -

c h a r g e d s o l u t i o n f o r 1 . 5 h b e f o r e a n y a t t r i t i o n t o o k p l a c e b y s t i r r i n g , 

t h e a d d i t i o n o f t h e c a t i o n w a s f o u n d t o h a v e a p o s i t i v e e f f e c t . T h e 

p H - t i m e r e l a t i o n s h i p f o r t h i s t e s t i s s h o w n i n F i g u r e 5 . 3 . 8 . 

A s s h o w n i n t h e f i g u r e , t h e o v e r a l l r e a c t i o n t i m e w a s 7 . 5 h 

( c f . 4 . 5 h o u r s , F i g u r e 5 . 3 . 6 ) b u t t h e s t i r r i n g t i m e r e q u i r e d t o 

r e d u c e m o r e t h a n 9 0 % o f t h e f e e d t o - 6 0 0 y m w a s o n l y 4 . 0 h . F u r t h e r m o r e , 

t h e r a t e o f r e a c t i o n a f t e r s t o r i n g s t a r t e d w a s g r e a t e r in c y c l e 2 t h a n 

t h a t r e c o r d e d i n F i g u r e 5 . 3 . 6 . D u r i n g t h e e x p e r i m e n t i t w a s n o t i c e a b l e 

t h a t t h e s t i r r i n g a c t i o n w a s f a c i l i t a t e d b y t h e i n c l u s i o n o f a l u m i n i u m 

u n d e r t h e s e c o n d i t i o n s . I n p r e v i o u s t e s t s t h e s t i r r e r b e c a m e j a m m e d 

b e t w e e n t h e p a r t i c l e s a n d c a r e h a d t o b e e x e r c i s e d t o p r e v e n t t h e g l a s s 

r o d f r o m b r e a k i n g . I n t h i s c a s e h o w e v e r t h e c o m p e t e n c y o f t h e r o c k 

a p p e a r e d t o b e r e d u c e d e v e n f u r t h e r . 

X R D a n a l y s i s o f t h e r e s i d u a l - 6 0 0 y m p r o d u c t s o b t a i n e d w e r e 

a s s h o w n i n F i g u r e 5 . 3 . 7 c . T h e r e w a s a s u b s t a n t i a l r e d u c t i o n i n t h e 

p r o p o r t i o n o f s e r p e n t i n e p r e s e n t c o m p a r e d w i t h t h e r e s u l t s o b t a i n e d i n 

F i g u r e 5 . 3 . 7 a , b a n d n e g l i g i b l e o l i v i n e . M i c a s p e r s i s t e d , a n d t h e r e 

o 

a p p e a r e d t o b e a h i g h e r c o n c e n t r a t i o n o f 1 1 - 1 5 A c l a y m i n e r a l p h a s e s . 

M a s s b a l a n c e a n a l y s i s s h o w e d t h a t s o m e 5 0 % o f t h e t o t a l a l u m i n i u m 

r e p o r t e d t o t h e s o l i d p h a s e , h e n c e r e a c t i n g t o f o r m c l a y p h a s e s , t o a n « 

e x t e n t a t l e a s t t e n t i m e s t h a t p r e v i o u s l y r e c o r d e d . T h e p r o p o r t i o n o f 

m a g n e s i u m a n d i r o n e x s o l v i n g f r o m s o l u t i o n a l s o a p p e a r e d t o i n c r e a s e , o 

t o f o r m 1 1 - 1 5 A c l a y p h a s e s a s o p p o s e d to s i m p l e h y d r o x y o x i d e 

c o m p o u n d s . T h e s i l i c o n d i s t r i b u t i o n w a s s i m i l a r t o t h a t d e s c r i b e d i n 

T a b l e 5 . 3 . 1 . T h e r e s i d u a l c a l c i u m a s s a y I n d i c a t e d t h a t 9 2 % o f t h e r o c k 

h a d b e e n p e n e t r a t e d b y t h e r e a g e n t s . 



reaction time (h) 

Figure 5.3.8 pH/time relation for semi-continuous alteration of 
kimberlite -6.18+3.18 ram feed. 2 g AICI3 6H2O added 
at 0 and 5.6 hours. Stirring started at S and stopped 
on further acid addition. 

CJ 
00 
Ln 
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5 . 4 D i s c u s s i o n : P r o c e s s D e s i g n 

I t i s n o t t h e p u r p o s e h e r e t o p r e s e n t a c o m p l e t e p r o c e s s 

d e s i g n a n d e c o n o m i c e v a l u a t i o n . S o m e c o n s i d e r a t i o n h a s , h o w e v e r , b e e n 

g i v e n t o t h e p o s s i b i l i t i e s o f t h e i n d u s t r i a l a p p l i c a t i o n o f k i m b e r l i t e 

h y d r o t h e r m a l a l t e r a t i o n w h i c h a r e l i n k e d , o f c o u r s e , t o d i a m o n d 

l i b e r a t i o n a t t h e n a t u r a l g r a i n s i z e , r a t h e r t h a n t o a n y p r o d u c t i o n 

o f a m a r k e t a b l e c l a y p r o d u c t . 

5 . 4 . 1 T h e s e m i - c o n t i n u o u s a l t e r a t i o n p r o c e s s : O p t i m i s e d c o n d i t i o n s 

T h e r e a c t i o n s c o n d u c t e d u s i n g t h e s e m i - c o n t i n u o u s a l t e r a t i o n 

e q u i p m e n t w e r e e f f e c t i v e i n r a p i d l y r e d u c i n g c o a r s e s i z e d p a r t i c u l a t e 

c h a r g e s t o a r e a d i l y d i s c a r d a b l e s o l i d p r o d u c t . L i b e r a t i o n o f d i a m o n d s 

( w h i c h a r e c h e m i c a l l y i n e r t u n d e r t h e c o n d i t i o n s u s e d ) a t t h e i r n a t u r a l 

g r a i n s i z e w o u l d r e s u l t . A g e n e r a l c o m p a r i s o n b e t w e e n t h e p r o c e s s a n d 

c o n v e n t i o n a l d i a m o n d e x t r a c t i o n p r o c e d u r e s i s g i v e n l a t e r . F e a t u r e s 

o f t h e n e w p r o c e s s a r e c o n s i d e r e d i m m e d i a t e l y b e l o w . 

T h e p r a c t i c e o f t h e r e m o v a l o f f i n a l p r o d u c t f r o m t h e s i t e 

o f r e a c t i o n b y a t t r i t i o n i n a c h e m i c a l a l t e r a t i o n p r o c e s s h a s b o t h 

a d v a n t a g e s a n d d i s a d v a n t a g e s i n t e r m s o f m i n e r a l p r o c e s s i n g . S u b -

s i e v e s i z e d p r o d u c t r e m o v e d t h r o u g h t h e p r o v i s i o n o f a s c r e e n d e c k a n d 

s e t t l i n g c h a m b e r e n h a n c e d t h e r a t e o f d e g r a d a t i o n in t w o r e s p e c t s . T h e 

f i r s t w a s t o s i m p l y p r o v i d e n e w k i m b e r l i t e s u r f a c e f o r c o n t i n u i n g 

t h e r e a c t i o n , t h u s m i n i m i s i n g r e a g e n t d i f f u s i o n a s m u c h a s p o s s i b l e , 

a n d t h e s e c o n d w a s t o p h y s i c a l l y r e m o v e f i n e s i z e d p r o d u c t f r o m t h e 

r e a c t i o n c h a m b e r t o p r e v e n t u n n e c e s s a r y a c i d c o n s u m p t i o n . 

R e m o v a l o f h y d r o l y z e d k i m b e r l i t e i m m e d i a t e l y a f t e r a c i d 

a t t a c k p r e v e n t e d t h e d e v e l o p m e n t o f p h y l l o s i l i c a t e s w i t h i n t h e c a v i t i e s 

f o r m e d in t h e k i m b e r l i t e , b y i n h i b i t i n g i n t e r - r e a c t i o n b e t w e e n t h e 

a l u m i n i u m i o n s w i t h t h e h y d r o l y s i s p r o d u c t s . D e l a y i n g t h e s t i r r i n g 

a c t i o n b y 1 . 5 h a f t e r a c i d a d d i t i o n , h o w e v e r , t o s o m e e x t e n t f a c i l i t a t e d 
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c l a y m i n e r a l f o r m a t i o n w i t h i n t h e k i m b e r l i t e . T h e r o c k s u b s e q u e n t l y 

b e c a m e l e s s c o m p e t e n t c o m p a r e d w i t h t h a t r e s u l t i n g f r o m s i m p l e a c i d 

l e a c h i n g p r o c e d u r e s . 

T h e r e i s s o m e r e a s o n i n a t t e m p t i n g t o m a x i m i s e t h e f o r m a t i o n 

o f p h y l l o s i l i c a t e s i n t h e a b o v e m a n n e r (as o p p o s e d t o t h e p r e c i p i t a t i o n 

o f c a t i o n i c h y d r o x i d e s ) : 

a ) t h e g r e a t e r d e g r e e o f c r y s t a l l i n i t y o f c l a y 

m i n e r a l s f a c i l i t a t e d t h e i r s e p a r a t i o n f r o m 

t h e u n r e a c t e d p r o d u c t , 

b ) t h e r e i s s o m e e v i d e n c e t h a t r e a c t i o n w i t h 

a l u m i n i u m r e d u c e d t h e e f f e c t i v e t h i c k n e s s o f t h e 

d i f f u s i o n l a y e r , b y f o r m i n g p r o d u c t s l e s s 

t e n a c i o u s l y h e l d t o t h e k i m b e r l i t e r e s i d u e a n d 

c) t h e f o r m a t i o n o f p h y l l o s i l i c a t e s f a c i l i t a t e s 

r e m o v a l o f s i l i c a f r o m t h e c o a r s e p a r t i c l e s a s 

w e l l a s p r e c i p i t a t i o n o f c a t i o n i c s p e c i e s 

c a u s i n g t h e a l t e r a t i o n p r o c e s s t o p r o c e e d f u r t h e r 

a c c o r d i n g t o t h e e q u i l i b r i u m ; 

h e a d m i n e r a l s s o l u t i o n p h a s e -«-»• c l a y m i n e r a l s ( 5 . 4 . 1 ) 

I n t h e a b s e n c e o f o t h e r c o n s t r a i n t s a l u m i n i u m s h o u l d b e 

c o n s i d e r e d a s a u s e f u l r e a g e n t . 

O n t h e b a s i s o f t h e w o r k c a r r i e d o u t o n t h e s e m i - c o n t i n u o u s 

a l t e r a t i o n a p p a r a t u s t h e o p t i m u m c o n d i t i o n s f o r t h e d e g r a d a t i o n o f 

W e s s e l t o n k i m b e r l i t e a r e a s f o l l o w s : 

A c i d : C y c l i c a l a d d i t i o n s o f h y d r o c h l o r i c a c i d a t 
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p H 5 2 t o y i e l d i n i t i a l c o n c e n t r a t i o n s o f 

1 . 4 M H
+ 

r 3+ 

A l u m i n i u m :
1

S t e a d ^ s t a t e ' c o n c e n t r a t i o n 0 . 0 8 M A l 

A t t r i t i o n : S t a r t e d 1 . 5 h a f t e r i n i t i a l c o n t a c t 

b e t w e e n k i m b e r l i t e a n d a c i d a d d i t i o n s 

T e m p e r a t u r e : 100°C 

F u r t h e r a l t e r a t i o n s t u d i e s r e l a t i n g e i t h e r t o o t h e r 

k i m b e r l i t e s o r s c a l i n g - u p t h e p r e s e n t w o r k m i g h t t a k e t h e s e v a l u e s 

a s a s t a r t i n g p o i n t . 

5 . 4 . 2 P r o c e s s c o n s i d e r a t i o n s 

I n a d d i t i o n t o t h o s e p r o c e s s e s d e s c r i b e d , i m p o r t a n t o p t i o n s 

f o r s t u d y w o u l d i n c l u d e r e a c t i o n s c a r r i e d o u t u n d e r a m b i e n t c o n d i t i o n s 

o f t e m p e r a t u r e a n d p r e s s u r e f o r l o n g t i m e p e r i o d s . I n t h i s s e c t i o n a 

b r i e f c o m p a r i s o n i s m a d e b e t w e e n t h r e e p o s s i b l e o p t i o n s w h i c h a r e 

d e s c r i b e d i n t h e T a b l e 5 . 4 . 1 : a l o n g t e r m l e a c h , L ; a l o n g t e r m l e a c h — 

a l t e r a t i o n p r o c e s s , L T A ; a n d a h y d r o t h e r m a l a l t e r a t i o n p r o c e s s , H T A . 

T A B L E 5 . 4 . 1 P R O C E D U R E S A D O P T E D F O R L O N G - T E R M 

A N D S H O R T - T E R M D E G R A D A T I O N P R O C E S S E S 

M a s s o f - 6 . 1 8 + 3 . 1 8 m m 

f e e d (g) 

R e a g e n t v o l u m e (ml) 

I n i t i a l a c i d 

c o n c e n t r a t i o n (M) 

I n i t i a l a l u m i n i u m 

c o n c e n t r a t i o n (M) 

T e m p e r a t u r e (° C) 

D u r a t i o n (h) 

L 

10.0 

4 0 

6 . 6 5 

25 

2880 

P r o c e d u r e 

L T A H T A 

1 0 . 0 2 5 . 0 

4 0 

1 . 5 

25 

2880 

100 

1 . 4 

0 . 4 4 0 . 0 8 

100 

8 
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W h e r e a s t h e a c i d l e a c h t e s t , L , c o n s i s t e d o f o n e b u l k 

a d d i t i o n o f r e a g e n t a t t h e s t a r t o f t h e t e s t , c y c l i c a l a d d i t i o n s o f 

t h e r e a g e n t s w e r e m a d e i n t h e c a s e o f t e s t L T A o n e x h a u s t i o n o f t h e 

h y d r o g e n a n d a l u m i n i u m i o n s s u p p l i e d . T h r o u g h o u t t h e f o u r - m o n t h t i m e 

p e r i o d f o r L T A , t h e s o l u t i o n w a s r e p l a c e d o n c e , w i t h n e w r e a g e n t 

c o n c e n t r a t i o n s a s l i s t e d a b o v e . T h e p r o c e d u r e n o t e d f o r t e s t H T A 

h a s b e e n d i s c u s s e d b e f o r e , a n d r e l a t e d t o F i g u r e 5 . 3 . 8 . 

T h e r e s u l t s o f t h e t e s t s a r e e x p r e s s e d i n t e r m s o f t h e 

e f f e c t s o n a 25 g - 6 . 1 8 + 3 . 1 8 m m f e e d i n T a b l e 5 . 4 . 2 . 

T A B L E 5 . 4 . 2 C O M P A R I S O N O F T E S T E D A L T E R A T I O N 

P R O C E D U R E S 

P r o c e d u r e 

L L T A H T A 

D O A 6 0 . 0 3 9 . 1 9 2 . 0 

A c i d c o n s u m e d 1 0 5 57 7 1 

(% S R T D ) 

A c i d c o n s u m e d 

(% S R A V ) 

A l u m i n i u m c o n s u m e d 

(% S R A V ) 

% m a s s r e p o r t i n g 

a t - 6 0 0 y m 

% p e n e t r a t i o n b y 

r e a g e n t s 

N / A 1 6 6 2 0 5 

N / A 3 0 5 

2 2 3 1 

88 100 100 

N o t e s 

a ) S R T D r e p r e s e n t s " s t o i c h i o m e t r i c r e q u i r e m e n t f o r 

t o t a l d i s s o l u t i o n " . T h e n u m b e r o f h y d r o c h l o r i c 

a c i d m o l e s r e q u i r e d i s 0 . 5 2 f o r a 25 g k i m b e r l i t e 

c h a r g e . 

b ) S R A V r e p r e s e n t s " s t o i c h i o m e t r i c r e q u i r e m e n t f o r 

t o t a l a l t e r a t i o n t o v e r m i c u l i t e " . V e r m i c u l i t e 

w a s s e l e c t e d a s i t i s t h e m o s t c o m m o n a l t e r a t i o n 

p r o d u c t f o r m e d , a s o b s e r v e d i n t h e p r e s e n t s t u d y . 

F o r a 25 g k i m b e r l i t e c h a r g e S R A V ( h y d r o c h l o r i c a c i d ) 

= 0 . 1 8 m o l e s ; S R A V ( A l u m i n i u m c h l o r i d e ) = 0 . 1 7 m o l e s . 
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T a b l e 5 . 4 . 2 s h o w s t h a t r o o m t e m p e r a t u r e l e a c h i n g w i t h h i g h 

c o n c e n t r a t i o n s o f h y d r o c h l o r i c a c i d r e s u l t e d i n 4 0 % o f t h e f e e d 

r e m a i n i n g o v e r s i z e ( + 6 0 0 y m ) a f t e r 4 m o n t h s , b u t n e v e r t h e l e s s c o n s u m e d 

t h e f u l l s t o i c h i o m e t r i c r e q u i r e m e n t o f a c i d f o r t o t a l r e a c t i o n . T h e 

r e s i d u e a p p e a r e d t o c o n s i s t o f a h a r d r e s i d u a l s i l i c e o u s s k e l e t a l 

s t r u c t u r e i n w h i c h d i a m o n d s w o u l d p r e s u m a b l y r e m a i n e n t r a p p e d . T h i s 

r e s i d u a l h y d r o l y z e d p r o d u c t i n h i b i t e d r a p i d p e n e t r a t i o n o f t h e 

k i m b e r l i t e b y t h e r e a g e n t s a s i n d i c a t e d b y t h e r e s i d u a l c a l c i u m a s s a y 

a n d t h e r e s i d u a l a c i d c o n c e n t r a t i o n b e i n g 1 M H
+

 a f t e r 4 m o n t h s . T h i s 

d e g r a d a t i o n p r o c e d u r e w a s c l e a r l y u n a t t r a c t i v e f r o m t h e i n d u s t r i a l 

p o i n t o f v i e w , b e c a u s e t h e b a s i c c r i t e r i o n o f d i a m o n d l i b e r a t i o n w a s 

n o t a c h i e v e d d e s p i t e v i r t u a l l y c o m p l e t e l e a c h i n g o f t h e c o n s t i t u e n t 

c a t i o n s i n t h e k i m b e r l i t e . 

F o r t e s t L T A , t h e D O A w a s l o w e r t h a n t e s t L n a m e l y 3 9 % . 

H o w e v e r , t h e a c i d c o n s u m p t i o n w a s a l s o l o w e r a n d i t a p p e a r e d t h a t t h e 

r e a g e n t s w e r e m o r e e f f i c i e n t l y u t i l i s e d . T h e e x t e n t o f p e n e t r a t i o n w a s 

s l i g h t l y g r e a t e r , b u t d e s p i t e l a r g e q u a n t i t i e s o f a l u m i n i u m b e i n g 

c o n s u m e d ( 0 . 0 5 3 m o l e f o r a 2 5 g f e e d ) t h e a m o u n t o f - 6 0 0 y m a l t e r a t i o n 

p r o d u c t w a s s m a l l (2% o f t h e t o t a l m a s s ) . N o t i n g t h i s o b s e r v a t i o n , 

a n d t h a t t h e r o c k r e m a i n e d c o m p e t e n t , t h i s p r o c e s s t o o , p r o v e d t o b e 

u n a t t r a c t i v e f o r f u r t h e r d e v e l o p m e n t , d e s p i t e t h e l o w % S R T D a n d % S R A V 

v a l u e s f o r a c i d c o n s u m p t i o n ( T a b l e 5 . 4 . 2 ) . 

T h e r e a g e n t s a d d e d i n t e s t H T A w e r e t h e m o s t e f f i c i e n t l y 

u s e d o f t h e t h r e e t e s t e d p r o c e d u r e s . T h e t e s t s a t i s f i e d t h e c r i t e r i o n 

o f ( a l m o s t ) t o t a l d e g r a d a t i o n , a n d h e n c e l i b e r a t i o n o f a n y e n t r a i n e d 

v a l u e s . S l i g h t l y m o r e a c i d w a s c o n s u m e d t h a n i n t e s t L T A b u t t h e D O A 

v a l u e w a s 2 . 3 t i m e s a s l a r g e . F u r t h e r m o r e , o n e s i x t h o f t h e a l u m i n i u m 

.was c o n s u m e d a n d f i f t e e n t i m e s m o r e d i s c a r d a b l e w a s t e w a s g e n e r a t e d 

w i t h i n a s m a l l e r t i m e p e r i o d . F r o m t h e % S R T D a n d % S R A V v a l u e s i t 
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c o u l d b e s e e n t h a t t h e r e a c t i o n s w e r e a c o m b i n a t i o n o f h y d r o l y s i s 

t y p e s a n d t h o s e r e l a t i n g t o h y d r o l y s i s f o l l o w e d b y c l a y f o r m a t i o n . 

T h e h i g h e r t e m p e r a t u r e h a d a n i m p o r t a n t e f f e c t in t h a t i t i n c r e a s e d 

t h e m o b i l i s a t i o n o f s i l i c a f r o m t h e s i t e o f r e a c t i o n . ( I n c r e a s i n g 

t h e t e m p e r a t u r e f r o m 25 t o 100°C r a i s e s t h e s o l u b i l i t y o f a m o r p h o u s 

2 6 9 

s i l i c a b y a p p r o x i m a t e l y a f a c t o r o f 4 .) A l t h o u g h l i b e r a t e d s i l i c a 

l a t e r p o l y m e r i z e s t o f o r m s o l i d p r o d u c t s , w h e r e t h e l o c a l i s e d i o n 

c o n c e n t r a t i o n s a r e f a v o u r a b l e , t h e i m p o r t a n c e o f s o l u b i l i z a t i o n o f 

s i l i c a a t t h e s i t e o f r e a c t i o n w a s i l l u s t r a t e d b y t e s t w o r k c o n d u c t e d 

u s i n g s u l p h u r i c a c i d ( S e c t i o n 3 . 2 ) ; c o m p l e t e s o l u b i l i z a t i o n o f t h e 

k i m b e r l i t e b e i n g a c h i e v e d o n r a i s i n g t h e t e m p e r a t u r e f r o m 7 0 t o 100°C 

u n d e r o p t i m u m c o n d i t i o n s . 

A s c h e m a t i c f l o w s h e e t f o r a n e x t r a c t i o n p l a n t w h i c h w o u l d 

l i b e r a t e a n d c o n c e n t r a t e d i a m o n d s u s i n g t h e h y d r o t h e r m a l a l t e r a t i o n 

p r o c e s s i s g i v e n i n t h e f o r m o f a b l o c k d i a g r a m i n F i g u r e 5 . 4 . 1 . A 

p r e l i m i n a r y c o n c e p t u a l f l o w s h e e t i s g i v e n i n F i g u r e 5 . 4 . 2 . 

F i v e t y p e s o f u n i t o p e r a t i o n a r e i n v o l v e d : p r i m a r y c r u s h i n g , 

s c r e e n i n g , h y d r o t h e r m a l a l t e r a t i o n , w a t e r r e c o v e r y a n d i o n e x c h a n g e . 

A l t h o u g h t h e m a j o r i t y o f d i a m o n d l i b e r a t i o n w o u l d b e e f f e c t e d b y 

k i m b e r l i t e a l t e r a t i o n t h e r u n - o f - m i n e o r e w o u l d H a v e t o b e b r o k e n t o 

a ' m a n a g e a b l e ' s i z e . I n t h e f i g u r e t h i s s i z e i s t a k e n t o b e 3 0 0 m m , 

w h i c h i s t h r e e t i m e s t h e l o n g e s t d i m e n s i o n o f t h e l a r g e s t d i a m o n d 

e v e r f o u n d ( C u l l i n a n : 3 1 0 6 c a r a t s ) . T h e b r o k e n o r e i s t h e n s c r e e n e d 

i n t o v a r i o u s s i z e f r a c t i o n s t h e s m a l l e s t , t h e g e m s t o n e u n d e r s i z e ( s e t 

a t - 6 0 0 p m ) , b e i n g d i s c a r d e d . 

T h e k i m b e r l i t e i s s c r e e n e d i n t o v a r i o u s f r a c t i o n s r a t h e r t h a n 

b e i n g t r e a t e d a s a w h o l e i n o r d e r t o p r e v e n t a n y c r u s h i n g o f s m a l l 

k i m b e r l i t e p a r t i c l e s b y l a r g e r o n e s , a s w e l l a s t o i n d u c e b r e a k a g e a l o n g 

n a t u r a l p l a n e s o f w e a k n e s s - c o n s e q u e n t l y t h e s i z e o f k i m b e r l i t e 



Figure 5.2.3 General flowsheet for diamond recovery by 
hydrothermal alteration of kimberlite. 



F i g u r e 5 . 4 . 2 C o n c e p t u a l f l o w s h e e t f o r d i a m o n d 

r e c o v e r y b y h y d r o t h e r m a l a l t e r a t i o n 

o f k i m b e r l i t e . 

(RA d e n o t e s r e a g e n t a d d i t i o n p o i n t ) 
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w o u l d b e p r o g r e s s i v e l y r e d u c e d . T h e s e p a r a t e f r a c t i o n s a r e t h e n f e d 

s e p a r a t e d l y t o r e a c t i o n c h a m b e r s i n w h i c h t h e k i m b e r l i t e i s a l t e r e d 

a n d d e g r a d e d b y a c i d h y d r o l y s i s . R e s i d u a l t o p - s i z e d p r o d u c t f r o m e a c h 

c h a m b e r b e c o m e s t h e c o n c e n t r a t e w h i c h i s t h e n h a n d s o r t e d f o r 

m a r k e t i n g . T h e r e a c t i o n c h a m b e r u n d e r s i z e i s t h e n s c r e e n e d a g a i n a n d 

t h e f r a c t i o n s r o u t e d t o t h e n e x t r e a c t i o n c h a m b e r (as s h o w n i n 

F i g u r e 5 . 4 . 2 ) . 

T h e r e a c t i o n c h a m b e r s w o u l d h a v e t o b e o p e r a t e d o n a s e m i -

c o n t i n u o u s b a s i s s u c h t h a t r e s i d u a l u n r e a c t e d p r o d u c t ( d i a m o n d 

c o n c e n t r a t e ) c o u l d b e r e m o v e d . / P r o c e s s e d u n d e r s i z e ( w h i c h i n t h e 

c o n c e p t u a l f l o w s h e e t c o m p r i s e s t h e - 1 0 0 m m + 6 0 0 y m f r a c t i o n s ) h o w e v e r 

w o u l d b e c o n t i n u a l l y r e m o v e d a n d r e - r o u t e d t o f u r t h e r a l t e r a t i o n 

c h a m b e r s a s n o t e d a b o v e . T h e - 6 0 0 y m s o l i d s , w i t h t h e r e a c t i o n 

s o l u t i o n , w o u l d b e p u m p e d t o a t a i l i n g s r e s e r v o i r , d a m o r t h i c k e n e r 

w h e r e t h e s o l i d s w o u l d b e a l l o w e d t o s e p a r a t e , p e r h a p s u n d e r t h e 

i n f l u e n c e o f a f l o c c u l a n t . T h e s o l i d s - f r e e o v e r f l o w c o n t a i n i n g h i g h 

2 + 2+ 2+ 3+ 2 + 
c o n c e n t r a t i o n s o f v a r i o u s c a t i o n s ( n a m e l y M g , C a , F e , F e , N i ) 

i s d i r e c t e d t o a s e r i e s o f i o n - e x c h a n g e c o l u m n s w h e r e t h e s e i o n s w o u l d 

+ 
b e r e d u c e d m c o n c e n t r a t i o n u s i n g cation-ate r e s i n s m t h e (H ) f o r m . T h i s 

p r o c e d u r e w o u l d b e n e c e s s a r y s o a s t o p r e v e n t t h e r e a c t i o n s o l u t i o n 

b e c o m i n g s a t u r a t e d w i t h r e s p e c t t o t h e s e i o n s . T h e w a t e r w o u l d t h e n b e 

r e c y c l e d t o t h e a l t e r a t i o n c h a m b e r s a s i n d i c a t e d i n t h e f i g u r e s . T o 

r e g e n e r a t e t h e r e s i n , h y d r o c h l o r i c a c i d w o u l d b e a d d e d a n d t h e s e p a r a t e 

s o l u t i o n , h i g h l y c o n c e n t r & f a ^ i n m e t a l l i c c a t i o n s , d i r e c t e d t o a s e p a r a t e 

p a r t o f t h e t a i l i n g s d a m w h e r e t h e s e i o n s m a y b e r e - p r e c i p i t a t e d , p e r h a p s 

b y t h e a c t i o n o f s o d a - l i m e . A n y a s s o c i a t e d w a t e r c o n s e q u e n t l y n e e d 

p l a y n o f u r t h e r p a r t i n t h e p r o c e s s . T h e h y d r o c h l o r i c a c i d u s e d t o 

r e g e n e r a t e t h e r e s i n s w o u l d b e l i b e r a t e d d u r i n g t h e f o l l o w i n g c o n t a c t 

w i t h t h e t a i l i n g s d a m / t h i c k e n e r , o v e r f l o w , a n d b e u s e d t o f o r m p a r t 
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o f t h a t a c i d a d d e d a t t h e s t a r t o f e a c h r e a c t i o n c y c l e . ( S u p p l e m e n t a r y 

a c i d d o s a g e s a r e a d d e d d i r e c t l y a s s h o w n i n F i g u r e s 5 . 4 . 1 a n d 5 . 4 . 2 . ) 

T h e p r o c e s s d e s i g n w o u l d a l s o a l l o w f o r t h e i n c l u s i o n o f 

a l u m i n i u m a s a r e a g e n t . T h e a l u m i n i u m c h l o r i d e r e a g e n t w o u l d b e 

a d d e d a t t h e s t a r t o f e a c h c y c l e a n d t h e a t t r i t i o n p r o c e s s e s d e l a y e d 

s o a s t o e n s u r e t o t a l i n t e r a c t i o n b e t w e e n t h e r e a c t i n g k i m b e r l i t e a n d 

t h e c a t i o n ( c f . F i g u r e 5 . 3 . 8 ) . T h e c o n c e n t r a t i o n o f a l u m i n i u m in 

t h e r e a c t i o n s o l u t i o n l e a v i n g t h e r e a c t i o n c h a m b e r s s h o u l d b e m i n i m i s e d 

t o a v o i d l o s s d u r i n g i o n e x c h a n g e . 

In c o m p a r i s o n w i t h c o n v e n t i o n a l f l o w s h e e t s w h i c h r e l a t e t o 

t h e e x t r a c t i o n a n d c o n c e n t r a t i o n o f d i a m o n d s f r o m k i m b e r l i t e , t h e 

h y d r o t h e r m a l a l t e r a t i o n p r o c e s s o u t l i n e d i n F i g u r e s 5 . 4 . 1 a n d 5 . 4 . 2 

a p p e a r s t o a f f o r d t h r e e i m p o r t a n t a d v a n t a g e s . F i r s t l y d i a m o n d s c a n 

b e l i b e r a t e d a t t h e i r n a t u r a l g r a i n s i z e a s t h e l i k e l i h o o d o f a 

p r e v i o u s s t o n e b e i n g c r u s h e d i s m i n i m i s e d . O n l y a t t r i t i o n p r o c e s s e s 

a r e i n v o l v e d , in w h i c h t h e r e s i s t a n c e t o a b r a s i o n o f d i a m o n d i s 
i 

s u p e r i o r t o t h e a l t e r i n g k i m b e r l i t e . S e c o n d l y , t h e n a t u r e o f d i a m o n d 

l i b e r a t i o n b y t h e n e w p r o c e s s w o u l d y i e l d a n i n c r e a s e in r e c o v e r y 

c o m p a r e d w i t h c o n v e n t i o n a l p l a n t s . T h e r e c o v e r y a t F i n s c h i s p r e s e n t l y 

61 

a b o u t 7 0 % ) . I n c o n v e n t i o n a l p r o c e s s i n g , g r o u n d s t o n e s m a y b e l o s t i n 

t h e f i n e s o l i d s s t r e a m ( S e c t i o n 1 . 2 . 2 ) . T h i r d l y , t h e s i m p l i c i t y o f 

t h e p r o p o s e d f l o w h s e e t ( c f . F i g u r e s 5 . 4 . 1 a n d 1 . 2 . 3 ) s h o u l d p r o d u c e 

s a v i n g s i n t h e c a p i t a l c o s t o f p l a n t e q u i p m e n t . O p e r a t i o n a l c o s t s a r e 

d i f f i c u l t t o j u d g e a t p r e s e n t . 

T h e u s e o f h y d r o c h l o r i c a c i d a s a b u l k r e a g e n t a n d t h e 

e m p l o y m e n t o f e l e v a t e d t e m p e r s . L u r e s r e p r e s e n t l a r g e c o s t c e n t r e s i n 

t h e o p e r a t i o n o f a hydrotherjirial a l t e r a t i o n p l a n t a n d w o u l d n e e d d e t a i l e d 

c o n s i d e r a t i o n i n a f u l l e c o n o m i c e v a l u a t i o n . A l t h o u g h t h e a c i d 

r e q u i r e m e n t s a r e l e s s t h a n t h o s e f o r c o m p l e t e d i s s o l u t i o n t h e y w o u l d 
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s t i l l b e l a r g e i . e . ^ 5 0 0 1 / t o n n e o f k i m b e r l i t e a t £ 0 . 0 6 / 1 h y d r o c h l o r i c 

a c i d . T h e n e e d t o e m p l o y 1 . 4 - 1 . 5 M h y d r o c h l o r i c a c i d c o n c e n t r a t i o n s a l s o 

r a i s e s p r o b l e m s w i t h r e g a r d t o c o r r o s i o n . I n p r a c t i c e , t h e r e a c t i o n 

c h a m b e r s a n d a t t r i t i o n m e c h a n i s m s w o u l d h a v e t o b e f i t t e d w i t h 

r e p l a c e a b l e c h e m i c a l l y i n e r t l i n e r s ( e . g . s p e c i a l i s e d r u b b e r s ) . 

H o w e v e r , c o r r o s i o n w o u l d n o t b e s u c h a p r o b l e m e l s e w h e r e i n t h e p l a n t . 

T h e c o s t s i m p l i e d t h r o u g h t h e u s e o f e l e v a t e d t e m p e r a t u r e s 

c a n b e s e t a g a i n s t t h o s e i n c o n v e n t i o n a l c r u s h i n g a n d g r i n d i n g c i r c u i t s 

( w h i c h a r e o n l y ^ 2 % e f f i c i e n t " ) . 

A t h i r d c o s t c e n t r e r e l a t e s t o t h e p o s s i b l e i n c l u s i o n o f 

a l u m i n i u m a s a r e a g e n t i n t h e s y s t e m . 

T h e s e a n d o t h e r m a j o r c o s t c e n t r e s w o u l d h a v e t o b e c o n s i d e r e d 

a s p a r t o f a m o r e d e t a i l e d p r o c e s s s t u d y . 

I n c o n c l u s i o n , a l t h o u g h t h e r e a r e p r o b l e m s w i t h r e s p e c t t o 

d e v e l o p m e n t o f a c h l o r i d e m e d i u m - h y d r o t h e r m a l a l t e r a t i o n s y s t e m , i t 

w o u l d a p p e a r t h a t t h e p r o c e s s o f f e r s a n a l t e r n a t i v e m e t h o d o f d i a m o n d 

e x t r a c t i o n . F u r t h e r w o r k i s t h e r e f o r e r e c o m m e n d e d . 



397 

APPENDIX 1 

C H E M I C A L C O M P O S I T I O N S A N D M O D E O F 

F O R M A T I O N F O R K I M B E R L I T E M I N E R A L S A N D 

30-177 
T H E I R A L T E R A T I O N P R O D U C T S 

I n t h e f o l l o w i n g t a b l e t h e m i n e r a l n a m e , c h e m i c a l c o m p o s i t i o n 

a n d m o d e o f f o r m a t i o n a r e g i v e n i n t h e f i r s t , s e c o n d a n d t h i r d 

c o l u m n s r e s p e c t i v e l y . In t h e c a s e o f t h e l a t t e r , t h e n a t u r e o f o r i g i n 

i s a b b r e v i a t e d a s f o l l o w s : 

c o g n a t e (eg) 

a l t e r a t i o n p r o d u c t s - a u t o m e t a m o r p h i c (am) 

a l t e r a t i o n i n d u c e d b y h y d r o t h e r m a l f l u i d (hf) o r 

s u p e r g e n e (sp) a c t i v i t y 

T h i s t a b l e i s n o t m e a n t t o b e a c o m p l e t e l i s t b u t r a t h e r a 

c o l l e c t i o n o f t h o s e m i n e r a l s r e f e r r e d t o d i r e c t l y i n t h e t h e s i s . A 

f e w m i n e r a l s m e n t i o n e d n o t n o r m a l l y p r e s e n t i n k i m b e r l i t e s a r e 

i n c l u d e d . 

a c t i n o l i t e C a (Mg F e
1 1

) (Si 0 ) ( 0 H , F ) a m 2 . D o 2.2. 2. 

a l b i t e N a A l S i _ O (Ab) e g 
3 o 

a l l o p h a n e A l - S i O _ 5 H _ 0 h f 
2. b 2. 

a l m a n d i n e F e ^ A l
2
 S i

3
 0 ^

2
 e g 

a m e s i t e ( M g
4
 A l

2
> ( S i

2
 A l

2
) 0

1 Q
 (0H)g h f 
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a n a l c i t e 

a n d r a d i t e 

a n d u l u s i t e 

N a A l S i _ O ^ H - 0 
2 6 2 

C a
3
 P e

2
 S i

3
 o

u 

Al2 Sio,-

h f 

e g 

a m , e g 

a n h y d r i t e 

a n o r t h o s i t e 

a n t i g o r i t e 

C a S O . 

C a A l
2
 S i

2
 0

Q
 (An) 

( M g , F e , C a , A l )
3
 S i

2
 0

5
 (OH) 

h f ,sp 

e g 

c g , a m , h f 

a p a t i t e 

a p o p h y l l i t e 

a w a r u i t e 

C a
5
 ( P 0

4
) ( F , C I , 0 H ) 

* *
 C a

4
 ( S i

8
 O

2 0
} 8 H

2 ° 

F e N i 

h f 

h f 

c g , h f 

b a y e r i t e 

b e i d e l l i t e 

b i o t i t e 

b o e h m i t e 

b o w l i n g i t e 

A l (OH) h f 

( C a , N a )
3
 ( A l , M g , F e )

2
 ( S i , A l ) 0

1 Q
 ( 0 H )

2
 n H

2
0 h f 

K ( M g , F e
I : E

) ( F e ?
I 3 C

A l ) (Si A L ) 0 ( 0 , 0 H , F ) e g 

3 - 2 0 - 2
 1 U 

A L O O H h f 

m i x t u r e - n o f o r m u l a a v a i l a b l e h f , a m 

b r e u n n e r i t e 

b r o n z i t e 

b r u c i t e 

M g C O . 

II, 
( M g , F e )

2
 S i

2
 0

6 

M g ( O H ) . 

h f , s p 

e g 

h f 

c a l c i t e 

c h a m o s i t e 

c h a l c o p y r i t e 

C a C 0
3 

( P i I A l
2
) ( S i

2
A l

2
) 0

1 Q
 ( O H )

8 

C u F e S „ 

c g , h f 

h f ,am 

h f 

c h l o r i t e 

c h r o m i t e 

c h r y s o t i t e 

( M g , A l , F e )
6
 ( S i , A l )

4
 0

1 Q
 ( 0 H )

Q 

( M g , F e ) C r
2
0

4 

( M g , F e , C a , A l ) S i 0_ (OH) 
3 2 d 4 

a m , h f 

c g , h f 

c g , a m
/
h f 

c 1 i n o p y r o x e n e 

c o r u n d u m 

( M g , F e , C a , A l ' , N a , L i ) S i „ 0,. 
2 6 

A l

2 °3 

e g 

c g , h f 
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c u m m i n g t o n i t e ( M g ^ F e
1 1

) ( S i _ 0 ) (OH,F) a m 
/ o 22 2 

d i a m o n d C e g 

d i a s p o r e A 1 0 0 H h f 

d i c k i t e A l
2
 S i

2
 0

5
 ( 0 H )

4
 a m , h f 

d i o p s i d e C a M g S i
n
 0,. e g 
2. o 

d o l o m i t e C a M g ( C 0
3
)

2
 h f 

e c k e r m a n n i t e ( N a , K ) _ ( F e , M g , A l ) Si_ 0 -
o
 ( F , 0 H ) . a m 

2 D o 22 2 

e n s t a t i t e M g
n
 S i . 0 - e g 
2 2 O 

e p s o m i t e M g SC>
4
 7 H

2
0 s p , h f 

f a y a l i t e F e
2
 S i 0

4
 e g 

f e l d s p a r ( ( K , N a ) / ( N a , C a ) ) ( A l S i ) . 0
o
 e g 

4 o 

f o r s t e r i t e M g
2
 S i 0

4
 e g 

I I I I I 

g a r n e t ( M g , M n , F e ) ( C a , A l , F e C r ) S i
3
 C>

1 2
 e g 

g e d r i t e ( M g , F e , A l )
7
 A l

2
 S i

6
 0

2 2
 ( 0 H )

2
 a m 

g i b b s i t e A l (OH) h f , s p 

g l a u c o p h a n e N a ( M g , F e , A l ) _ S i _ 0 _
o
 (0H)_ a m 

2 5 8 22 2 

g o e t h i t e F e 0 0 H h f 

g r a p h i t e C e g 

g r o s s u l a r C a ^ A l
2
 S i

3
 0 ^

2
 e g 

g y p s u m C a S 0
4
 2 H

2
0 h f , s p 

h a e m a t i t e Fe_ 0 „ 
2 3 

h a l l o y s i t e A l
2
 S i

2
 0

5
 ( 0 H )

4
 2 H

2
0 h f 

h e c t o r i t e ( C a , N a )
3
 (.Mg,Li)

3
 ( S i , A l )

4
 0 (OH) n H

2
0 a m 

h e d e n b u r g i t e C a F e
1

^ S i 0 e g 
2 6 

h o r n b l e n d e N a C a C M g , F e , A l ) (Si A l ) 0 (OH) a m 
2 j 8 22 2 

h y d r o b i o t i t e ( K , H
3
0

+

) ( M g , F e , A l )
3
 ( S i , A l ) 0 (OH) a m 
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268 
hypersthene (Mg,Fe ) . Si- O_ eg 

2 2 6 

iddingsite mixture of chlorite minerals am,hf 

ilmenite Fe Ti 0
3
 eg 

illite K
5
 A l

2
 (Si Al)

4
 0

1 Q
 (0H)

2
 am,hf 

jadeite Na Al S i
2
 0

g
 eg 

jarosite K F e
3
 (S0

4
)

2
 (0H)

g
 sp,hf 

kaolinite Al_ Si
0
 0_ (OH) . hf 

2 2 5 4 

kyanite Al Si
2
 O

s
 eg,am 

lepidocrocite Fe OOH am,sp 

lepidolite K
2
 (Li,Al)

2
_

3
 (Si,Al) 0 (0H,F) am,eg 

leucite K Al Si. am 
2 6 

lizardite (Mg,Fe,Ca,Al)
3
 Si

2
 0

5
 (OH) cg,am,hf 

magnesite Mg C0
3
 hf,sp 

magnetite
 F e

3 °4 hf,am 

melilite (Ca,Na,K) (Mg,Fe,Al,Si) 0 eg 
2 3 / 

microcline K Al Si O eg 
3 3 

millerite Ni S hf 

monticellite Ca Mg Si0
4
 eg 

montmorillonite (Ca,Na)
 3
 (Al,Mg)

2
 Si

4
 0

 Q
 (OH) n H

2
0 am 

mullite Al
2
 Si0

5
 eg,am 

muscovite K Al
2
 (Si

3
 Al 0 ) (0H,F) eg,am 

nephaline Na Al Si 0
4
 eg 

nontronite (Ca,Na)
 3
 Fe

4
 (Si,Al) 0 (OH) nH

2
0 am 
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o l i v i n e ( C a , M g , F e ) S i 0 ^ e g 

o m p h a c i t e ( C a , N a ) ( M g , F e , A l ) S i _ 0 - e g 
2 O 

o r t h o p y r o x e n e ( M g , F e )
2
 S i

2
 0,. e g 

p a r a g o n i t e N a A l
2
 ( s i

3
 A l 0

1 Q
) ( 0 H )

2
 a m , h f 

p e n t l a n d i t e ( F 9 , N i )
g
 S

Q
 h f 

p h l o g o p i t e K ( M g , F e )
3
 (Si A l O ) ( 0 H , F )

2
 e g 

p i c o t i t e ( M g , F e ) ( A l , F e , C r )
2
 0 ^ e g 

p l a g i o c l a s e ( N a , C a ) ( A l , S i ) . 0 e g 4 3 

p y r i t e F e S
2
 h f , s p 

p y r o p e M g
3
 A l

2
 S i

3
 0 e g 

p y r o p h y l l i t e A l S i
4
 0

1 Q
 ( 0 H )

2
 a m , h f 

p y r r h o t i t e F e S h f 

q u a r t z S i 0 h f 

s a p o n i t e ( C a , N a ) M g
3
 ( s i , A l )

4
 0 (OH)

 n H

2
° a m , h f 

s e p i o l i t e ( N a , M g )
h
 ( S i , A l ) 0 2 H O axn,hf 2 3 o 2. 

s e r p e n t i n e ( M g , F e , C a , A l ) S i _ 0 _ ( O H ) . c g , a m , h f 
3 2 5 4 

s i l l i m a n i t e A l
2
 S i 0 ^ e g , a m 

s o d a l i t e N a A l
c
 Si,. 0 . . C l

0
 h f 

8 0 6 2 4 2 

s p e s s a r t i n e M n
3
 A l

2
 S i

3
 0 ^

2
 e g 

s p i n e l M g A l
2
 0 ^ e g 

s t e v e n s i t e M g
2
 ( M n , F e )

 Q 4
 S i

4
 0 <

0 H

)
2

 h f 

t a l c M g
3
 S i

4
 0

1 Q
 ( 0 H )

2
 a m , h f 

t r e m o l i t e C a
2
 M g

5
 ( S i

Q
 0

2 2
) ( 0 H , F )

2
 a m 

v e r m i c u l i t e ( M g , C a ) ( M g , F e , A l ) ( S i , A l ) 0
1 Q
 ( 0 H )

2
 4 H

2
0 a m , h f 

z e o l i t e ( C a , M a )
2
 A l S i

3
_

4
 0

1 Q
_

1 2
 2 - 7 H

2
0 h f 
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APPENDIX 1 

F O R M U L A E U S E D I N T H E E V A L U A T I O N O F 

S A M P L I N G A N D G R A I N C O U N T I N G E R R O R S 

181 

B a r b e r y ' s F o r m u l a 

T h i s i s u s e d t o e s t i m a t e t h e e r r o r i n v o l v e d i n s a m p l i n g a 

s i z e d f r a c t i o n : 

0
2

 = f p d
 3

/ P m o o o 

w h e r e 0 i s t h e r e l a t i v e e r r o r ; f . t h e s h a p e f a c t o r ; p ,the r e l a t i v e o' o' 
3 

d e n s i t y o f t h e m i n e r a l m q u e s t i o n ; d
Q
, t h e m e a n e d c u b e d s i z e o f 

t h e p a r t i c l e s ; P , t h e m a s s f r a c t i o n o f t h e t o t a l a n d m , t h e t o t a l 

m a s s . 

^ . - , 1 8 2 , 1 8 3 
G y ' s f o r m u l a 

T h i s e s t i m a t e s t h e e r r o r i n s a m p l i n g a q u a n t i t y f o r c h e m i c a l 

a s s a y : 

0
2

 = (P-S) f g 1 m d j L / P S 
9 5 

w h e r e 0 i s t h e r e l a t i v e e r r o r ; P , t h e p o p u l a t i o n m a s s ; S , t h e s a m p l e 

m a s s ; f , t h e s h a p e f a c t o r ; g , t h e s i z e f a c t o r ; l
y
t h e l i b e r a t i o n f a c t o r ; 

m . t h e m i n e r a l o g i c a l f a c t o r a n d t h e 9 5 % p a s s i n g s i z e . 95' 
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E r r o r s i n g r a i n c o u n t i n g 

T h e e r r o r i n e s t i m a t i n g t h e p r o p o r t i o n o f t h e p h a s e o f 

2 3 8 

i n t e r e s t (as b a s e d o n t h e B i n o m i a l T h e o r e m ) i s g i v e n b y 

2 
0

1
 = 4 ( 1 - p ) / p N

p
 x 

w h e r e 0 ^ i s t h e r e l a t i v e e r r o r ; p
y
 t h e p r o p o r t i o n o f t h e p h a s e o f 

i n t e r e s t ; N
p /

t h e n u m b e r o f f i e l d s o f v i e w ; x , t h e m e a n n u m b e r o f 

g r a i n s p e r f i e l d o f v i e w . 

T h e e r r o r o n x i s g i v e n b y 

0
2
 = 2 s / ( x 

w h e r e s i s t h e s t a n d a r d d e v i a t i o n o f t h e p o p u l a t i o n o f x . 

H e n c e t h e t o t a l e r r o r i s g i v e n b y 0
T
 : 

0 = (0
 2

 + 0
 2

)2 
T 1 2 
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APPENDIX 1 

PROGRAM CSDF : ANALYSIS OF 

COULTER COUNTER DATA 

The following printout lists the program written in 

FORTRAN to interpret the Coulter Counter data obtained, for the 

purposes of quantitative XRD analysis of olivine and serpentine. 

The program may be considered in four sections : 

a) Data input 

b) Calculation of cumulative per cent coarser/ 

finer for the data in accordance with the 

procedures described in the Operators' Handbook 

c) Linear regressions using the Gaudin-Schumann and 

"'.'•'Rosin-Rammler size distribution functions; 

employing subroutines GRAPH, EVAL and DEDUCT 

d) Output : consisting of parameters mentioned 

in (a), (b) and (c) above. 
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P R O G R A M C S O
r

 ( I N P U T * O U T ? U T » T A P E 6 = I N P U T . T A P E 7 = 0 U T P U T ) 
R E A L N 2 ( 2 0 ) 

R E A L C C 2 0 ) . 3 ( 2 0 ) , V ( 2 0 ) . D < 2 0 ) , N 1 ( 2 0 ) , V l ( 2 f l ) , X ( 2 0 ) , 
* Y ( 2 0 ) • T ( 2 0 ) • z ( 2 Q ) , J 1 ( 2 Q ) , G ( 2 * 3 ) 

R E A L W ( 2 0 ) . 4 1 ( 2 0 ) 
O I M F N S I O N C P " ( 9 ) 
R E A L K , P , 
I N T E G E R T o m 
I N T E G E R D A T A N O 
D A T A N O = 1 
R E A D ( 6 • 9 9 9 ) T O T A L 

C R E A O N O . O F 3 A T A P E R S A M P L E , C A L I 3 R A T I O N 
C A N O B A C K G R O U N D C O N S T A N T S 

1 R E A O ( 6 * 1 0 9 3 ) N , K , P 
W R I T E ( 7 . 1 0 53 ) 

C P R I N T T I T L E O F A N A L Y Z E O S A M P L E 
I F ( O A T A N O . E*). 1 ) W R I T E ( 7 , 2 0 0 0 ) 
I F ( O A T A N O . E 3 . 2 ) W R I T E ( 7 * 2 0 0 1 ) 
I F C O A T A N O . c Q . 3 ) W R I T E C 7 . 2 Q 0 2 ) 
I F ( O A T A N O . £ 3 . <f) W R I T E ( 7 . 2 0 0 3 ) 
I F ( O A T A N O • E 3 . 5 ) W R I T E ( 7 * 2 0 0 <») 
I F ( O A T A N O . £ 3 . 6 ) W R I T E ( 7 , 2 0 0 5 ) 
I F ( O A T A N O . E Q . 7 ) W R I T E ( 7 . 2 0 0 6 ) 
I F ( D A T A N O . E 3 . 8 ) W R I T E ( 7 , 2 0 0 7 ) 
D O 5 1 = 1 . N 
Y d ) = 0 . 0 

C R E A D R E C O R D E D ( C ) A N O 3 A C K G « 0 U N D ( 3 ) C O U N T S 
C A T T H R E S H O L D V A L U E S (\/) 

R E A D ( 6 , 1 0 0 1 ) C ( I ) » 3 ( I ) , V ( I ) 

S I Z E 0 

D ( I ) = K * ( V ( I) * * ( 1 . 0 / 3 . 0 ) ) 
5 C O N T I N U E 

V ( N + l ) = V ( N ) / 2 . 0 
D O 1 0 1 = 1 . N 
I F ( I . E Q . l ) G O T O 6 
N 2 ( I ) = N l ( I ) - N t ( I - i ) 

6 C O N T I N U E 
N 2 ( 1 ) = N 1 ( 1 ) 
V I ( I ) = ( V ( I + 1 ) + V ( I ) ) / 2 . 0 
X C I ) = N 2 ( I ) 1 ( I ) 
I F ( I . E Q . l ) 3 3 T O 8 
Y ( I ) = Y ( I - l ) f X ( I ) 

8 C O N T I N U E 
Y ( 1 ) = X ( 1 ) 

1 0 C O N T I N U E 

C A L C U L A T E I N T E R C E P T A T D = 0 

G R A O = ( A L O G (f M ) ) - A L O G ( Y ( N - t > ) ) / ( D ( N ) - D ( N - l ) ) 
Y ( N + 1 ) = £ X P ( A L C G ( Y ( N ) ) - G R A O * D ( N ) ) 
D I F F = A L O G ( Y ( S + 1 ) ) - A L O G ( Y ( N ) ) 
Y ( N + i ) = E X P ( A L O G ( Y ( N ) ) * D I F F / 3 . 0 ) 
N = N f i 
0 0 1 5 1 = 1 , N 
W ( I ) = Y ( I ) * 13 0 . 0 / Y ( N ) 
W 1 ( I ) — 1 0 0 . 0 - W ( I ) 

1 5 C O N T I N U E 
W R I T E ( 7 • 1 0 0 2 ) 
W R I T E ( 7 . 1 0 0 3 ) 
D O 2 0 1 = 1 . N 
P R I N T R E S U L T S 
W R I T E ( 7 . 1 0 Q

1

*) V ( I ) * C ( I . ) t B ( I I , 0 ( I ) * W ( I )
f
W l ( I ) 

2 3 C O N T I N U E 
C O M P U T E G A U D I N - S C H U M A N N F U N C T I O N 
W R I T E ( 7 . 1 0 0 5 ) 
W R I T E ( 7 , 1 0 0 5 ) 
N = N - 1 
M 5 = N 
D O 2 5 1 = 1 , N 
£ ( I ) = A L O G ( 0 ( D ) 
I F ( W 1 ( I ) . G E . 1 0 0 . 0 ) C A L L D E D U C T ( N 5 . E , V , I ) 
I F ( W 1 ( I ) . L E . 0 0 3 . 0 ) C A L L O E D U C T ( N 5 , E , V , 1 ) 
I F ( W 1 ( I) . L E . 0 0 0 . 0 ) G O T O 2 5 
I F ( W 1 ( I ) . G E . 1 0 0 . 0 ) G O T O 2 5 

V ( I ) = A L 0 G ( W 1 ( I ) / 1 0 0 . 0 ) 
2 5 C O N T I N U E 

C A L L G R A P H C E , V . A , O Z , N 5 , N ) 
W R I T E ( 7 , 1 0 0 7 ) D Z 
X G = E X P ( - A / D Z ) 
W R I T E ( 7 » 1 0 0 3 ) < 0 
W R I T E ( 7 . 1 0 0 9 ) 
0 0 3 0 1 = 1 , 6 
C P F ( I ) = 1 0 0 . 0 * ( ( F L O A T ( I ) * 1 0 . O / X O ) * * D Z ) 

3 0 C O N T I N U E " 
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W R I T E ( 7 , 1 0 10) C P F ( l ) , C P F ( 2 ) • C P F ( 3 ) , C P F ( ( » ) , C P F ( 3 ) 
* * C P F ( 6 ) ,CP F(7) 

C C O M P U T E R O S I N - R A M M L E R F U N C T I O N 
W R I T E ( 7 , 1 0 1 1 ) 
N 5 = N 
00 35 1 = 1 , N 
E< I) = AL GG ( D( I)) 
I F ( W C I ) . G E . 9 9 . 0 ) C A L L D E D U C T ( N 5 , E , V , I) 
I F ( W ( I ) . L E . O Q . O ) C A L L O E D U C K N5 , E , V. I) 
I F ( W ( I ) . 3 E . 9 9 . Q ) G O T O 35 
I F ( W ( I ) . L c . O O . O ) G O T O 3 5 
V ( I ) = A L O G ( A.3 3( 1 0 0 . 0 / W ( I ) n 

35 C O N T I N U E 
C A L L G R A P H ( i , A , D Z * N 5 , N ) 
W R I T E ( 7 , 1 0 1 2 ) DZ 
X O = E X P ( - A / 0 7 ) 
W R I T E ( 7 , 1 0 1 3 ) XO 
W R I T E ( 7 ,10 09) 
DO <f0 1=1,8 
G P F ( I ) = 10 0.0 * ( 1 . O - E X P ( - ( F L O A T ( I ) * 1 0 . O / X O ) * * O Z ) ) 

^0 C O N T I N U E 
W R I T E (7,10 10) G P F <1) , C

3

F (2) , C P F (3) , C P F U ) , C P F ( 5 ) 
* » C P F ( 6 ) , C P F ( 7 ) 
O A T A N O = O A T A N O U 
I F ( D A T A N 0 . G T . T O T A L ) G O T O 50 
G O T O 1 

5 0 C O N T I N U E 
9 9 9 F O R M A T (12) 

1 0 0 2 F O R M A T (2 X 3 H C G U L T E R C O U N T E R R E S U L T S ) 
10 03 F O R M A T ( / 5 X , 9 H T H R E S H O L D • S X , 5 H C O U N T , 8 X , 1 0 H 3 A C K G R 3 J N O , 

* 6 X , 8 H S I Z E ( U M ) , 3 X , 1 5 H C U M . 0 / 0 . C O A R S E R , 15H C U M . 0 / 0 . F I N E * ) 
100** F 0 R M A T ( 2 X , 6 ( 3 X , F 7 . 1 , 5 X ) ) 
10Q5 F O R M A T (//2X« 2 7 H S I Z E D I S T R I B U T I O N F U N C T I O N S ) 
1 3 0 6 F O R M A T (/2 X, 2 <*HG A U O I N - S C H U M A N N F U N C T I O N ) 
1 0 0 7 F O R M A T ( 2X , 2 H D I S T R I 3 U T I O N M O O U L U S = • F 5 . 3) 
1 0 0 8 F O R M A T ( 2 X , U H S I Z E M O D U L U S = , F 5 . 1 ) 
1 0 0 9 F O R M A T </2X. 3 6 H C U M U L A T I V E P E R C E N T A G E F R E Q U E N C I E S AT) 
1 0 1 0 F O R M A T ( 2 X , 2HI 0 , 2 X , F 5 . 1 , ̂ X , 2 H 2 0 , 2 X , F 5 . 1 , 5 X , 2 H 3 0, 2 X , F 5 . 1 , 5 X 

* , 2 H ^ 0 , F 5 . 1 , 5 X , 2 H 5 0 , 2 X , F 5 . i , 5 X , 2H6 0 , 2 X , F 5 . 1 , 5 X , 2 H 7 0 
* , 2 X , F 5 . 1) 

1.011 F O R M A T ( / 2 X , 2 2 H R O S I N - R A M M L E R F U N C T I O N ) 
1 0 1 2 F O R M A T ( 2 X , 2 3 H U N I F O R M I T r C O E F F I C I E N T = ,F5 . 3) 
1 0 1 3 F O R M A T ( 2 X , 2 3 H A 8 S O L U T E S I Z E C O N S T A N T = , F 5 . 1 ) 
1 0 5 0 F O R M A T (/2X,90 (*"-**)/) 
2 0 0 0 F O R M A T ( 2 X , 7 H 1 1 2 1 + 7 5 ) 
2 0 0 1 F O R M A T ( 2X , 7H 112J + 75 ) 
280 2 F O R M A T ( 2 X , 7 H 1 1 2 K f 7 5 ) 
2 0 0 3 F O R M A T ( 2 X , 7 H 1 1 2 L + 75) 
20 0 if F O R M A T ( 2 X , 7-iii2M + 75). 
2 0 0 5 F O R M A T ( 2X, 7 H 1 1 2 N + 75) 
2 0 0 6 F O R M A T ( 2 X , 7 U 1 2 P + 7 5 ) 
2 0 0 7 F O R M A T ( 2X , 7H 1 1 2 Q + 75) 

S T O P 
E N D 

S U B R O U T I N E 3 R A P H (E ,A , O Z , N 5 ,N) 
D I M E N S I O N T(2 0) , E < 2 0 ) W ( 2 0 ) ,G (2,3) 
s 1= 0 . 0 
S 2 = 0 • 0 
S3= 0.0 
S^=0« 0 
S 5 = 0 . 0 
S T U D E N T T - T E S T V A L U E S 
T ( l ) = 3 1 8 . 3 1 0 
T ( 2 ) = 2 2 . 3 2 7 
T(3)=10.215 
T ( ^ ) = 7 . 1 7 3 
T ( 5 ) = 5 . 8 9 3 
T ( 6 ) = 5 . 2 0 3 
T ( 7 ) = * . 7 3 5 
T ( 8 ) = ^ . 5 0 1 
T ( 9 ) = ^ . 2 9 7 
T(10)=A.1<+J» 
T(11)=^.025 
T ( 1 2 ) = 3 • 9 3 0 
T ( 1 3 ) = 3 . 8 5 2 
T(l*>)=3.737 
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00 100 1= 1 »N 
S1=SH-E(I) 
S2=S2+V(I) 
S3=S3+E (I) ** 2 • 0 

S5 = S5+V(I)**2.0 
100 CONTINUE 

G (1* 1) =N5 
G(1« 2) = S1 
G(1« 3)=S2 
G(2,1)=S1 
G(2« 2)=S3 
G(2.3)=S*f 
00 150 1=1,2 
DO 150 J=l«2 
IF(I-NE.J) CALL EVAL (a»IfJ) 

150 CONTINUE 
2X2 MATRIX I^ VERSION FOR LINEAR REGRESSION 
A=G(1«3)/G (1, 1) 
OZ=G (2*3)/G(2,2) 
R=(SV-S1*S2/FL0AT(N5) )/SQRT t A6SC(S3-S1**2.0<FLOAT(N5) 
)*(S5- i t s 2**2.0 )/FLOAT (N5 ) ) ) ) 

TS=R*SQR7(FLOAT(N5-2))/SQRT (1. 0-R**2 . 3) 
WRITE (7,10 l

1

*) R 

IF (TS.LE.T(N5-2)) GOTO ISO 
WRlTE (7 ,10 15) 

101<f FORMAT (2X ,2^ HC OR RELATION CCEFFICI ENT=,F7.5) 
1015 FORMAT (2X,30HSIG M F I C A N T L Y DIFFERENT FROM Q) 
160 CONTINUE 

RETURN 
ENO 

SUBROUTINE EVAL(G,I,J) 
DIMENSION G(2,3) 
F=G (I* I )/G (J« I) 
00 20 0 <i=lt3 -
G ( J, Kl) =G( J. Kl) * F-G (I•K1) 

200 CONTINUE 
RETURN 
END 

SUBROUTINE DEDUCT(N5,E,V, I) 
DIMENSION E( 20) , V(20) 
N5=N5-1 
E (I) = 0 • 0 
V(I)=0.0 
RETURN 
END 



1 1 2 1 * 7 5 
COULTER COUNTER RESULTS 

THRESHOLD COUNT BA:KGROUND 
5 1 2 0 . 0 0 0 
2 5 6 0 . 0 • 8 0 
1 2 8 0 . 0 2 . 3 0 

6 4 0 . 0 1 0 . 0 . 5 
3 2 0 . 0 4 3 . 0 2 . 0 
1 6 0 . 0 8 6 . 3 2 . 5 

8 0 . 0 1 7 5 . 0 11.0 
4 0 . 0 3 7 0 . 5 1 5 . 5 
2 0 . 0 6 4 7 . 3 2 8 . 0 
1 0 . 0 1 0 7 8 . 5 3 5 . 0 

5 . 0 1 8 1 3 . 3 5 3 . 0 
2 . 5 2 9 7 7 . 0 7 3 . 0 
1 . 3 4 4 8 0 . 0 8 8 . 5 

. 6 7 4 2 7 . 0 1 1 8 . 0 
• 3 I I 

SIZE DISTRIBUTION FUNCTIONS 

GAUDI N- SC HUMA NM FJNCTION 
CORRELATION COEFFICIENT= .978.14 

SIGNIFICANTLY DIFFERENT FROM 0 
D I S T R I 3 U T I L N MODULUS=1.072 
SIZE NOUULUS = 4 9 . 9 

CUMULATIVE PERCENTAGE FREQUENCIES AT 
10 17. 8 20 3 7 . 5 30 5 8 . 0 40 7 8 . 9 

ROSIN-R AMMLER FUNCTION 
CORRELATION COEFFICIENTS . 9 9 8 2 1 
SIGNIFICANTLY DIFFERENT FROM 0 
UNIFORMITY COEFFICIENT=1.499 
ABSOLUTE SIZE CONSTANT= 2 8 . 1 
CUMULATIVE PERCENTAGE FREQUENCIES AT 
10 1 9 . 2 20 4 5 . 2 30 6 6 . 3 40 8 1 . 7 

S IZE (UN) CUM.0/0.COAISER C L H . 0 / 0 . F I N E R 
8 5 . 9 0 1 0 0 . 0 
6 6 . 2 3 . 2 9 6 . 8 
5 4 . 1 6 . 2 9 3 . 8 
4 2 . 9 1 3 . 4 8 6 . 6 
3 4 . 1 2 9 , 2 7 0 . 8 
2 7 . 1 4 0 . 0 6 0 . 0 
2 1 . 5 5 0 . 1 4 9 . 9 
1 7 . 0 6 2 . 2 3 7 . 8 
1 3 . 5 7 0 . 7 2 9 . 3 
1 0 . 7 7 7 . 5 2 2 . 5 

8 . 5 8 3 . 4 1 6 . 6 
6 . 8 8 6 . 4 1 1 . 6 
5 . 4 9 1 . 7 8 . 3 
4 . 3 9 5 . 3 4 . 7 

I 100.0 .0 

50 100 . 3 60 1 2 1 . 9 70 1 4 3 . 8 

50 9 0 . 7 60 9 5 . 6 70 9 8 . 0 
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APPENDIX 1 

D E R I V A T I O N O F F I N A L E Q U A T I O N S F O R X R D 

Q U A N T I T A T I V E A N A L Y S I S 

Olivine 

Size calibration : this prescribed an S-shaped plot as seen in 

Figure 2.3.6. The values for each part of the relation between 

the absolute size constant and relative peak intensity X
g
 are 

as below. 

A S C X . A S C X 
s,ol s,ol 

< 2 1 0 . 9 0 4 3 0 . 4 7 

r a n g e : 1 . 0 6 - 4 5 0 . 4 4 

2 1 - 3 3 0 . 0 0 7 8 A S C 4 7 0 . 4 1 

3 3 0 . 7 9 4 9 0 . 3 9 

3 5 0 . 7 2 5 1 0 . 3 8 

37 0 . 6 4 5 3 0 . 3 7 

3 9 0 . 5 5 > 5 3 0 . 3 7 

4 1 0 . 5 2 

T h e s e v a l u e s w e r e o b t a i n e d f o r a n o l i v i n e c o n c e n t r a t i o n in 

t h e s a m p l e m a s s o f 1 5 % (9% f o r t h e p r e p a r e d 1 g m i x t u r e ) . 
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C o n c e n t r a t i o n c a l i b r a t i o n : u s i n g s o m e s t a n d a r d g r o u n d t o y i e l d 

a n o v e r a l l A S C = 4 2 y m , t h e r e l a t i v e p e a k i n t e n s i t y f o r a c e r t a i n 

c o n c e n t r a t i o n , c , o f o l i v i n e , o l , w a s g i v e n b y 

X ! = - 0 . 0 9 5 + 0 . 0 3 5 % o l ( e q n . 2 . 3 . 7 ) 
c ,oi 

T h e o r e t i c a l p e a k i n t e n s i t y : X ^ i s o b t a i n e d b y c o m b i n i n g t h e 

a b o v e ; a n d r e f e r e n c i n g t h e s i z e e f f e c t t o t h e p e a k i n t e n s i t y 

o b s e r v e d a t t h e c o n c e n t r a t i o n u s e d i n e q u a t i o n 2 . 3 . 7 

X

t h , o l
 X

c , o l *
 X

s , o l ^
 X

s , ( c = 1 5 % ) 

w h e r e X i s t h e p e a k i n t e n s i t y o b t a i n e d f o r t h e s t a n d a r d 
s , ( c = 1 5 % ) • 

u s e d i n t h e c o n c e n t r a t i o n c a l i b r a t i o n , A S C = 4 2 y m . T h i s v a l u e w a s 

0 . 4 8 . 

E r r o r c a l i b r a t i o n : m i x t u r e s o f t h e s t a n d a r d s o f k n o w n c o m p o s i t i o n 

y i e l d e d a n e x p e r i m e n t a l p e a k i n t e n s i t y f o r o l i v i n e X - . T h i s 
a p p , o l 

w a s r e l a t e d t o t h e t h e o r e t i c a l p e a k i n t e n s i t y : 

X.. . = 0 . 1 3 5 + 0 . 4 7 4 X , + 0 . 7 3 1 X
2

 , ( e q n . 2.-3.9) 
t h , o l a p p , o l a p p , o l ^ 

F i n a l f o r m : f r o m a b o v e : 

2 . 3 2 5 ( X _ . X . ) = 0 . 1 3 5 + 0 . 4 7 4 X , + 0 . 7 3 1 X
2 

c , o l s , o l a p p , o l a p p , o l 

h e n c e , 

( - 0 . 0 9 5 + 0 . 0 3 5 [ol]) = 0 . 0 5 8 1 + 0 . 2 0 3 8 X , + 0 . 3 1 4 3 X
2 

a p p , o l a p p , o l 

x

 i s , o l 
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s . t . % o l a ( ( 1 . 6 6 + 5 . 8 1 X . + 8 . 9 6 X J / X + 2 . 7 3 
app/Ol app/Ol s,ol 

(eqn. 2.3.11) 

S e r p e n t i n e 

A d o p t i n g a s i m i l a r p r o c e d u r e , a l l o w i n g f o r t h e p r e s e n c e o f 

o l i v i n e : 

S i z e c a l i b r a t i o n : f o r ( a d j u s t e d ) s e r p e n t i n e c o n c e n t r a t i o n s = 3 7 . 5 % 

X = 1 . 4 5 4 - 0 . 0 2 3 1 (ASC) ( e q n . 2 . 3 . 6 ) 
s / S p 

C o n c e n t r a t i o n c a l i b r a t i o n : a s t h e s e r p e n t i n e c o n t a i n e d s o m e o l i v i n e , 

p e a k i n t e n s i t i e s w e r e f i r s t r e a d f o r t h e l a t t e r . T h e o l i v i n e 

c o n c e n t r a t i o n w a s d e d u c e d u s i n g e q u a t i o n 2 . 3 . 7 a f t e r a l l o w i n g f o r 

t h e e f f e c t o f s i z e . F o r e x a m p l e , i n t h e c a s e o f a m o u n t e d m i x t u r e 

t h e s a m p l e w e i g h t o f w h i c h c o n t a i n e d 50% g r o u n d s e r p e n t i n e s t a n d a r d 

(ASC = 39 y m ) t h e p r o p o r t i o n o f e n t r a i n e d o l i v i n e w a s d e d u c e d a s 

f o l l o w s : 

T h e p e a k i n t e n s i t y o f f o r s t e r i t e (100) l i n e w a s 0 . 3 9 2 . H e n c e , 

a s t h e A S C o f t h e s t a n d a r d u s e d i n t h e c o n c e n t r a t i o n c a l i b r a t i o n 

( F i g u r e 2 . 3 . 8 ) w a s 4 2 y m ) t h e p e a k i n t e n s i t y u s e d t o d e d u c e t o 

o l i v i n e c o n c e n t r a t i o n w a s 0 . 3 9 2 . 0 . 4 8 / 0 . 5 5 w h e r e 0 . 4 8 a n d 0 . 5 5 a r e 

t h e v a l u e s o f X . a t 4 2 y m a n d 3 9 y m r e s p e c t i v e l y i n F i g u r e 2 . 3 . 6 . 
s ,oj. 

F r o m e q u a t i o n 2 . 3 . 7 t h e c o n c e n t r a t i o n o f o l i v i n e in t h e s a m p l e 

w a s 1 2 . 5 % , w h i c h i n t h e o v e r a l l s e r p e n t i n e s t a n d a r d i s e q u i v a l e n t t o 

2 5 . 0 % . 

B y r e a d j u s t i n g t h e p r e v i o u s c o n c e n t r a t i o n v a l u e s f o r t h e 

s e r p e n t i n e a s p r e s e n t i n t h e m o u n t s u s e d f o r c o n c e n t r a t i o n c a l i b r a t i o n 

i t w a s f o u n d t h a t 
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X =» 0 . 0 1 0 + 0 . 0 1 6 % s p 
c , s p 

w h e r e X ^ ^ i s t h e p e a k i n t e n s i t y o b s e r v e d f o r s e r p e n t i n e a t a n 

A S C o f 3 9 y m . 

T h e o r e t i c a l p e a k i n t e n s i t y X^, 
t n , s p 

A s f o r o l i v i n e , 

X., X «X / X . _ , 
t h , s p c , s p s / s p s , C c = 3 7 . 5 % ) 

E r r o r C a l i b r a t i o n E q u a t i n g t h e e x p e r i m e n t a l w i t h t h e t h e o r e t i c a l l y 

d e r i v e d v a l u e s 

X

t h , s p - " ° -
0 2 2 +

 ° -
8 1 5 X

a p p , s p ( e q n . 2 . 3 . 1 0 ) 

F i n a l F o r m : F r o m a b o v e 

1 . 6 9 4 X X - 0 . 0 2 2 + 0 . 8 1 5 X 
c , s p s , s p a p p , s p 

0 . 0 1 6 % s p = ( - 0 . 0 2 2 + 0 . 8 1 5 X )/ 
a p p , s p 

( 2 . 4 5 5 - 0 . 0 3 9 A S C ) 

- 0.010 

% s p = ( - 1 . 4 1 + 5 2 . 2 1 X )/ 
a p p , s p 

(.2.455 - 0 . 0 3 9 A S C ) 

- 0 . 6 5 5 ( e q n . 2 . 3 . 1 2 ) 
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APPENDIX 1 

P R O G R A M C E C P M : Q U A N T I T A T I V E C L A Y 

P H A S E A N A L Y S I S 

T h e f o l l o w i n g p r i n t o u t l i s t s t h e p r o g r a m u s e d t o d e d u c e t h e 

p h a s e p r o p o r t i o n s i n t h e s o l i d p r o d u c t s g e n e r a t e d i n a s e r i e s o f 

k i n e t i c e x p e r i m e n t s ( C h a p t e r 4) . T h e p r o g r a m m a y b e c o n s i d e r e d i n 

n i n e s e c t i o n s . 

a ) S e t t i n g o f e l e m e n t a l c o n c e n t r a t i o n a n d p r o g r a m 

l o o p c o n t r o l v a r i a b l e s 

b ) D a t a i n p u t : s e l e c t e d s y s t e m , d s p a c i n g o f 

1 4 - 1 4 . 5 & p e a k , e l e m e n t a l a n d w a t e r a s s a y d a t a 

c ) S e l e c t i o n o f e n d - m e m b e r c h l o r i t e s ( w h e r e 

r e l e v a n t ) 

d ) S e t t i n g o f t e s t E M m a t r i x f o r c h o s e n s y s t e m 

u s i n g S u b r o u t i n e K F 1 X 1 o r K F 1 X 2 

e ) S o l u t i o n o f s i m u l t a n e o u s e q u a t i o n s u s i n g 

S u b r o u t i n e F 0 4 A T F 

f) T e s t i n g o f d a t a f o r p h y s i c a l r e a l i t y : w a t e r 

m a s s b a l a n c e 

g) S t o r a g e o f s a t i s f a c t o r y s o l u t i o n s v i a S u b r o u t i n e 

C O N E V A L 

h ) T e s t i n g o f l o o p c o n t r o l v a r i a b l e s a n d 

c o n t i n u a t i o n o f t e s t p e r m u t a t i o n s 
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i) O u t p u t : 1 0 e x a m p l e s o l u t i o n s i n f u l l ( p h a s e 

c o n c e n t r a t i o n s , e l e m e n t a l a n d w a t e r a s s a y s ) a n d 

a t a b l e w h i c h l i s t s t h e m e a n e d p h a s e c o n c e n t r a t i o n s , 

s t a n d a r d d e v i a t i o n s , m e a n e d e l e m e n t a l a n d w a t e r 

c o m p o s i t i o n s a n d s t r u c t u r a l f o r m u l a e i n t e r m s o f 

S i , A l , F e , M g f o r a ( A l , S i ) O c l a y 
n o n o n o n o 4 1 0 

s t r u c t u r a l u n i t . 

M a x i m u m a n d m i n i m u m e l e m e n t a l a s s a y s 

T h e s e v a l u e s , a s p u b l i s h e d f o r v a r i o u s c l a y m i n e r a l s w e r e 

u s e d in P r o g r a m C E C P M . 

E l e m e n t A s s a y (%) 

M i n e r a l S i A l F e M g 

c h l o r i t e 1 5 . 8 , 1 0 . 5 1 4 . 7 , 5 . 8 3 3 . 9 , 0 . 0 2 1 . 3 , 0 . 7 

k a n d i t e 2 1 . 7 , 1 9 . 8 2 0 . 9 , 3 . 3 7 . 2 1 , 0 . 0 1 5 . 0 , O . O 

m o n t m o r i l l o n i t e 3 0 . 8 , 2 1 . 9 1 3 . 0 , 8 . 1 7 . 5 , 0 . 0 4 . 5 , O . O 

s a p o n i t e * 2 5 . 2 , 1 8 . 5 7 . 7 , 2 . 1 6 . 3 , 0 . 0 1 . 5 , O . O 

v e r m i c u l i t e 1 7 . 0 , 1 5 . 4 9 . 5 , 5 . 7 8 . 3 , 2 . 7 1 6 . 4 , 1 1 . 6 

* A l t h o u g h s a p o n i t e w a s n o t i n c l u d e d i n t h e p r o g r a m , a s t h i s m i n e r a l 

w a s n o t p r o d u c e d i n s u f f i c i e n t l y s i g n i f i c a n t q u a n t i t i e s i n t h e 

k i n e t i c e x p e r i m e n t s , e l e m e n t a l a s s a y d a t a i s p r e s e n t e d h e r e i n 

c o n s i d e r a t i o n o f t h o s e p r o d u c t s n o t e d i n t h e p h a s e d i a g r a m s . 
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PROGRAM CECPM(INPUT* OUTPUT* TAPE6- INPUT* TAPE7-0UTPUT) 
REAL K C 4 * 4 ) * M ( 8 * 6 ) * W ( 4 ) * A L S I < 5 ) * W T R ( 4 ) 
REAL T ( 4 ) * A A ( 4 * 4 ) * W K S 1 ( 3 0 ) * W K S 2 ( 1 0 ) * S ( 4 ) * A C C ( 4 * 4 ) 
REAL FECHL*SICHL*SISME* ALSME*NWTRINC*NWATER*KAOCON 
INTEGER COUNTCH*FEVERM*MGVERM*ALVERM*FESME>MGSME>ALCHL 

C M MATRIX READS 
C C H L O R I T E . . . M ( X * 1 ) V E R M I C U L I T E . . . M ( X * 2 ) 
C S E R P E N T I N E / K A O L I N I T E . . . M ( X * 3 ) S M E C T I T E . . . M < X * 5 ) 
C AMORPHOUS AL-HYDRQXIDE. . . M ( X > 4 ) 

M ( 3* 2) - 9 . 46 
M < 4 * 2 ) - 5 . 6 5 
M < 5 * 2 ) - 8 . 2 8 
M < 6 * 2 ) - 2 . 6 8 
M ( 7 * 2 ) - 1 6 . 4 3 
M ( 8* 2 ) - 1 1 . 56 
M ( 1 * 3 ) - 1 9 . 7 8 
M < 3 * 3 ) - 3 . 1 5 
M < 5 * 3 ) - 7 . 2 1 
M( 7* 3 ) - 1 5 . 0 0 
M ( 2* 3 ) - 2 1 . 7 6 
M < 4 * 3 ) - 2 0 . 9 1 
M ( 6* 3) - 0 . 0 
M ( 8 * - 3 ) « 0 . 0 
M < 3 # 4 ) * 5 1 . 0 
M < 4 * 4 ) - 1 . 0 
M < 1 * 5 ) - 2 8 . 6 7 
M ( 2 * 5 ) - 2 3 . 5 1 
M( 5* 5 ) - 4 • 8 
M(6* 5 ) - 0 . 1 
M( 7 * 5 ) - 4 . 5 0 
M ( 8 * 5 ) " 0 . 5 0 
DO 4 1 - 1 * 4 

4 W T R ( I ) - 0 . 0 
DO 5 I «1* 5 

5 A L S I ( I ) « 0 . 0 
C GENERAL LOOP VARIABLES 

I T Q T - 1 
IDSPAC -0 
DSPACN-1 
IDETECT -0 
JDETECT-0 
N - 0 
P R N T S U M - 0 

C PHASE ELEMENTAL ASSAY CONTROL VARIABLES FOR 
C 9A S I L I C A T E * C H L O R I T E * K A O L I N I T E / H A L L O Y S I T E ( K F I X 2 ) 

COUNTCH-O 
R A L F E - 0 . 0 
R F E - 0 . 0 
RMOLWT-0.0 
Y I - 0 . 0 
NWTRINC-1 .48 
T E T I N C R - 0 . 1 3 6 
TETMAX-1 .0 
G I B 8 0 E M - 0 . 0 
RKHMAX-2»0 
RKHINCR-2. -0 
AL00HMX-30 .0 
A L O O H I C - 2 . 0 
M!AXHYDR»20 
HYDMAX-44.98 

C STORES FOR ACCEPTED SOLUTIONS 
TCONCH-O.O 
TCONVR-O.O 
T C O N I L - O . O 
TCONSM-O.0 
TC ALOH-O.O 
T C C H 2 - 0 . 0 
T C V R 2 - 0 . 0 
TC I L 2 - 0 . 0 
T C S M 2 - 0 . 0 
T C A L 0 H 2 - 0 . 0 
DO 30 1 - 1 * 4 
DO 30 J - l * 4 
A C C ( I * J ) - 0 . 0 

30 CONTINUE 
C VARIABLES SET FOR F04ATF 

I A - 4 
I A A - 4 
I F A I L - 0 
NDIM-4 

C SYSTEMS FIXED ACCORDING TO IDENT*IDENT1 
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1>0 CHL/VERM/KAND/9A ALSILICATE 
1 . 1 CHL/VERM/KAND/AL-OH 
1 . 2 CHL/VERM/KAND/9A ALS IL ICATE /AL -OH 
3 ,X AS ABOVE SM REPLACING CHL 
2 , 0 KAND/MG-CARB-SERP/9A A L S I L I C A T E / A L - F E - O H 
4 , 0 CHL/VERM/KANO/SM 
4 , 2 CHL/VERM/KAND/SM/AL-OH 
ENTER SYSTEM CODE,ASSAY DATA(S I ,AL ,FE ,MG) ,WATER CONTENT,ERROR 
READ(6 ,1001 ) I D E N T , I D E N T 1 , ( T ( I ) , I « l , 4 ) , T G A H 2 0 , E R R O R 
T I N T E R " T ( 2 ) 
I F ( I D E N T 1 . EQ .2 ) ALHYDR»((T< 2 ) — T ( 1 ) ) / O . 4 4 9 8 ) + 0 . 6 
I F ( I D E N T 1 . E Q . 2 ) AL00HMX«2.0*ALHYDR 
IF I D E N T 1 . E Q . 2 ) ALOOHIC »ALOOHMX-ALHYDR 
IF< ( I D E N T I N E . 3 ) . A N D , ( I D E N T 1 . E Q . 2 ) ) ALOOHIC-ALOOHIC/4 .0 
I F ( ( I D E N T . E Q . 3 ) . A N D . ( I D E N T 1 . E Q . 2 ) ) ALOOHIC-ALOOHIC/2 .0 
W R I T E ( 7 , 1 2 5 0 ) 
W R I T E ( 7 , 1 2 5 1 ) 
WRITE(It 1252) 
W R I T E ( 7 , 1 6 2 5 ) 
WRITE (7 ,1 .253) ( T( I ) , I » 1 , 4 ) 
W R I T E ( 7 , 1 6 2 5 ) 
W R I T E ( 7 , 1 2 5 4 ) TGAH20 
WRITE(It 1625) 
I F ( ( I D E N T . E Q . 2 ) . 0 R . ( I D E N T . E Q * 3 ) ) GOTO 20 
RE&D( 6 ,1002 )DSPAC,DSPAC1 
DSPACDF-DSPAC1-DSPAC 
DSPAC2-0SPAC 
CONTINUE 
I F ( ( I D E N T . E Q . 2 ) . 0 R . ( I D E N T . E Q « 3 ) > GOTO 16 
FIXATION OF SILICON CONCENTRATION LIMITS IN 
CHLORITE FROM D SPACING (XRD) 
DSPAC/AL4 R E F . F . H . G I L L E R Y A M . M I N . 4 4 ( 1 9 5 9 ) P P 1 5 0 - 1 5 1 
A L W 2 5 . 4 6 6 1 - 8 . 721 + DSP AC 
S I 4 - 8 . 0 - A L 4 
S I C H L « 2 ; 6 5 8 8 1 3 4 6 9 * S 1 4 - 1 . 8 9 4 7 9 8 0 2 3 
I F ( ( S I C H L . G T . 1 0 . 0 ) . A N D . ( S I C H L . L E . 1 1 . 0 ) ) COUNTCH-1 
IF (COUNTCH.NE.1) GOTO 10 
Mlit 1 ) « 2 . 0 
M ( 8 , l ) « 0 . 0 
M ( 3 , l ) « 1 1 . 6 
M ( 4 , 1 ) » 1 1 . 0 
CONTINUE 
I F { ( S I C H L . G T . 1 1 . 0 ) . A N D . ( S I C H L . L E . 1 2 . 4 ) ) COUNTCH-2 
IF (COUNTCH.NE.2) GOTO 11 
M ( 7 , 1 ) « 1 2 . 2 
M ( 8 , 1 ) " 0 . 0 
M(3 , 1 ) « 1 1 . 2 
M ( 4 , l ) » 1 0 . 0 
CONTINUE 
I F ( ( S I C H L . G T . 1 2 . 4 ) . A N D . ( S I C H L . L E . 1 2 . 5 ) ) COUNTCH«3 
IF (COUNTCH.NE.3) GOTO 12 
M ( 7 , 1.) * 6 . 0 
M ( 8 , 1 ) - 0 . 0 
M ( 3 , l ) « 1 0 . 3 
M ( 4 , 1 ) « 9 . 2 
CONTINUE 
I F ( ( S I C H L . G T . 1 2 . 5 ) . A N D . ( S I C H L . L E . 1 3 . 6 ) ) COUNTCH«5 
IF (C0UNTCH.NE .5 ) GOTO 13 
M ( 7 , L ) « 2 0 . 0 
M ( 8 j I ) » 1 4 . 8 
M ( 3 , 1 ) " 1 4 . 8 
M ( 4 , 1 ) * 1 1 . 8 
CONTINUE 
I F ( ( S I C H L . G T . 1 3 . 6 ) . A N D . ( S I C H L . L E . 1 4 . 0 ) ) COUNTCH-6 
IF (COUNTCH.NE.6) GOTO 14 
M ( 7 , l ) « 1 6 . 0 
M ( 8 , 1 ) " 1 4 . 0 
M ( 4 , 1 ) » 1 0 . 0 
M ( 3 , 1) "10 . 8 .. 
CONTINUE 
I F ( ( S I C H L . G T . 1 4 . 0 ) . A N D . ( S I C H L . L E . 1 5 . 2 ) ) CQUNTCH«7 
IF(COUNTCH•NE•7) GOTO 15 
M ( 7 , 1 ) * 2 1 . 8 
M ( 8 , 1 ) » 1 4 . 0 
M ( 3 , 1 ) « 1 0 . 8 
M ( 4 , 1 ) » 7 . 7 
CONTINUE 
I F ( S I C H L . G T . 1 5 . 2 ) COUNTCH-8 
IF (C0UNTCH.NE.8 ) GOTO 16 
M ( 7 , l ) « 2 1 . 0 
M ( 8 , 1 ) « 2 0 .0 
M ( 3 , 1 ) " 7 . 3 5 
M ( 4 , l ) » 6 . 6 
START OF LOOP PROCEDURES FOR INSERTION OF ESTIMATED CHEMICAL 
ASSAY OF PHASES PRESENT,AND ESTIMATION OF MINERAL CONCENTRATION 
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16 CONTINUE 
GIBBOEM-O.O 

19 CONTINUE 
ALCHL-0 

21 CONTINUE 
MGSME-0 

22 CONTINUE 
FESME - 0 

2 3 C O N T I N U E 
I S I S M E - 0 

24 CONTINUE 
NOKAND-O 

25 CONTINUE 
MGVERM-0 

26 CONTINUE 
FEVERM-0 
NWATER-1.5 

27 CONTINUE 
ALVERM-0 
T E T R A A L - 0 . 0 

28 CONTINUE 
MGCHL«0 
HYDRQKH-0.0 

29 CONTINUE 
ALQOH-O.O 
I F < I D E N T 1 . . E Q . 2 ) ALOOH-ALHYDR 

18 CONTINUE 
T E T A L - 0 . 0 

31 CONTINUE 
HYDRO-O.O 
I F C I D E N T 1 . E Q . 1 ) H Y D R 0 - 3 4 . 0 

32 CONTINUE 
IDETECT- IDETECT*JDETECT 
I F C I D E N T I . N E . O ) G0T017 
I F ( I D E T E C T . E Q . O ) GOTO 17 
A L S I ( 1 ) « A L S I ( 1 ) + R A L F E 
A L S I ( 2 ) - A L S I ( 2 ) + R F E 
A L S I ( 3 ) » A L S I ( 3 ) + R M O L W T 
A L S I ( 4 ) - A L S I ( 4 ) + T E T A L 
A L S I ( 5 ) « A L S I ( 5 ) + Y I 

17 CONTINUE 
I F < I D E N T 1 . E Q . 2 ) T ( 2 ) « T I N T E R - 0 . 4 4 9 8 * A L Q Q H 
S E T U P E M M A T R I X F O R M I N E R A L S Y S T E M 
I F ( I D E N T . N E . 2 ) C A L L K F I X 1 ( K # M > M G C H L * H Y D R O * A L V E R M * F E V E R M j 

* M G V E R M * S I C H L * A L C H L * N O K A N D * I D E T E C T * W * I D E N T 1 * T * T E T A L * 
* I D E N T * I S I S M E * F E S M E * M G S M E * R A L F E * R F E * Y I , R M O L W T ) 

I F ( I D E N T . E Q • 2 ) CALL KFIX2(K*HYDRO*HYDROKH* 
•NWATER* TETRAAL*T*W*GIBBOEM* RALFE* RFE*YI*RMOLWT) 

T Q T A L - 0 . 0 
T 0 T H 2 0 - 0 . 0 
INVERT 4X4 MATRIX (REF•NAGFILE I . C . C . C . ) 
CALL F 0 4 A T F ( K * I A * T* NDIM* S* AA*IAA* WKS1* WKS2*IFAIL ) 
I F < I F A I L . E Q . 0 ) G O T O 35 
W R I T E ( 7 * 2 0 0 0 ) I F A I L 
GOTC 71 

35 CONTINUE 
DO 38 1*1* 4 
TO TH 2 0 -TOTH 20 + ( S ( I ) * W ( I ) ) 

38 TOTAL-TOTAL>S ( I ) 
TEST RESULTS(NON—NEGATIVITY* SUMMATION* WATER BALANCE) 
I F ( S ( 1 ) • L T . 0 . 0 ) GOTO 71 
I F < S C 2 ) . L T . 0 . 0 ) GOTO 71 
I F < S ( 3 ) . L T . 0 . 0 ) GOTO 71 
I F ( S < 4 ) . L T . 0 . 0 ) GOTO 71 
I F ( T G A H 2 0 . L E . 0 . 1 ) G O T O 3 6 
T 0 T H 2 0 - T 0 T H 2 G + ( A L 0 0 H * 0 . 1 5 ) 
I F ( < T 0 T H 2 0 . G T . ( T G A H 2 0 * ( 1 . 0 + E R R 0 R / 1 0 0 . 0 ) ) ) . O R . ( T 0 T H 2 0 . L T . ( T G A H 2 Q * 

* ( 1 . 0 - < E R R 0 R / 1 0 0 . 0 ) ) ) ) ) G 0 T 0 7 1 
3 6 C O N T I N U E 

T Q T A L - T O T A L + A L O O H / 1 0 0 . 0 
IF.% , ' T O T A L . L E . 1 . 1 ) . A N D . ( T O T A L . G E . 0 . 9 ) ) G O T O 39 
G.L TO 71 

39 CONTINUE 
ACCUMULATE ACCEPTABLE SOLUTIONS 
C ALL CONEVAL(S* TCONCH* TCONVR* TCQNIL* TCQNSM* 

• TCCH2* TCVR2* TCIL2*TCSM2*WTR*W*AL00H) 
I F ( I D E N T 1 . E Q . 2 ) TCALOH-TCALOH+ALOOH 
I'F( I D E N T 1 . E Q . 2 ) TCAL0H2-TCAL0H2+AL00H**2 .0 
I D E T E C T - 1 
JDETECT-1 
N - N + l 
DO 37 I S - l * 4 
DO 37 J S - l * 4 
A C C ( I S * J S ) - A C C ( I S * J S ) + K ( I S * J S ) 

37 CONTINUE 
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IFCPRNTSUM.GT.10) GOTO 73 
PRINT FIRST 10 SOLUTIONS AND ASSOCIATED CHEMICAL ASSAYS 
AU-IDENT 
I F C I D E N T . E Q . 4 ) IDENT -1 
IF ( I D E N T . E Q . D C A L L K1PRNT(COUNTCH*S) 
I F ( I D E N T . E 0 . 2 ) W R I T E ( 7 > 1 1 0 0 ) ( S ( I ) * I « 1 > 4 ) 
I F ( I D E N T . E Q . 3 ) W R I T E ( 7 * 1 1 5 0 ) C S C I ) # I « 1 # 4 ) 
IOENT-AU 
WRITE ( I f 1290) 
WRITE (7* 1291) C K ( 1 , I ) , I « 1 , 4 ) > W ( D , ( S ( 1 ) * W ( 1 ) ) 
W R I T E ( 7 > 1 2 9 2 ) ( K ( 2 > I ) > I « l * 4 ) j W ( 2 ) > ( S ( 2 ) * W ( 2 ) ) 
W R I T E ( 7 * 1 2 9 3 ) ( K ( 3 * I ) > I « 1 > 4 ) * W < 3 ) # ( S C 3 ) * W < 3 ) ) 
W R I T E ( I f 1 2 9 4 ) ( K ( 4 > I ) > I « 1 > 4 ) # W ( 4 ) > ( S ( 4 ) * W ( 4 ) ) 
WRITE(If 1295) 
PRNTSUM»PRNTSUM+1 
IF (PRNTSUM.GT.10) W R I T E ( I f 1296) 
GOTO 73 

71 CONTINUE 
JDETECT«0 

73 CONTINUE 
LOOP ROUTINE CONTROL.SYSTEMS 1 AND 4 
I F C I D E N T . E 0 . 4 ) GOTO 50 
I F C I D E N T . N E . 1 ) GOTO 75 
I F C I D E N T 1 . E Q . 1 ) GOTO 74 mTi^hmmv G 0 T t m 

IFCTETAL.LT.TETMAX) GOTO 31 
50 CONTINUE 

I F C I D E N T 1 . E Q . 0 ) GOTO 76 
ALOOH-ALOOH+ALOOHIC 
IF(ALOOH.LT.ALOOHMX) GOTO 18 
GOTO 76 

74 CONTINUE 
IF(HYDRO.LT.HYDMAX) GOTO 32 

76 CONTINUE 
I F ( ( C 0 U N T C H . E Q . 9 ) . A N O . ( T E T A L . G E . T E T M A X ) ) GOTO 40 
I F C C I D E N T 1 . E Q . 1 ) . A N D . ( C O U N T C H . E Q . 9 ) ) - GOTO 40 
I F ( ( I D E N T . E Q . 4 ) . A N D . ( C 0 U N T C H . E Q . 9 ) ) GOTO 40 
I » 1 
IFCCOUNTCH.EQ.8)C0UNTCH«9 
I F C C 0 U N T C H . E Q . 9 ) M ( C I + 6 ) * 1 ) « 1 0 . 0 
I P C C 0 U N T C H . E Q . 9 ) M ( ( 1 + 7 ) > 1 ) - 8 . 0 
IF (COUNTCH.EQ.9)M < ( I + 2 ) * l ) » 6 . 2 
I F ( C 0 U N T C H . E Q . 9 ) M ( ( I + 3 ) r l ) » 5 . 0 
I F ( ( C O U N T C H . E Q . 4 ) . O R . ( C O U N T C H . E Q . 9 ) ) GOTO 31 

40 CONTINUE 
MGCHL-MGCHL+1 
I F ( M G C H L . L E . I T O T ) GOTO 29 
IF(MGCHL.GT. ITOT)ALVERM-ALVERM+1 
IPCALVERM.LE. ITOT) GOTO 28 
IF (ALVERM.GT . ITOT) FEVERM-FEVERM+1 
IFCFEVERM.LE . ITOT) GOTO 27 
IPCFEVERM.GT. ITOT) MGVERM-MGVERM+1 
IF (MGVERM.LE . ITOT) GOTO 26 
IPCM'GVERM.GT. ITOT) NOKAND-NOKAND+1 
IPC NOKAND.LE.ITOT) GOTO 25 
I F C I D E N T . N E . 4 ) GOTO 55 
I S I S M E - I S I S M E + l 
I F C I S I S M E . L E . I T O T ) GOTO 24 
FESME-FESME+1 
IFCFESME.LE . ITOT) GOTO 23 
MGSME-MGSME+1 
IFCMGSME.LE. ITOT) GOTO 22 

55 CONTINUE 
IF (NOKAND.GT. ITOT) ALCHL-ALCHL+1 
IFCALCHL .LE . ITOT ) GOTO 21 
DSPAC«(DSPACDF*IDSPAC/DSPACN)+DSPAC2 
IDSPAC-IDSPAC+1 
IF ( IDSPAC.LE .DSPACN) GOTO 20 
GOTO 72 

75 CONTINUE 
LOOP ROUTINE CONTROL.SYSTEM 2 
I F ( I D E N T . N E . 2 ) GOTO 77 
HYDRO-HYDR0+1.0 . 
I FCHYDRO.LE .1 .5 ) GOTO 32 
HYDROKH-HYDROKH+RKHINCR 
IF(HYDRQKH.LE•RKHMAX) GOTO 29 
TETRAAL«TETRAAL+TETINCR 
IF C TETRAAL.LE•TETMAX) GOTO 28 
NWATER-NWATER+NWTRINC 
IF(NWATER.LE.MAXHYDR) GOTO 27 
GIBB0EM-GIBB0EM+1.0 
I F ( G I B 8 0 E M . L E . 1 . 5 ) GOTO 19 
GOTO 72 

77 CONTINUE 
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C LOOP ROUTINE CONTROL.SYSTEM 3 
I F ( I D E N T . N E . 3 ) GOTO 72 
I F ( I D E N T l . E Q . l ) GOTO 78 
IF(HYDRO.LT.MAXHYDR) GOTO 32 
TETAL-TETAL+TETINCR 
IF (TETAL .LT .TETMAX) GOTO 31 
I F ( I D E N T 1 . E Q . O ) GOTO 79 
ALQOH«ALOOH+ALOOHIC 
IF(ALOOH.LT.ALOOHMX) GOTO 18 
GOTO 79 

78 CONTINUE 
IF(HYDRQ.LT.HYDMAX) GOTO 32 

79 CONTINUE 
ALVERM-ALVERM+1 
I F ( A L V E R M . L E . I T O T ) GOTO 28 
IFCALVERM.GT. ITOT) FEVERM«FEVERM+1 
I F { F E V E R M . L E . I T O T ) GOTO 27 
I F ( F E V E R M . G T . I TOT) MGVERM«MGVERM+1 
I F ( M'GVERM • LE • I TOT ) GDTO 26 
I F ( M'GVERM .GT .. I TOT ) NOK AND-NOK AND + 1 
IF (NOKAND•LE . ITOT) GOTO 25 
IS ISME«IS ISME+1 
I F ( I S I S M E ^LE• ITOT) GOTO 24 
FESME*FESME+1 
I F ( F E S M E . L E . I T O T ) GOTO 23 
MGSME*MGSME+1 
IF (MGSME.LE• ITOT) G O T O 22 

72 CONTINUE 
C E N D GF PERMUTATION TRIALS 

I F ( N . E Q . O ) W R I T E ( 7 , 1 3 0 0 ) 
I F ( N . E Q.0)GOTO 100 
DO 61 I » l , 4 
DO 62 J « l , 4 
A C C ( I , J ) • A C C ( I , J ) / N 
K ( I > . J ) « 1 0 . 0 

6 2 C O N T I N U E 
W T R ( I ) • W T R { I ) / N 

61 CONTINUE 
DO 63 1 - 1 , 5 
A L S I ( I ) * A L S I ( I ) / N 

63 C O N T I N U E 
C C A L C U L A T E M E A N E D P H A S E C O N C E N T R A T I O N S AND 
C S T A N D A R D D E V I A T I O N OF D I S T R I B U T E D V A L U E S 

C G N C -t«TCGNCH/N 
C'JMVR»TCO^VR/N 
C *)

V!

 11 * T C 0 NIL / N 
C ON S » TC ON S M / N 
I F ( I 0 E N T 1 . E Q . 2 ) C O N A L O H « T C A L O H / N 

l o ^ H i l o f t ^ l < ? C J H 2 - ? N * ( C O N C H * * 2 . 0 ) ) ) / ( N - l ) ) 
S D V R « S Q R T ( ( T C V R 2 — ( N * ( C O N V R * * 2 . 0 ) ) ) / ( N — 1 ) ) 
S D I L * S Q R T ( ( T C I L 2 - ( N * ( C 0 N I L * * 2 . 0 ) ) ) / ( N - l ) ) 
S D S M « S Q R T ( ( T C S M 2 - ( N * C C 0 N S M * * 2 . 0 ) ) ) / ( N - l ) ) 
I F ( I D E N T 1 * E Q . 2 ) SDALOH-SQRTC < T C A L 0 H 2 - ( N * ( C 0 N A L 0 H * * 2 . 0 ) ) ) / < N - l ) ) 

65 CONTINUE 
I F ( N . E Q . l ) S D C H « 0 . 0 
I F ( H. .EQ.1) S D I L - 0 . 0 
I F ( N^EQ . - l ) SDVR-0 . 0 
I F ( N . E Q . 1 ) SD SM®0.0 
I F ( I D E N T . N E . 2 ) GOTO 64 

C CALCULATE S I , AL,FE,MG NUMBERS IN STRUCTURAL FORMULAE 
K ( 1 , 1 ) «4 . 0 
K ( 2 , 1 ) * 4 . 0 
K ( 3 , 1 ) » 0 . 0 
K ( 4 , 1 ) » 0 . 0 

C 9A SIL ICATE STRUCTURAL FORMULA 
K ( 1 , 3 ) « 4 . 0 - 2 . 0 * A L S I ( 4 ) 
K C 2 , 3 ) « 2 . 0 * < A L S I C 4 ) + A L S I ( 5 ) * A L S I ( 1 ) ) 
K < 3 , 3 ) - 2 . 0 * ( A L S I ( 2 ) * A L S I ( 5 ) ) 
K<4, 3 ) » 2 . 0 * < A L S I ( 5 ) * ( 1 . 0 - A L S I ( 1 ) - A L S I ( 2 ) ) ) 

64 CONTINUE 
J»1 
A « A C C ( 1 , J ) 
B» ACC(2 ,J ) 
C * A C C ( 3 , J ) 
D » A C C ( 4 , J ) 
IF < I D E N T . N E . 1 ) GCTO 80 

C CHLORITE STRUCTURAL FORMULA 
K( l . , 1 ) » 1 . 5 3 + 0 . 1 1 2 * A + 0 . 0 1 3 2 * 8 - 0 . 0 1 5 1 * C - 0 . 0 1 4 8 * D 

* + 0 . 0 0 2 3 * ( A * * 2 . 0 ) - 0 . 0 0 2 1 * ( B * * 2 . 0 ) + 0 . 0 0 0 2 * < C * * 2 . 0 ) 
* - 0 . 0 0 0 7 * ( D * * 2 . 0 ) 

K ( 2, -1) *2 . 56—0 • 261* A+0 • 2 5 5 * B — 0 . 0 0 6 6 * C - 0 . 0 3 1 * 0 
* + 0 . 0 0 7 9 * ( A * * 2 . 0 ) - 0 . 0 0 3 4 * ( B * * 2 . 0 ) + 0 . 0 0 0 2 * ( 0 * * 2 . 0 ) 

K ( 3 , 1 ) - 0 . 3 8 8 + 0 . 0 5 1 * A - 0 . 0 6 4 1 * B + 0 . 1 0 3 * C - 0 . 0 2 6 9 * 0 
*—0.00 2 8 * ( A * * 2 . 0 ) + 0 . 0 0 2 5 * ( B * * 2 . 0 ) + 0 . 0 0 0 4 * ( C * * 2 . 0 ) 
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* + 0 . 0 0 0 9 * ( D * * 2 . 0 ) 
K ( 4 , 1 ) « 2 . 7 7 - 0 . 2 7 4 * A + 0 . 0 2 9 7 * 8 - 0 . 0 2 2 1 * C + 0 . 2 7 6 * 0 

* + 0 . 0 0 7 6 * ( A * * 2 . 0 ) - 0 . 0 0 4 * ( 8 * * 2 . 0 ) + 0 . 0 0 0 2 * ( C * * 2 . 0 ) 
* — O . O J 2 7 * ( 0 * * 2 . 0 ) 

I F ( A U . E 0 . 4 ) GOTO 83 
80 CONTINUE 

I F ( I D E N T l . E Q . l ) GOTO 66 
9A S IL ICATE STRUCTURAL FORMULA 
K ( l , 4 ) - 4 . 0 - 2 . 0 * A L S I ( 4 ) 
K ( 2 , 4 ) - 2 . 0 * ( A L S I ( 4 ) + A L S I ( 5 ) * A L S I ( 1 ) ) 
K ( 3 , 4 ) - 2 . 0 * ( A L S I ( 2 ) * A L S I ( 5 ) ) 
K ( 4 , 4 ) - 2 . 0 * ( A L S I ( 5 ) * ( 1 . O - A L S I ( 1 ) - A L S I ( 2 ) ) ) 

66 CONTINUE 
I F ( ( I D E N T . E Q . l ) . O R . ( I 0 E N T . E Q . 2 ) ) GOTO 83 
SMECTITE STRUCTURAL FORMULA 
K C 1 > 1 ) » 3 . 5 8 + 0 . 0 9 1 7 * A - 0 . 1 3 9 * B - 0 . 0 6 5 3 * C - 0 . 0 9 5 4 * D 

* - 0 . 0 0 2 * { A * * 2 . 0 ) + 0 . 0 0 4 7 * A * B - 0 . 0 0 2 4 * ( B * * 2 . 0 ) 
*+0 . . 0038* ( C * * 2 . 0 ) + 0 . 0 0 5 5 * ( 0 * * 2 . 0 ) 

K ( 2 / 1 ) * 1 . 6 3 - 0 . 0 2 3 5 * A + 0 . 0 7 5 6 * B + 0 . 0 1 6 3 * C - 0 . 0 1 6 4 * 0 
* — 0 . 0 0 0 4 * ( A * * 2 . 0 ) + 0 . 0 0 1 6 * ( B * * 2 . 0 ) - 0 . 0 0 6 6 * ( C * * 2 . 0 ) 
* — 0 . 0 0 4 2 * ( 0 * * 2 . 0 ) 

K ( 3 , 1 ) - 1 . 3 6 — 0 . 1 0 9 * A + 0 . 0 3 2 6 * B + 0 . 0 7 5 1 * C — 0 . 0 1 0 8 * D 
*+0 . - 002* ( A * * 2 . 0 )—0 . 0 0 1 8 * ( B**2»0)—0 . 0 0 0 5 * (C * * 2 . 0 ) 
* + 0 . 0 0 0 9 * ( D * * 2 . 0 ) 

K ( 4 , 1 ) — 0 . 7 2 2 + 0 . 0 7 5 2 * A - Q . 0 0 9 7 * 8 + 0 . 0 0 2 7 * C + 0 . 1 3 7 * D 
* - 0 » 0 0 1 6 * ( A * * 2 . 0 ) - 0 . 0 0 1 5 * ( C * * 2 . 0 ) + 0 . 0 0 3 3 * ( 0 * * 2 . 0 ) 

I F ( I O E N T . E G . 3 ) GOTO 83 
K ( l , 4 ) » K ( 1 , 1 ) 
K ( 2 , 4 ) «K ( 2 , 1) 
K ( 3 , 4 ) « K ( 3 , 1 ) 
K ( 4 , 4 ) - K ( 4 , 1) 
AU-IDENT 
I D E N T - 1 
GOTO 64 

83 CONTINUE 
I F ( I D E N T . E Q . 2 ) GOTO 85 
J - 2 
A * A C C ( 1 , J ) 
8 - A C C ( 2 , J ) 
O A C C ( 3# J ) 
D - A C C ( 4 , J ) 
VERMICULITE STRUCTURAL FORMULA 
K ( 1 , 2 ) « 2 . 9 7 + 0 . 0 7 1 7 * A - 0 , 0 7 7 8 * R - 0 . 0 3 6 6 * C - 0 . 0 4 1 4 * D 
K ( 2 , 2 ) « 1 . 5 6 - 0 . 0 5 4 1 * A + 0 . 1 3 ? * 3 - 0 . 0 1 9 9 + C - 0 . 0 2 0 2 * 0 
K ( 3 , 2 ) » 0 . 5 1 3 - 0 . 0 1 4 3 * A - 0 . 0 1 5 3 * 3 + 0 . 0 7 9 7 * C - 0 . 0 0 9 6 * D 
K ( 4 , 2 ) « 3 . 2 7 - 0 . 0 6 9 6 * A - 0 . 1 2 1 * 8 - 0 . 0 5 9 6 * C + 0 . 1 0 6 * 0 
J»3 
A - A C C ( 1 , J ) 
B - A C C ( 2 , J ) 
C - A C C ( 3 , J ) 
0 * A C C ( 4 , J ) 
KANDITE STRUCTURAL FORMULA 
K ( 1 , 3 ) — - 3 . 0 1 + 0 . 4 7 4 * A a 0 . 0 3 6 9 * B - 0 . 0 0 9 6 * C — 0 . 0 3 2 * 0 

0 . 0 0 9 3 * ( A**2 .0 )—0 . 0 0 0 3 * ( B * * 2 . 0 ) + 0 . 0 0 5 2 * ( C**2 . 0 ) 
* + Q » 0 0 0 1 * ( D * * 2 . 0 ) 

J U 2 , 3 ) — 0 . 7 3 + 0 . 0 8 4 2 * A + 0 . 1 4 5 * 8 + 0 . 0 3 1 5 * C - 0 . 0 2 6 6 * D 
* - a . . 0 0 2 5 * ( A * * 2 . 0 ) - 0 . 0 0 2 1 * ( 8 * * 2 . 0 ) - 0 . 0 2 6 9 * ( C * * 2 . 0 ) 
*

t

+0..0011* ( D * * 2 .0 ) 
K ( 3 , 3 ) — 2 . 9 1 0 + 0 . 2 3 * A + 0 . 0 4 3 2 * 8 + 0 . 0 4 6 8*C + 0 . 0 0 5 *D 

* " - 0 . 0 0 5 3 * ( A * * 2 . 0 ) - 0 . 0 0 1 1 * ( B * * 2 . 0 ) - 0 . 0 0 4 8 * ( C * * 2 . 0 ) 
• * + 0 ^ 0 0 0 5 * ' ( D * * 2 . 0 ) 

K ( 4 , 3 ) « — 4 . 5 3 + 0 . 5 6 9 * A — 0 . 1 4 9 * 8 + 0 . 0 1 7 7 * C + 0 . 0 4 2 9 * 0 
* - 0 . 0 1 , 3 4 * ( A * * 2 . 0 ) + 0 . 0 0 3 7 * ( 8 * * 2 . 0 ) - 0 . 0 0 5 7 * ( C * * 2 . 0 ) 
* + 0 . 0 0 0 6 * ( D * * 2 . 0 ) 

85 CONTINUE 
W R I T E ( 7 , 1 6 2 5) 
W R I T E ( 7 , 1 5 0 0 ) 
W R I T E ( 7 , 1 5 0 1 ) 
W R I T E ( 7 , 1 5 0 3 ) 
W R I T E ( 7 , 1 5 0 1 ) 
W R I T E ( 7 , 1 5 0 0 ) 
W R I T E ( 7 , 1 5 0 2 ) 
W R I T E ( 7 , 1 5 0 4 ) 
W R I T E ( 7 , 1 5 0 2 ) 
W R I T E ( 7 , 1 5 1 0 ) 
W R I T E ( 7 , 1 5 0 2 ) 
I F ( I DENT .EQ .4 ) I D E N T - 1 
I F ( I D E N T . E Q . l ) W R I T E ( 7 , 1 5 0 5 ) ( 1 0 0 . 0 * C 0 N C H ) , ( 1 0 0 . 0 * S D C H ) , 

* ( A C C ( 1 , 1 ) , 1 - 1 , 4 ) , ( K ( 1 , 1 ) , I - 1 , 4 ) , W T R ( 1 ) 
I F { I D E N T . E Q . 2 ) W R I T E ( 7 , 1 5 0 6 ) ( 1 0 0 . 0 * C 0 N C H ) , ( 1 0 0 . 0 * S D C H ) , 

* (ACC( 1 , 1 ) , I - 1 , 4 ) , ( K ( 1 , 1 ) , I « 1 , 4 ) , W T R ( 1 ) 
IF C I D E N T . E Q . 3 ) W R I T E ( 7 , 1 5 0 7 ) ( 1 0 0 . 0 + C 0 N C H ) , ( 1 0 0 . 0 * S D C H ) , 

* ( A C C ( 1 , 1 ) , 1 - 1 , 4 ) , < K ( 1 , 1 ) , I « 1 , 4 ) , W T R ( 1 ) 
W R I T E ( 7 , 1 5 0 2 ) 

I F ( I D E N T . E Q . l ) W R I T E ( 7 , 1 5 1 5 ) ( 1 0 0 . 0 * C 0 N V R ) , ( 1 0 0 . 0 * S D V R ) , 



.421 

* ( A C C ( I * 2 ) * 1 - 1 * 4 ) * ( K C I * 2 ) * I - 1 * 4 ) * W T R < 2 ) 
I F ( I D E N T • E O • 2 ) W R I T E ( 7 * 1 5 1 6 ) ( 1 0 0 . 0 * C 0 N V R ) * ( 1 0 0 . 0 * S D V R ) * 

* ( A C C ( I * 2 ) * 1 - 1 * 4 ) * ( K ( 1 * 2 ) * 1 - 1 * 4 ) * W T R ( 2 ) 
I F ( I D E N T . E Q . 3 ) W R I T E ( 7 * 1 5 1 5 ) ( 1 0 0 . 0 * C 0 N V R ) * ( 1 0 0 . Q * S D V R ) * 

* ( A C C ( 1 * 2 ) * 1 - 1 * 4 ) * ( K ( 1 * 2 ) * 1 - 1 * 4 ) * W T R (2) 
W R I T E ( 7 * 1 5 0 2 ) 
I F C I D E N T . E O . I ) W R I T E ( 7 * 1 5 2 5 ) ( 1 0 0 . 0 * C 0 N I L ) * ( 1 0 0 . 0 * S D I I ) * 

* < A C C ( I * 3 ) * I « 1 * 4 ) * ( K < 1 * 3 ) * I - 1 * 4 ) * W T R ( 3 ) 
I F ( I D E N T . E Q . 2 ) W R I T E C 7 * 1 5 2 6 ) C 1 0 0 . 0 * C O N I L ) * C 1 0 0 . 0 * S D I L ) * 

* ( A C C C 1 * 3 ) * 1 - 1 * 4 ) * < K C 1 * 3 ) * I « 1 * 4 ) * W T R ( 3 > 
I F C I D E N T . E Q . 3 ) W R I T E C 7 * 1 5 2 5 ) C 1 0 0 . 0 * C 0 N I L ) * ( 1 0 0 . 0 * S D I L ) * 

* ( A C C ( 1 * 3 ) * 1 - 1 * 4 )* (KC 1 * 3 ) * I - 1 * 4 ) * W T R C 3 ) 
I F ( I 0 E N T . E Q . 2 ) G O T O 9 0 
K A Q C O N - C A C C ( 1 * 3 ) — M ( 1 * 3 ) ) * C O N I L / ( M ( 2 * 3 ) - M ( 1 * 3 ) ) 
S E R P C O N - C O N I L - K A O C O N 

90 C O N T I N U E 
I D E N T - A U 
W R I T E ( 7* 1 5 0 2 ) 
I F ( ( I D E N T 1 . E Q . 1 ) . O R . ( I D E N T . E Q . 2 ) ) WRITE (7* 1535) (1C0.0*C0NS*I) 

** ( 100 .0*SDSM)* C ACCC 1 * 4 ) * 1 - 1 * 4 ) * <K( I * 4 ) * 1 - 1 * 4 ) * WTR ( 4 ) 
I F C I D E N T . E 0 . 4 ) WRITEC7*1507) (100.0*C0NSM) 

* * ( 1 0 0 . 0 * S D S M ) * ( A C C ( I * 4 ) * 1 - 1 * 4 ) * ( K ( 1 * 4 ) * 1 - 1 * 4 ) * W T R ( 4 ) 
I F ( ( I D E N T . E Q . l ) . A N D . ( I D E N T 1 . N E . 1 ) ) WRITE(7*1526) (100.0*CQNSM> 

*-* ( 100 .0*SDSM)* (AC C( 1 * 4 ) * 1 - 1 * 4 )* ( K ( I * 4 ) * I « 1 * 4 ) * W T R ( 4 ) 
WRITE(7*1502) 
I F ( IDENT1 .EQ.2 ) WR ITE ( 7* 1.536 ) CONALPH* SDALOH 
WRITE(7*1502) 
WRITE(7*1500) 
WRITEC7*1540) 
I F ( I D E N T . N E . 2 ) WR ITE ( 7 * 1 5 4 5 ) ( 1 0 0 . 0 * S E R P C O N ) * ( 1 0 0 . 0 * K A 0 C O N ) 
W R I T E ( 7 * 1 6 5 0 ) E R R O R 

1 0 0 C O N T I N U E 
1 0 0 1 F 0 R M A T ( I 1 * 2 X * I 1 * 6 F 8 . 3 ) 
1 0 0 2 F O R M A T ( 2 F 8 • 3 ) 
12 50 F O R I A T ( / / / 5 0 X * 2 7 H C 0 M P U T E D S O L U T I ™ S FIR C L A Y ) 
1 2 5 1 F O R M A T C 5 0 X * 2 7 H M I N E R A L C O N C E N T R A T I O N S F R O M ) 
1 2 5 2 F O R M A T ( 4 7 X * 3 5 H A A A N A L Y S E S OF - 7 5 R E S I D U A L P R O D U C T ) 
1 2 5 3 F O R M A T ( 1 / X * 6 H S I 0 / O * F 8 . 3 * 3 X * 1 0 X > 6 H A L 0 / O * F 8 . 3 * 8 X * 1 0 X * 

* 6 H F E 0 / 0 * F 8 . 3 * 8 X * 1 0 X * 6 H M G 0 / 0 * F-8.3* 8X ) 
1 2 5 4 F O R M A T ( 5 0 X * 1 7 H 0 / 0 W T . L O S S T G A . * F 1 1 . 3 ) 
1 2 9 0 F O R M A T C 2 X * 2 1 H C H E M I C A L C O M P O S I T I O N S , 

* 6 3 X > 2 9 H S T R U C T U R A L W A T E R D I S T R I B U T I O N ) 
1 2 9 1 F 0 R M A T C 2 X * 6 H S I 0 / 0 * 9 X * F 6 . 3 * 2X* ^ S I C / 0 * 7 X * F 6 . 3 * 2 X * 

* 6 H S I 0 / 0 * 3 X * F 6 . 3 , 2 X * 6 H S I 0 / 0 * 6 X * F 6 . 3 * 
* 5 X * 1 7 H M I H E R A L 1 H 2 0 0 / 0 * F 7 . 3 * I X * 1 2 H D I S T R I BUT I O N * F 7 . 3 ) 

1 2 9 2 F 0 R M A T ( 2 X * 6 H A L 0 / 0 * 9 X t F 6 . 3 * 2 X * 6 H A L 0 / 0 * 7 X * F 6 . 3 , 2 X * 
* 6 H A L 0 / 0 * 3 X , F 6 . 3 * 2 X * 6 H A L 0 / G * 6 X * F 6 . 3 * 
* 5 X * 1 7 H M I N E R A L 2 H 2 0 0 / 0 * F 7 . 3 * I X * 1 2 H D I S T R I B U T I O N * F 7 . 3 ) 

1 2 9 3 F Q R M A T ( 2 X * 6 H F E 0 / 0 * 9 X * F 6 . 3 * 2 X * 6 H F E 0 / O * 7 X * F 6 . 3 * 2 X * 
• 6 H F E 0 / 0 * 3 X * F 6 . 3 * 2 X * 6 H F E 0 / 0 * 6 X * F 6 . 3 * 
*5X* 17HMINERAL 3 H20 0 / O * F 7 . 3 * I X * 1 2 H D I S T R I B U T I O N * F 7 . 3) 

1 2 9 4 F O R M A T ( 2 X * 6 H M G 0 / 0 * 9 X * F 6 . 3 * 2 X * 6 H M G 0 / O * 7 X * F 6 . 3 * 2 X * 
* 6 H M G 0 / 0 * 3 X * F 6 . 3 * 2 X * 6 H M G 0 / 0 * 6 X * F 6 . 3 * 
*5X*17HMINERAL 4 H20 0 / 0 * F 7 . 3 * IX*12HDISTRI BUT I O N * F 7 . 3 ) 

1 2 9 5 F O R M A T ( 2 X * 1 3 0 ( ) ) 
1 2 9 6 F O R M A T ( 2 X * 2 6 H E X C E S S R E A D O U T . N O T P R I N T E D ) 
1 1 0 0 F O R M A T ( 2 X * 1 0 H A L - K A N D I T E * F 1 1 . 3 * 2 X * 1 3 H M G — F E - K A N D I T E * 

*"F6. 3* 2X* 1 2 H P Y R O P H Y L L I T E * F 3 • 2 * 2X* 1 2 H M E — H Y D R O X I D E * F 6 . 3) 
L I 5 0 F O R M A T ( 2 X * 7 H K A N D I T E * F 1 4 . 3 * 2 X * 1 1 H V E R M I C U L I T E * F 8 . 3 * 2 X * 

* 8 H S M E C T I T E * F 7 . 3 * 2 X * 1 2 H A L - H Y D R 0 X I D E * F 6 . 3 ) 
1 3 0 0 F O R M A T ( 2 X * 2 2 H N 0 S O L U T I O N S A V A I L A 8 L E ) 
1500 FORM AT (132 ( ) ) 
1 5 0 1 F 0 R M A T C 1 6 X * 1 H # * 9 X * 1 H * * 8 X * 1 H * * 2 7 X * 1 H * * 2 7 X * 1 H * * 9 X * 1 H * ) 
1 5 0 2 F O R M A T ( 1 6 X * 1 H * * 9 X * 1 H * * 8 X * 1 H * * 6 X * 1 H + * 6 X * 1 H + * 6 X * 1 H + * 6 X * 1 H * * 6 X > 

• 1 H + * 6 X * 1 H + * 6 X * 1 H + * 6 X * 1 H * * 9 X * 1 H * ) 
1 5 0 3 F 0 R M A T C 5 X * 7 H M I N E R A L * 4 X * 1 H * * 1 0 H M A S S O / O * * 9 H S T . D E V ** 

* 2 8 H E L E M E N T A L C O M P O S I T I O N 0 / 0 * * 2 8 H E L E M E N T A L F O R M U L A * 
* 1 0 H H 2 0 0 / 0 * ) 

1 5 0 4 F 0 R M A T ( 3 5 X f 1 H * * 2 ( 6 H SI * 1 H + * 6 H AL * 1 H + * 6 H FE * 1 H + 
* * 6 H M G * 1 H * ) * 9 X * 1 H * ) 

1 5 0 5 F O R M A T ( 4 X * 1 3 H C H L O R I T E ** 
* 2 X * F 6 . 2 * 1 X * 1 H * , 1 X , F 6 . 2 * 1 X * 1 H * , 3 ( 1 X * F 4 . 1 * 1 X * 1 H + ) * 1 X * F 4 . 1 * 1 X , 
• 1 H * * 3 ( 1 X » F 4 . 2 * 1 X * 1 H + ) * 1 X * F 4 . 2 * 1 X * 1 H * * F 7 . 2 * 3 H * ) 

1 5 0 6 F O R M A T ( 1 7 H 7 - 1 0 A K A N D I T E ** 
* 2 X * F 6 . 2 * 1 X * 1 H * * 1 X * F 6 . 2 * 1 X * 1 H * * 3 ( 1 X * F 4 . 1 * 1 X * 1 H + ) * 1 X * F 4 . 1 * 1 X , 
* 1 H * * 3 ( 1 X * F 4 . 2 * 1 X * 1 H + ) * 1 X * F 4 . 2 , 1 X * 1 H * * F 7 . 2 * 3 H *) 

1 5 0 7 F O R M A T ( 1 7 H S M E C T I T E ** 
• 2 X * F 6 . 2 * 1 X * 1 H * * 1 X * F 6 . 2 * 1 X * 1 H * * 3 ( 1 X * F 4 . 1 * 1 X * 1 H + ) * 1 X * F 4 . 1 * 1 X > 
• 1 H * * 3 ( 1 X * F 4 . 2 * 1 X * 1 H + ) * 1 X * F 4 . 2 * 1 X * 1 H * * F 7 . 2 * 3 H * ) 

1 5 1 0 F 0 R M A T ( 3 5 X * 5 7 (
w

*
n

) ) 
1 5 1 5 F O R M A T ( 1 7 H V E R M I C U L I T E ** 

• 2 X * F 6 . 2 * 1 X * 1 H * * 1 X * F 6 . 2 * 1 X * 1 H * * 3 ( 1 X * F 4 . 1 * 1 X * 1 H + ) * 1 X * F 4 . 1 * 1 X j 
* 1 H * * 3 ( 1 X * F 4 . 2 * 1 X * 1 H + ) * 1 X * F 4 . 2 * 1 X * 1 H * * F 7 . 2 * 3 H * ) 

1 5 1 6 F O R M A T ( 1 7 H M E - C 0 3 / S I 2 0 5 ** 
* 2 X * F 6 . 2 * 1 X * 1 H * * 1 X * F 6 . 2 * 1 X * 1 H * * 3 ( 1 X * F 4 . , 1 * 1 X * 1 H + ) * 1 X * F 4 . 1 * 1 X > 
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* 1 H * , 3 ( 1 X , F 4 . 2 , 1 X , 1 H + ) , 1 X , F 4 . 2 , 1 X , 1 H * , P 7 . 2 , 3 H * ) 
1525 F0RMAT(4X,13HKAN0ITE * , 

* 2 X , F 6 . 2 , 1 X , 1 H * , 1 X , F 6 . 2 , 1 X , 1 H * # 3 ( 1 X , F 4 . 1 , I X , 1 H + ) , I X , F 4 • 1 * I X , 
* 1 H * , 3 ( 1 X , F 4 . 2 , 1 X , 1 H + ) , 1 X , F 4 . 2 , 1 X , 1 H * , F 7 . 2 , 3 H * ) 

1526 FORMAT(17H 9A ALSILICATE * , 
* 2 X , F 6 . 2 , 1 X , 1 H * , 1 X , F 6 . 2 , 1 X , 1 H * , 3 ( 1 X , F 4 . 1 , 1 X , 1 H + ) , 1 X , F 4 . 1 , 1 X , 
* 1 H * , 3 ( 1 X , F 4 . 2 , 1 X , 1 H + ) , 1 X , F 4 . 2 > 1 X , 1 H * , F 7 . 2 , 3 H * ) 

1535 FORMAT(17H ME-HYDROXIDE * , 
* 2 X , F 6 . 2 , 1 X , 1 H * , 1 X , F 6 . 2 , 1 X , 1 H * . » 3 ( 1 X , F 4 . 1 , 1 X , 1 H + ) , 1 X , F 4 . 1 , 1 X , 
* 1 H * , 3 Q X , F 4 . 2 , 1 X , 1 H + ) , 1 X , F 4 . 2 * 1 X , 1 H * , F 7 . 2 , 3 H *> 

1536 FORMAT(17H ALOOH.BOEHMITE * , 2 X , F 6 . 2 , I X , 1 H + , I X , F 6 . 2 , I X , 1 H * , 3 ( 6 X , 1 H 
* + ) , 6 X , 1 H * , 3 ( 6 X , 1 H + ) , 6 X , 1 H * , 9 X > 1 H * ) 

1540 FORMAT( / / / 15HADDITIONAL DATA) 
1545 FORMAT(/14HSERPENTINE 0 / 0 , F 5 . 1 , 1 3 H K A 0 L I N I T E 0 / 0 , F 5 . 1 ) 
1625 FORMAT(1H ) 
1650 F0RMAT( / / 2X ,21HH20 BALANCE ERROR IS , F 4 . 1 , 4 H 0 / 0 ) 
2000 FORMAT (24HERR0R IN F04ATF I F A I L » , 1 2 ) 

STOP 
END 

SUBROUTINE CONEVAL (S,TCONCH,TCONVR,TCONIL,TCONSM, 
•TCCH2,TCVR2,TCIL2,TCSM2,WTR,W# ALOOH) 

REAL S ( 4 ) , W T R ( 4 ) , W ( 4 ) 
TOTAL -0 .0 
DO 10 I - l , 4 
W T R ( I ) - W T R ( I ) + W ( I ) 

10 TDTAL-TOTAL+St I ) 
T j TA L - T O TA L + A L O O H / 1 0 0 . 0 
D O 20 1 - 1 , 4 
S ( I ) - S ( I ) / T O T A L 

20 C O N T I N U E 
TCONCH-TCONCH + S ( 1 ) 
T C 0 N V R - T C 0 N V R + S ( 2 ) 
T C 0 N I L - T C 0 N I L + S ( 3 ) 
T C 0 M S M » T C Q M S M + S ( 4 ) 
T C C H 2 - T C C H 2 + S < 1 ) * * 2 . 0 
T C V R 2 « T C V R 2 + S ( 2 ) * * 2 . 0 
T C I L 2 - T C I L 2 + S ( 3 ) * * 2 . 0 
T C S M 2 « T C S M 2 + S ( 4 ) * * 2 . 0 
RETURN 
E N D 

S U B R O U T I N E K F I X I ( K , M , M G C H L , H Y D R O , A L V E R M , F E V E R M , 
* m g v e r m , s i c h l , a l c h l ! n o k a n d , i d e t e c t , w , ^ 
• I D E N T , I S I S M E , F E S M E , M G S M E , R A L F E , R F E , Y I , R M O L W T ) 

C FIXATION OF CHLORITE—VERMICULITE—KANDITE 
C • (SERPENTINE-KAOLINITE) -SMECTITE(MONTMORILLONITE) -
C 9A SILICATE—AL—OH SYSTEM ^ „ 

INTEGER FEVERM,MGVERM,ALVERM,FESME,ALCHL 
REAL K ( 4-, 4 ) , M ( 8 , 6 ) , W ( 4 ) , T ( 4 ) 
R A LF E - T ( 2 ) / ( T ( 2 ) + T ( 3 ) + T ( 4 ) ) 
R F E » T ( 3 ) / ( T ( 2 ) + T (3 ) + T ( 4 ) ) 
Y I > ( 3 . O + T E T A L ) / ( 3 . 0 * ( R A L F E + R F E ) + (1.0—R FE—RAL FE) * 2 . 0 ) 
RM Q'LVf T - 26 .9 8* ( YI * R A L FE + T E T A L ) + ( 55 . 85*Y I*RFE ) +24 . 312* ( Y I * ( 1 . 0 - R FE 

R A L F E ) ) + 2 8 . 0 8 6 * ( 2 .0—TETAL)+97 .0+HYDR0* l8 .0 
r T O T * l 
I - l . 
I F ( I D E N T . E Q . 4 ) GOTO 10 
I F ( I D E N T . N E . 1 ) GOTO 11 

10 CONTINUE 
K ( 1 , 1 ) - S I C H L 
K ( 2 , 1 ) - ( M ( ( I + 2 ) , l ) - M ( ( 1 + 3 ) , 1 ) ) * A L C H L / I T O T + M ( ( I + 3 ) , l ) 
K ( 4 , 1) - (M ( ( I + 6 ) , 1 ) — M { ( I + 7 ) , 1 ) ) * M G C H L / I T O T + M ( { 1 + 7 ) , 1 ) 
K ( 3 , 1 ) « K ( 4 , 1 ) * ( - l . 5 7 1 7 9 6 4 7 8 ) + 3 4 . 3801641 
W ( 1 ) - 1 1 . 7 5 

11 CONTINUE 
I F ( I D E N T . N E . 3 ) GOTO f ? 
K ( l , l ) - ( ( M ( 1 , 5 ) — M ( 2 , 5 i ) * I S I S M E / I T 0 T ) + M ( 2 , 5 ) 
K ( 2 , 1 ) - 1 0 . 1 1 
IF {K ( 1 , 1 ) . G T . 2 6 . 0 ) K f [ 2 , l ) - 1 1 . 6 1 , 
K ( 3 , l ) « ( ( M ( 5 , 5 ) - M ( 6 , 5 ) ) * F E S M E / I T O T ) + M ( 6 , 5 ) 
K ( 4 , 1 ) - ( ( M ( 7 , 5 ) — M ( 8 , 5 ) ) * M G S M E / I T O T ) + M ( 8 , 5 ) 
W ( 1 ) - 1 9 . 1 2 

12 CONTINUE 
K ( 1 , 2 ) - 1 6 . 2 9 
K ( 2 , 2 ) - ( ( M ( 3 , 2 ) — M ( 4 , 2 ) ) * A L V E R M / I T O T ) + M ( 4 , 2 ) 
K ( 3 , 2 ) - ( ( M ( 5 , 2 ) - M ( 6 , 2 ) ) * F E V E R M / I T O T ) + M ( 6 , 2 ) 
K ( 4 , 2 ) - ( ( M ( 7 , 2 ) — M ( 8 , 2 ) ) * M G V E R M / I T O T ) + M ( 8 , 2 ) 
K ( 1 , 3) - ( ( M ( 1 , 3 ) — M ( 2 , 3 ) ) * N O K A N D / I T O T ) + M ( 2 , 3 ) 
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K ( 2 , 3 ) » ( ( M ( 3 , - 3 ) - M ( 4 r 3 ) ) * N O K A N D / I T O T ) + H ( 4 , 3 ) 
K ( 3 , 3 ) - ( ( r t ( 5 , 3 ) - M ( 6 , 3 ) ) * N Q K A N D / I T O T ) + M ( 6 , 3) 
K ( 4 , 3 ) »( ( M ( 7 , 3 ) - M ( 8 , 3 ) ) * N O K A N D / I T O T ) + M ( 8 , 3 ) 
W ( 2 ) « 2 0 . 1 
W ( 3 ) * 1 3 * 58 
I F ( N 0 K A N D . E Q . 0 ) W ( 3 ) « 1 4 . 1 
I F ( I D E N T . N E . 4 ) GOTO 14 
K ( l , 4 ) - ( ( M ( l , 5 ) - M ( 2 , 5 ) ) * I S I S M E / I T O T ) + M ( 2 , 5 ) 
K ( 2 , 4 ) " 1 0 • 1 1 
I F ( K ( 1 , 4 ) . G T . 2 6 . 0 ) K ( 2 , 4 ) « 1 6 . 
I F ( K ( 1 , 4 ) . G T . 2 6 . 0 ) K ( 2 , 4 ) « 1 1 . 6 1 
K ( 3 , 4 ) « ( ( M ( 5 , 5 ) - M ( 6 , 5 ) ) * F E S M E / I T 0 T ) + M ( 6 , 5 ) 
K ( 4 , 4 ) « ( ( M ( 7 , 5 )—M ( 8 , 5 ) ) *MGSME/ ITOT)+M( 8 , 5) 
W ( 4 ) » 1 9 • 1 2 
GOTO 20 

14 CONTINUE 
I F ( I D E N T 1 . E O . l ) G0T015 

K ( 1 , 4 ) • ( 2 . 0 — T E T A L ) * 2 8 Q 8 « 6 / R M 0 L W T 
K ( 2 , 4 ) » 2 6 9 8 «0*(TETAL+YI*RALFE) /RMQLWT 
K( 3 , 4 )»5585 .0*RFE*YI /RMQLWT 
K(4 ,4 )«2431«2*YI* (1 .0—RFE—RALFE) /RMGLWT 
W(4)«1800»0*(HYDRO+O.5) /RMOLWT 
GOTO 20 

15 CONTINUE 
K ( l i 4 ) « 0 , 0 x 
K ( Zt 40 «HYDRQ*T (2 ) / ( T (2 ) +T (3 ) ) 
K ( 3 , 4 - ) - 6 2 . 8 5 * T ( 3 ) / ( T ( 2 ) + T ( 3 ) ) 

K ( 4 - , 4 ) « 0 . 0 
W ( 4) « ( ( 9 4 . 9 3 5 7 — 1 . 8 8 8 3 * H Y D R 0 ) * T ( 2 ) + 1 0 . 0 1 * T ( 3 ) ) / ( T ( 2 ) +T ( 3 ) ) 

20 CONTINUE 
I F ( I D E T E C T . E O . l ) HYDRO-HYDRO+l.0 
IF CIDETECT.EQ.Q) HYDRO-HYDRO+1.6 
RETURN 
END 

SUBROUTINE KFIX2(K,HYDRO,HYDROKH, 
*NWATER,TETRAAL,T,W,GlBBOEM,RALFE,RFE,YI ,RMOLWT) 

C FIXATION OF A L - M G - F E - K A N D I T E ( S ) - A L - S I - H Y D R O X I D E 
C ME—HYDROXIDE-MG CARBONATE(NO.6-484> SYSTEM 

REAL K ( 4 , 4 ) , T ( 4 ) , W ( 4 ) , N W A T E R 
R A L F E » T ( 2 ) / ( T ( 2 ) + T ( 3 ) + T ( 4 ) ) 
RFE «T(3 ) / ( T ( 2 ) + T ( 3 ) + T ( 4 ) ) 
D I V « ( 2 5 8 . i 3 2 + H Y D R 0 K H * 1 8 . 0 ) / 1 0 0 . 0 
Y I » ( 3 . 0 + T E T R A A L ) / ( 3 . 0 * ( R F E + R A L F E ) + ( 1 . 0 - R F E - R A L F E ) * 2 . 0 ) 
R M Q L W T » 2 6 . 9 8 * ( Y I * R A L F E + T E T R A A L ) + 5 5 . 8 5 * Y I * R F E + 2 4 . 3 1 2 * ( Y I * ( 1 . 0 - R F P 
K ( 1 , 1 ) • 5 6 . 1 7 2 / D I V 
K ( 2 > 1 ) » 5 3 . 9 6 / D I V . 
K ( 3 # l ) « 0 . 0 
K (4*, 1) « 0 . 0 
K (1#2 )»19 .78*HYDR0 
K (2>2 )»3 .15*HYDR0 
K( 3* 2.) »7«21*HYDR0 

. K ( 4 , 2 ) » 2 6 . 0 0 — l l . O + H Y D R O 
K( 1 , 3 ) «(2.0—TETRA.AL ) *2808 .6 /RMOLWT 
K ( 2 , 3) ••2698 . 0 * ( TETRAAL+YI*RALFE ) /RMQLWT 
K ( 3 , 3 ) " 5 5 8 5 . 0 * R F E * Y I / R M 0 L W T 
K 4 , 3 ) « 2 4 3 1 . 2 * Y I * ( 1 . 0 - R F E - R A L F E ) / R M 0 L W T 
K ( 1 , 4 ) » 0 « 0 
K ( 4 - , 4 ) » 0 . 0 

W ( 1 ) »( 2 •O+HYDROKH) *18 • 0 / D I V 
W ( 2") »36• 0—23.O+HYDRQ 
W(3 ) - 1800 .0* (NWATER+0 .5 ) /RMOLWT 

# W ( | ) - U 3 4 . 6 2 - 1 9 . 6 2 * G I B B a E M ) * T ( 2 ) + 1 0 . 0 1 * T ( 3 ) ) / 

RETURN 
END 
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SUBROUTINE K1PRNT(COUNTCH*S) 
REAL S ( 4 ) 
INTEGER COUNTCH 
I F ( C O U N T C H . E Q . l ) W R I T E ( 7 # 1 2 8 0 ) C S C I ) * 1 - 1 * 4 ) 
I P ( C O U N T C H . E O . 2 ) W R I T S ( 7 * 1 2 8 1 ) C S ( I ) * 1 - 1 * 4 ) 
I F ( C O U N T C H . E O . 3 ) W R I T E ( 7 * 1 2 8 2 ) ( S ( I ) * 1 - 1 * 4 ) 
I F ( C O U N T C H . E Q . 4 ) W R I T E ( 7 * 1 2 8 3 ) ( S ( I ) > 1 - 1 * 4 ) 
IPC C Q U N T C H . E Q . 5 ) W R I T E ( 7 * 1 2 8 4 ) ( S ( I ) * I - 1 * 4 ) 
I F ( C O U N T C H . E Q . 6 ) W R I T E ( 7 * 1 2 8 5 ) ( S ( I ) * 1 - 1 * 4 ) 
I F ( C 0 U N T C H . E Q . 7 ) W R I T E ( 7 * 1 2 8 6 ) ( S ( I ) * I - 1 * 4) 
I F ( C O U N T C H . E Q . 8 ) W R I T E ( 7 * 1 2 8 7 ) ( S ( I ) * I - l * 4) 
I F ( C 0 U N T C H . E Q . 9 ) W R I T E ( 7 * 1 2 8 8 ) ( S ( I ) * 1 - 1 * 4 ) 

1280 FORMAT(2X*8H0APHNITE*F13 .3*2X* 
n i H V E R M I C U L I T E * F 3 . 3 * 2 X * 7 H K A N D I T E * F 3 . 3 * 2 X 
* 1 2 H S M / 9 A / M E - 0 H * F 6 . 3 ) 

1281 FORMAT ( 2 X * 1 2 H R I P I D 0 L I T E I * F 9 . 3 * 2 X * 
* 1 1 H V E R M I C U L I T E * F 8 . 3 * 2 X * 7 H K A N 0 I T E * F 8 . 3 * 2 X 
•O.2HSM/9A/ME-0H * F 6 . 3 ) 

12:82 FORMAT (2X* 11HBRUNSVIGITE* F 1 0 . 3 * 2X* 
* 1 1 H V E R M I C U L I T E * F 8 . 3 * 2 X * 7 H K A N D I T E * F 8 . 3 * 2 X 
*1.2HSM/9A/ME-0H * F 6 . 3 ) 

1283 FORMAT ( 2 X * 1 3 H R I P I D O L I T E I I * F 8 . 3 * 2 X * 
•"11HVERMICUL ITE* F 8 . 3* 2X* 7HKAN0ITE*F8 .3* 2X 
^LZH-SM/9A/ME—OH * F 6 . 3 ) 

1284- FORMAT ( 2X*11HSHERIDANITE* F 1 0 . 3 * 2X* 
*11.HVE-RMICUL ITE* F8 . 3* 2 X* 7HKANDITE* F8 • 3* 2X 
* 1 2 H S M / 9 A / M E - 0 H * F 6 . 3 ) 

1285 FORMAT ( 2 X * 9 H R 0 D I N G I T E * F 1 2 . 3 * 2 X * 
*11.HVERM ICUL ITE* F 8 • 3 * 2X* 7HKANDITE* F 8 . 3 * 2X 
•12HSM/9A/ME—OH * F 6 . 3 ) 

1236 FORMAT (2X*11HCLINOCHLORE*F10 .3*2X* 
*11.H VERM ICUL I T E * F 8 . 3 * 2 X * 7 H K A N 0 I T E * F 8 . 3 * 2X 
•12HSM/9A/ME—OH * F 6 . 3 ) 

1287 FORMAT ( 2 X * 9 H P E N N I N I T E * F 1 2 . 3 * 2 X * 
•11HVERMICULITE * F 8 . 3 * 2 X * 7 H K A N D I T E * F 8 . 3 * 2 X 
* 1 2 H S M / 9 A / M E - 0 H * F 6 . 3 ) 

1288 FORMAT ( 2 X * 1 0 H D I A B A N T I T E * F 1 1 . 3 * 2 X * 
*11HVERMICULITE* F8•3* 2X* 7HKANDITE* F8•3* 2X 
* 1 2 H S M / 9 A / M E - 0 H * F 6 . 3 ) 

RETURN 
END 



CUMPUlLO iOLUTlONS FOR ^L&Y 
MINkRAL CONCENTRATIONS FR1M 

AA ANALYSES Oh" -73 RESIDUAL P^TDUCT 

SI O/O lo,12C 

S H £ k 11) A N I F t .I'll 
CHEMICAL COMPuSlfIONS 
SI 0/0 12.724 
AL 0/0 ll.oOO 
FE 0/0 11.116 
MG 0/0 14.600 

AL 0/0 7.42J FE 0/0 4.>30 

0/0 nT.LUSS IGA. 16.8-jO 

VtKiUCULl f L 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

.50 5 K AND 11L .Ool SM/ 9A/Mk-QH 

16.290 
3.630 
2.680 
11.560 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

21./60 
20.-/10 

0 
0 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

. 141 

25.640 
5. 04? 
5.950 
5.94ft 

MG 0/0 9.710 

STRUCTURAL WATER DISTRIBUTION 
MINERAL 1 H20 0/0 11.750 DISTRIBUTION 
MINERAL 2 H2U 0/0 20.100 DISTRIBUTION 
MINERAL 3 H20 0/0 14.100 DISTRIBUTION 
MINERAL 4 H20 0/0 17.254 DISTRIBUTION 

2.273 
11.749 
1.143 
2.431 

SHtRIUANlTi: .172 VtRMlCULlTt .591 KANDITt .066 SM/9A/.1E -OH • 168 
CHEMICAL COMPOSITIONS S T R U C T U R A L W A T E R D I S T R I B U T I O N 
SI 0/0 12.729 SI 0/0 16 .290 SI 0/0 21 . 760 Si 0/0 23. 731 M I N E R A L 1 H20 0/0 11.750 D I S T R I B U T I O N 2.026 
AL 0/0 11.600 AL 0/0 5 .630 AL 0/0 20 .910 AL 0/0 6. 897 M I N E R A L 2 H20 0/0 20.100 D I S T R I B U T I O N 11.878 
Ft 0/0 11.118 FE 0/0 2 . 660 Ft 0/0 0 FE 0/0 6. 177 M I N E R A L 3 H20 0/0 14.100 D I S T R I B U T I O N .964 
MG 0/0 14.6G0 MG 0/0 11 .560 MG 0/0 0 MG 0/0 6. 17? M I N E R A L 4 H20 0/0 17.134 D I S T R I B U T I O N 2.883 
S H E R I U A N I r t . 142 VtKMICULlTt .600 KANDITE .030 SM/9A/ME - D H 208 
CHEMICAL COMPOSITIONS S T R U C T U R A L W A T E R D I S T R I B U T I O N 
SI 0/0 12.729 SI 0/0 16 .290 SI 0/0 21 .760 SI 0/0 ? L . 847 M I N E R A L 1 H 2 0 0/0 11.750 D I S T R I B U T I U N 1 . 6 6 7 
AL 0/0 11.600 AL 0/0 5 .650 AL 0/0 20 .910 AL 0/0 8. 7?7 M I N E R A L 2 H20 0/0 20.100 D I S T R I B U T I O N 1 2 . 0 6 6 
FE 0/0 11.116 FE 0/0 2 .630 Ft C/0 0 F£ 0/0 6. 400 M I N E R A L 3 H20 0/0 14.100 D I S T R I B U T I O N . 7 0 3 
MG 0/0 14.800 MG 3/0 11 .560 MG 0/0 0 MG 0/0 6. 395 M I N E R A L 4 H 2 0 0/0 17.016 D I S T R I B U T I O N 3 . 5 3 9 

SHERIOANITE .093 VEKM1CULITE .613 KAND1TE .020 SM/9A/ME -OH • ?71 
CHEMICAL COMPOSITIONS STRUCTURAL WATER DISTRIBUTION 
SI 0/0 12.729 SI 0/0 lo .290 SI 0/0 21 .760 SI 0/0 1 9 . 990 MINERAL 1 H2G 0/0 11.750 DISTRIBUTION 1 . 0 9 5 
AL 0/0 11.600 AL 0/0 5 .650 AL 0/0 20 .910 AL 0/0 1 1 . 531 MINERAL 2 H20 0/0 20.100 DISTRIBUTION 1 2 . 3 6 4 
FE 0/0 11.116 f E 0/0 2 .680 FE 0/0 0 FE 0/0 6. 620 M I N E R A L 3 H 2 0 0 / 0 1 4 . 1 0 0 D I S T R I B U T I U N .288 
MG 0/0 14.600 MG 0/0 11 .360 MG 0/0 0 MG 0/0 6. 616 MINERAL 4 H20 0/0 16.900 DISTRIBUTION 4 . 5 8 4 

SHERIDAN 1Tb .020 VEKMlCULITt .396 KANDITE .034 SM/9A/ME -OH t 330 
CHEMICAL COMPOSITIONS 

.290' 
STRUCTURAL WATER ! DISTRIBUTION 

SI 0/0 12.729 SI 0/0 16 .290' SI 0/0 19 . 7 bO SI 0/0 18. 158 MINERAL 1 H20 0/0 11.750 DISTKI6U1IUN .238 
AL 0/0 11.300 AL 0/0 5 .650 AL 0/0 d .130 AL 0/0 1?. 311 MINERAL 2 H20 0/0 20.100 DISTRIBUTION 11 .979 
FE 3/0 11.116 FE 0/0 2 .680 FE 0/0 7 . 2 1 0 FE 0/0 6. 838 MINERAL 3 1120 0/0 13.580 DISTRIBUTION 

11 
.735 

MG 0/0 14.6G0 MG 0/0 11 .360 MG 0/0 13 .000 MG 0/0 6. 833 MINERAL 4 H20 0/0 16.785 DISTRIBUTION 5 .533 
SHERIDAN1TE . 0 1 6 VERMICULIIE .352 KANDITt .060 SM/9A/ME -nn 350 
CHEMICAL COMPOSITIONS STRUCTURAL WATER OISTKIBUTION 
SI 0/0 12.729 SI 0/0 16 .290 SI 0/0 19 .700 SI 0/0 18. 158 MINERAL 1 H20 0/0 11.750 DISTRIBUTION .217 
AL 0/0 11.600 AL 0/0 5 .630 AL 0/0 3 .130 AL 0/0 1?. 311 MINERAL 2 H20 0/0 20.100 DISTRIBUTION 11 .088 
FE 0/0 2.944 FE 0/0 2 .660 FE 0/0 7 .210 FE 0/0 6. 838 MINERAL 3 H20 0/0 13.580 DISTRIBUTION 1 .082 
MG 0/0 20.000 MG 0/0 11 .560 MG 0/0 13 .000 MG 0/0 6. 833 MINERAL 4 H20 0/0 16.785 DISTRIBUTION 5 .876 
SHE RI 0AN I T t . IdO VERMICULITt . 596 KANDlTt .037 SM/9A/ME -OH • 167 
CHEMICAL COMPOSITIONS STRUCTURAL WATER 01 ST RI BUT I ON 
SI 0/0 12.729 SI 0/0 16 .290 Si G/0 21 . /60 SI 0/0 25. 640 MINERAL 1 H20 0/0 11.750 DISTRIBUTION 2 .120 
AL 0/0 14.600 AL 0/0 5 .630 AL 0/0 20 .910 AL 0/0 5. 042 MINERAL 2 H20 0/0 20.100 DISTRIBUTION 11 .978 FE 0/0 11.116 FE 0/0 2 .680 FE 0/0 0 FE 0/0 5. 950 MINERAL 3 H20 0/0 14. 100 DISTWIBUTION 

11 
.798 

MG 0/0 14.600 .MG 0/0 11 .360 MG 0/0 0 MG 0/0 5. 946 MINERAL 4 H20 0/0 17.254 DISTRIBUTION 2 .882 
SHERIOANirE .130 
CHEMICAL CUMPUSI riONS 
SI 0/0 12.72 9 
AL 0/0 14.dOO 
FE 0/0 11.11b 
MG 0/0 14.600 

VtRMlCULITt 

SI 0/0 
AL 0/0 
Ff 0/0 
MG 0/0 

.602 KANDITt .043 SM/9A/i1E-HH 

16.290 
5.650 
2.660 
11.560 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

21 .7o0 
20.910 

0 
0 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

.195 

23.731 
6. 897 
6. 177 
6.172 

STRUCTURAL WATER U I STRI BUT I ON 
MINERAL 1 H20 0/0 11.750 DISTRIBUTION 1.653 
MINERAL 2 H20 0/0 20.100 DISTRIBUTION 12.099 
MINERAL 3 H20 0/0 14.100 DISTRIBUTION .634 
MINERAL 4 H20 0/0 17.134 DISTRIBUTION 3.349 

SHERIDAN lie .126 
CHEMICAL COMPOS IFIONS 
SI 0/0 12.729 
AL 0/0 14.dOO 
FE 0/0 11.lid 
MG 0/0 14.600 

VQKM1CULIIE 
SI 0/0 
AL 0/0 
tL 0/0 
MG 0/0 

. o 10 KANDITt .029 SM/9A/ME-1H 

lb.290 
5.u30 
2.680 
11.360 

SI 0/0 
AL 0/0 
Ft 0/0 
MG 0/0 

21. /tO 
20.910 

0 
0 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

. 235 

'1.847 
8.727 
6.400 
6.395 

STRUCTURAL WATER DISTRIBUTION 
MINERAL 1 H20 0/0 11.750 DISTRIBUTION 1.481 
MINERAL 2 H2Q 0/0 20. 100 DISTRIBUTION 12.267 
MINERAL 3 H20 0/0 14.100 DISTRIBUTION .405 
MINERAL 4 H20 0/0 17.G16 DISTRIBUTION 3.997 

SHt-UDA.mt . (j 18 
CHEMICAL CilMPOSI FIO.NS 
SI 3/0 12.72 5 
£L 0/0 14.600 

V° 11. 11 
MG 0/0 14.o00 

VtrfMlCULlTt 
SI 0/G 
AL 0/0 
F£ 0/0 
mg o/o 

.592 KANDlIt .061 SM/9A/Me-1H 

1 8 . 2 ^ 0 
5.630 
2.680 
11.560 

il 0/0 
AL 0/0 
Ft 0/0 
HG 0/0 

10. /uO 
J . I 30 
7.210 
la.OGO 

SI 0/0 
AL 0/0 
FE 0/0 
MG 0/0 

. 3?9 

18.158 
I?.Ill 
*>.H 38 
6.833 

STRUCTURAL WATER DISTRIBUTION 
MINERAL 1 H20 0/0 11.750 01 STK I BUT 10,4 .200 
MINERAL 2 H2U 0/0 20.100 DISTRIBUTION 11.898 
MINERAL 3 H2Q 0/0 13.500 DISTRIBUTION .833 
MINERAL 4 H20 0/0 16.765 DI S I R 1 B<J T 1 ON 5.522 

E X C T S S «[ A J J U r.N>) r printed 



* * * * 
MINERAL • MASSO/G * ST,DEV * ELEMENTAL COMPOSITION O /O * ELEMENTAL FORMULA * * • * 

*****************************************************************************************^ 
* * * + + + * + + 

* SJ + AL + FE • MG * S I • AL • FE + MG * * * + • • * + • + 
******************************************************** 

CHLORITE 

VERMICULITE 

KANDITE 

9A ALSILICATE 
* * * * * * * * * * * * * * * * 

1 0 . 1 4 

5 9 . 2 8 

5 . 2 8 

2 5 . 2 9 

6,82 

2 , 1 3 

2 , 4 3 

7 . 5 0 

1 2 , 7 

1 6 , 3 

21,1 
2 1 , 3 

1 3 , 3 

5 , 7 

1 5 , 0 

9 , 3 

9 . 8 

2 . 7 

2 . 4 

6 . 5 

+ 
t 
* 

+ + 

1 5 , 7 

11,6 
5 . 0 

6 , 5 

2,60 
3 , 1 2 

2,08 
3 . 3 ? 

2,81 

1,18 
1 . 4 5 

1 . 5 4 

1.02 
, 3 0 

,11 
» »52 

3 , 6 7 

2 . 5 2 

. 3 5 

1.18 

* * * * * * * * * * * * * * * * * * * * * * * * + + * * * + * * * * * * * * * * * * * * * * * * * * * * * + * * * * * * * * * * * * * * * * * * * * 

********* 

H20 0 / 0 

1 1 . 7 5 

20.10 
1 3 . 9 3 

1 6 . 9 8 
i 

* * * * * * ^ * * 

ADDITIONAL DATA 

H20 BALANCE ERROR IS 5 . 0 0 / 0 

to 
a\ 
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APPENDIX 1 

O V E R A L L M A S S B A L A N C E S : D E T A I L 

O F T H E P R O C E D U R E S E M P L O Y E D 

T h e p r o c e d u r e s o u t l i n e d i n S e c t i o n 4 . 5 . 4 a r e d e s c r i b e d i n 

d e t a i l h e r e i n t e r m s o f a n e x a m p l e . T h e s e l e c t e d e x a m p l e r e l a t e d 

t o t h e a l t e r a t i o n o f k i m b e r l i t e u n d e r t h e f o l l o w i n g c o n d i t i o n s : 

1 0 g - 1 1 8 0 + 8 5 0 y m f e e d r e a c t e d w i t h 4 0 m l 0 . 4 4 1 M A l
3 +

, 0 . 3 1 M H
+ 

(as t h e c h l o r i d e ) f o r 1 0 0°C, 4 h . T a b l e A 6 . 1 o u t l i n e s t h e 

e x p e r i m e n t a l d a t a u s e d i n t h e m a s s b a l a n c e c a l c u l a t i o n o b t a i n e d 

f r o m t h e o l i v i n e , s e r p e n t i n e a s s a y s o f t h e + 7 5 u m f r a c t i o n , a n d 

e l e m e n t a l a s s a y o f b o t h s o l i d f r a c t i o n s . F r o m t h e k n o w n e l e m e n t a l 

a s s a y s o f t h e o l i v i n e a n d s e r p e n t i n e ( S e c t i o n 2 . 4 . 3 ) t h e r e s i d u a l 

e l e m e n t a l a s s a y i n t h e a l t e r e d r i m o f t h e + 7 5 y m f r a c t i o n w a s 

c a l c u l a t e d . T h i s w a s a s s u m e d t o c o n s i s t o f m i n e r a l s s i m i l a r t o 

t h o s e r e p o r t i n g t o t h e - 7 5 y m f r a c t i o n a s i n f e r r e d f r o m t h e S E M 

p h o t o m i c r o g r a p h s ( P l a t e s 3 . 1 2 - 3 . 1 9 ) . T h e c l a y p h a s e c o n c e n t r a t i o n 

i n b o t h s o l i d p h a s e s w a s c o m p u t e d a c c o r d i n g l y u s i n g P r o g r a m C E C P M . 
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T A B L E A 6 . 1 D A T A U S E D I N E L E M E N T A L - M I N E R A L M A S S 

B A L A N C E C A L C U L A T I O N F O R T H E E X A M P L E 

R E A C T I O N 8 2 K I N F 

F r a c t i o n M a s s (g) M g 

A s s a y (%) 

S i F e A l 

t o t a l + 7 5 y m 8 . 1 9 

+ 7 5 y m ( - h e a d m i n e r a l s ) 2 . 9 9 

- 7 5 y m 0.23 

16.1 

8.6 

1 6 . 5 

18.6 

1 7 . 7 

16.6 

6.8 

5 . 7 

6 . 9 

2 . 5 

3 . 9 

6.8 

c h l o r i t e , _ _ 
+ 7 5 

v e r m i c u l i t e 

k a n d i t e , _ _ 
+75 

9 - 1 1 A p h a s e 

+ 7 5 

+ 7 5 

M a s s (g) S t r u c t u r a l F o r m u l a e 

0 . 1 6 5 _
 3 7

M g
3
 _

g £ J
F e _ „ ( A ^ _ ^ S i , .

 5 ?
) (OH)

 g 

0.777 Ca _
 2 8
A 1 _

1 8
M g

2
 _

 ? 4
p

e
 _

 2 8
(Al_

 9 6
S i

3
 _

 Q 4
) 0

1 Q 

( 0 H )
2
 4 . 4 H

2
0 

0.273
 C a

. 2 8 ^ . 7 1 ^ 1 . 3 5
F e

. 29
S l

2°5
( 0 H

' 4 

1 . 7 2 5 A l K g F » S i 0 < 0 H >
2
 1 3 . 5 ^ 0 

c h l o r i t e __ 
- 7 5 

v e r m i c u l i t e 
- 7 5 

0 . 0 4 5 A l
x # 2 8

M g
4 # 5 ?

F e
 # 3 Q

 ( A l ,
#
 ^

 # 5 1
) 0 ^ (OH)

 Q 

0 . 1 0 8 C a
 2 8

M g
2
 _

 7 Q
F e

 3 g
 (Fe ̂  ̂ A l

 # 9 ?
S i

2
 ^

 5 1
) 0 ^ 

k a n d i t e __ 
—75 

o 
9 - 1 1 A p h a s e 

- 7 5 

( 0 H )
2
 4 . 5 H

2
0 

0 . 0 5 6
 C a

#
2 8

A 1

. 3 4 ^ 1 . 8
F e

. 3 9
S i

2 ° 5
( 0 H )

4 

0 . 0 1 5 A l ̂
 6 4

M
g i
 _

 5 6
F e

 # 6 ?
 (Al ̂ S ±

3 # Q 2
) 0 ^ 

( 0 H )
2
 1 5 . 3 H

2
0 

N o t e s 

a ) M a s s o f r e s i d u a l o l i v i n e = 2 . 6 g 

M a s s o f r e s i d u a l s e r p e n t i n e = 2 . 6 g 

B y a d d i n g t h e r e s p e c t i v e s t a g e s o f t h e a l t e r a t i o n m e c h a n i s m 

g i v e n i n S e c t i o n s 4 . 5 . 2 a n d 4 . 5 . 3 s i x t e e n e q u i l i b r i a c o u l d b e d e d u c e d 

f o r t h e a l t e r a t i o n o f o l i v i n e a n d s e r p e n t i n e t o f o r m d i r e c t l y e a c h o f 
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t h e e i g h t p h y l l o s i l i c a t e m i n e r a l s l i s t e d i n T a b l e A 6 . 1 . E x a m p l e 

e q u i l i b r i a a r e g i v e n b e l o w : 

o l i v i n e c h l o r i t e T / J 
4 C a

. 0 7
M g

1 . 6 2
F e

. 2 1
N i

. l
M

. 0
1

S i O

4
 + 2

-
7 S a l 3 + +

 H j O 

~
A 1

1 . 3 7
M

* 3 . 9 8
P e

. 7 7
t A 1

1 . 4 3
S i

2 . 5 7 > ° 1 0
( O H )

8
 +

 ° '
2 8 C a 2 + + 

2 . 5 0 M g
2 +

 + 0 . 0 7 F e
2 +

 + 0 . 4 0 N i
2 +

 + 1 . 7 2 H
+

 + 1 . 4 3 S i ( O H )
4
 ( A 6 . 1 ) 

s e r p e n t i n e v e r m i c u l i t e
+ 1

^ 

2 C a

. 2 8
M g

1 . 8
F e

. 3 9
M

. 3 4
S i

2 ° 5
( O H )

4
 +

 + 2 . 4 H
+

 + 2 . 2 ^ 0 

~
C a

. 2 8 ^ . 1 8 ^ 2 . 7 4 ^ . 2 8
 ( A 1

. 9 6
S i

3 . 0 4
)

 ° 1 0
( O H )

2
 4

-
4 H

2 ° 

+ 0 . 2 8 C a
2 +

 + 0 . 8 6 M g
2 +

 + 0 . 5 F e
3 +

 + S i ( O H ) ( A 6 . 2 ) 

o l i v i n e -»• k a n d i t e ^ 

2 C a
 n

_ M g - _
0
F e _ _ N i - A l .. S i O , + 0 . 3 8 A l

3 +

 + 0 . 1 4 C a
2 +

 + 2 H
+

 + H
o
0 

• U/ l.oZ . Z± . UJ. 4 2 

C a
 2 Q

A 1 M g g F e 3
9

s i

2

c

V
O H )

4
 +

 l - 4 4 M g
2 +

 + 0 . 0 3 F e
2 +

 + 0 . 2 N i
2 + 

( A 6 . 3 ) 

s e r p e n t i n e 9 - 1 1 A p h a s e __ 
—75 

2 C a
 2 8

M g
1 g

F e
 3 g

a l
 3 4

S i
2
0

5
( 0 H )

4
 + 0 . 9 4 A 1

3 +

 + 2 . 0 H
+

 + 1 3 . 3 H
2
0 

- *
 A 1

. 6 4
M g

1 . 5 6
F e

. 6 7
( A 1

. 9 8
S 1

3 . 0 2
) O

1 0
( O H )

2
 1 5

'
3 H

2 °
 +

 ° '
5 6 C a 2 + + 

2 + 3 + 
2 . 0 4 M g + O . l l F e + S i ( O H )

4
 (A6.4) 

T h e p r o p o r t i o n s o f o l i v i n e a n d s e r p e n t i n e r e a c t i n g t o p r o d u c e 

e a c h o f t h e e i g h t t y p e s o f p h y l l o s i l i c a t e m i n e r a l w e r e u n k n o w n . I n t h e 

c a l c u l a t i o n s x r e f e r r e d t o t h e n u m b e r o f m o l e s o f a p h y l l o s i l i c a t e p h a s e 
a 

a s p r o d u c e d f r o m o l i v i n e a l t e r a t i o n ; y t h e n u m b e r o f m o l e s o f t h e s a m e 
cl 

p h a s e f o r m e d f r o m s e r p e n t i n e a l t e r a t i o n . F r o m t h e s i x t e e n e q u i l i b r i a 
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o b t a i n e d , T a b l e A 6 . 1 w a s o b t a i n e d w h i c h s u m m a r i s e d t h e m o l e s p r o d u c e d / 

r e q u i r e d o f m a g n e s i u m , s i l i c o n , i r o n a n d a l u m i n i u m f o r t h e p o s s i b l e 

a l t e r a t i o n s o f o l i v i n e a n d s e r p e n t i n e p e r m o l e o f p h y l l o s i l i c a t e 

m i n e r a l . ( H e n c e i n t h e f o l l o w i n g t a b l e , x a n d y a s s u m e d v a l u e s o f 
a a 

u n i t y . ) 

T A B L E A 6 . 2 M O L E P R O D U C E D / R E Q U I R E D O F M A G N E S I U M , 

S I L I C O N , I R O N A N D A L U M I N I U M F O R T H E 

A L T E R A T I O N O F O L I V I N E A N D S E R P E N T I N E 

M g S i F e A l 

1 
X

c h l + 7 5 
2 . 5 0 1 . 4 3 0 . 0 7 - 2 . 7 6 

X

v e r m + 7 5 
3 . 7 4 1 . 0 0 0 . 5 6 - 1 . 1 0 

X

k a n d + 7 5 
1 . 8 9 0 0 . 1 4 - 0 . 6 9 

X

9 & + 7 5 
5 . 3 6 0 0 . 0 9 - 0 . 4 6 

X

c h l - 7 5 
1 . 9 1 1 . 4 9 0 . 5 4 - 2 . 7 3 

v e r m - 7 5 
3 . 7 8 1 . 2 8 0 . 1 4 - 0 . 9 3 

3 
X

k a n d - 7 5 
1 . 4 4 0 0 . 0 3 - 0 . 3 8 

X

9 A - 7 5 
4 . 9 2 1 . 0 0 0 . 1 7 - 1 . 5 8 

y

c h l + 7 5 
- 0 . 3 8 1 . 4 3 0 - 2 . 1 2 

2 
y

v e r m + 7 5 
0 . 8 6 1 . 0 0 0 . 5 0 - 0 . 4 6 

y

k a n d + 7 5 
0 . 4 5 0 0 . 1 1 - 0 . 3 7 

y

9 A + 7 5 
2 . 4 8 0 0 . 0 3 0 . 1 8 

y

c h l - 7 5 
- 0 . 9 7 1 . 4 9 0 . 4 8 - 2 . 0 9 

y 
* v e r m - 7 5 

0 . 9 0 1 . 2 8 0 . 0 8 - 0 . 2 9 

y

k a n d - 7 5 
0 0 0 0 

4 
y

9 A - 7 5 
2 . 0 4 1 . 0 0 . 1 1 - 0 . 9 4 

N o t e s 

a ) c h l , v e r m , k a n d , r e f e r t o c h l o r i t e , v e r m i c u l i t e , 

k a n d i t e a n d t h e 9 - 1 1 & p h a s e r e s p e c t i v e l y . 
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b ) 1 , 2 , 3 , 4 r e f e r t o e q u a t i o n s A 6 . 1 - 4 r e s p e c t i v e l y . 

c ) A p o s i t i v e v a l u e r e p r e s e n t s p r o d u c t i o n o f t h e e l e m e n t 

f r o m t h e a l t e r a t i o n r e a c t i o n , a n e g a t i v e v a l u e , a 

r e a c t i o n r e q u i r e m e n t . 

N o t i n g t h e s t r u c t u r a l f o r m u l a e f o r e a c h m i n e r a l t h e t o t a l 

m o l e s p r o d u c e d w e r e c a l c u l a t e d u s i n g t h e d a t a p r e s e n t e d i n T a b l e A 6 . 1 . 

H e n c e : 

x + y = 0 . 0 0 0 2 8 3 
c h l + 7 5 c h l + 7 5 

x -- + Y __ = 0 . 0 0 1 6 1 2 
v e r m + 7 5 v e r m + 7 5 

x

i j 17c
 +

 Yv
 =

 0.00096 
k a n d + 7 5 k a n d + 7 5 

X

9 & + 7 5
 + Y

9 A + 7 5 = 0 . 0 0 0 2 8 2 

X

c h l - 7 5
 + y

c h l - 7 5 =
 0 0 0 0 7 9 

x __ + y = 0 . 0 0 0 2 1 9 
v e r m - 7 5 v e r m - 7 5 

* k a n d - 7 5
 + y

k a n d - 7 5
 = 0 0 0 1 9 3 

X

9 i - 7 5
 +

 m - 7 5
 m 0 0 0 0 2 2 ( A 6

'
5 ) 

T h e e q u a t i o n s f o r m u l a t i n g t h e t h e o r e t i c a l n u m b e r o f m o l e s o f 

m a g n e s i u m , s i l i c o n , i r o n a n d a l u m i n i u m e n t e r i n g t h e s o l u t i o n c o u l d n o w 

be written. The total number of moles of magnesium in solution, T , 
M g 

w a s a s f o l l o w s , f r o m T a b l e A 6 . 2 : 

T = 2 . 5 0 x , . __ + 3 . 7 4 x _ _ + 1 . 8 9 x _ _ _ + 
M g c h l + 7 5 v e r m + 7 5 k a n d + 7 5 

5 . 3 6 x _ o + . . . - 0 . 9 7 y , _ __ + 0 . 9 0 y + 
9 A + 7 5 c h l - 7 5 v e r m - 7 5 

2

*
0 4 y

9 A - 7 5
 ( A 6

'
6 ) 

r e a r r a n g i n g 
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= 2

-
8 8 ( X

c h l + 7 5
 + X

verm+75
 + X

9 &
+
7 5

 + X

chl-75
 + 

x + x_ ° __) + 1.44 (x. ,, __ + x, , __) -
verm-75 9A-75 Kand+75 kand-75 

°-
3 8 ( x

chl
+
75

 +

 ychl+75
1 +

 °-
8 6 ( X

verm
+
75

 +

 ^ v e r m ^ S
1 + 

°-
4 5 ( x

kand
+
75

 +

 *kand
+
75>

 + 2

-
4 8 ( x

9 * + 7 5
 + y

9A
+
75> " 

°-
9 7 ( x

ohl-75
 + y

chl-75>
 +

 °'
9 ( x

verm-75
 + y

verm-75
) + 

2

-
0 4 ( x

9 A - 7 5
 + t A 6

-
7 ; 

F r o m t h e o l i v i n e h e a d a s s a y a n d t h e r e s i d u a l m a s s o f o l i v i n e in 

t h e + 7 5 p m f r a c t i o n , t h e n u m b e r o f m o l e s o f t o t a l l y r e a c t e d o l i v i n e w e r e 

e v a l u a t e d . F r o m t h e f o r m o f e q u a t i o n s A 6 . 1 - 4 , i t w a s e v i d e n t t h a t t h e 

f o l l o w i n g e q u a l i t y h e l d : 

4 ( X , + X _ _ _ + X + X _ _ + X o , _ _ + x . o ) + 
c h l + 7 5 c h l - 7 5 v e r m + 7 5 v e r m - 7 5 9 A + 7 5 9 A - 7 5 

2 (x ) x 
k a n d + 7 5 k a n d - 7 5 ) = N o . o f r e a c t e d o l i v i n e m o l e s 

= 0 . 0 0 5 6 6 ( A 6 . 8 ) 

M u l t i p l y i n g e q u a t i o n A 6 . 8 b y ( 2 . 8 8 / 4 ) a n d a c c o r d i n g l y 

s u b s t i t u t i n g t h e r i g h t h a n d s i d e v a l u e d e d u c e d , a s w e l l a s t h e e q u a l i t i e s 

i n e q u a t i o n A 6 . 5 i n e q u a t i o n A 6 . 7 , e n a b l e d t h e t o t a l n u m b e r o f m a g n e s i u m 

m o l e s e n t e r i n g t h e s o l u t i o n t o b e e v a l u a t e d , i . e . 

2 88 

N o . o f m a g n e s i u m m o l e s = —
1

— . 0 . 0 0 5 5 6 6 + 0 . 0 0 8 8 9 6 

e n t e r i n g s o l u t i o n = 0 . 0 1 2 9 m o l e 

T h e e x p e r i m e n t a l l y f o u n d v a l u e w a s 0 . 0 1 0 2 m o l e . 

R e p e a t i n g t h i s p r o c e d u r e f o r s i l i c o n , irck^ a n d a l u m i n i u m p r o d u c e d 
i 

t h e r e s u l t s g i v e n i n S e c t i o n 4 . 5 . 4 . 
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