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TRACE LEAD ISOTOPE STUDIES WITH 
GAS SOURCE MASS SPECTROMETRY 

ABSTRACT 

On the basis of data published p r i o r to 1960, two 
basic lead isotope models - the isochron model and the 
primary lead model - were postulated to f i t those 
c r u s t a l leads that have had the simplest h i s t o r y . The 
present writer's analyses of samples from Southern 
Finland, and the r e s u l t s of other research workers, now 
indicate that the primary lead model more adequately 
describes these leads, and that primary "isochrons" are 
either very short, or else non-existent. 

Lead i n conformable deposits and i n u l t r a b a s i c s u l ­
fides were postulated by R.L. Stanton to be examples of 
primary lead. Analyses of samples from several massive 
lead-zinc conformable deposits have indicated that the 
leads of many of these deposits possess primary lead 
c h a r a c t e r i s t i c s . 

The present thesis describes a technique devised to 
prepare tetramethyllead from the conformable chalcopy­
r i t e deposits and u l t r a b a s i c s u l f i d e s and describes some 
i n i t i a l r e s u l t s . This i s a free r a d i c a l technique, 
involving the reaction of methyl r a d i c a l s with a lead 
mirror evaporated out of a s u l f i d e . It appears to be 
capable of preparing tetramethyllead from samples con­
taining one to two orders of magnitude less lead than 
previously reported for such a technique. Unfortunately, 
the f u l l extent of the method cannot be u t i l i z e d with 
present gas source mass spectrometer f a c i l i t i e s , and 
only f a i r p r e c i s i o n (0,47o) i s possible at 10 ppm. lead. 

Samples from the conformable chalcopyrite deposits J 
of Mt. Isa were analysed. The lead isotope r a t i o s were 
found to be s i g n i f i c a n t l y d i f f e r e n t from those of the 
massive lead-zinc deposits. The r e s u l t s , interpreted 
with other lead and s u l f u r isotope data, suggest that 
these deposits could be the r e s u l t of metal-bearing _ 
solutions entering a p a r t i a l l y enclosed bay. I n i t i a l 
r e s u l t s for two u l t r a b a s i c deposits suggest that the 
lead i n the s u l f i d e s i s not n e c e s s a r i l y primary; 



for example, that i n two Stillwater u l t r a b a s i c complex 
samples appears to be the r e s u l t of three stages of 
development. Hence, both the present lead isotope 
analyses, and those reported e a r l i e r by Ostic (1963) 
indicate that Stanton's geol o g i c a l c r i t e r i a , while good, 
are not completely adequate f o r i d e n t i f y i n g primary 
leads. It i s here suggested that s u l f u r isotope analy­
ses might indicate which of these samples have been 
contaminated by c r u s t a l leads„ 

During the i n v e s t i g a t i o n of the gas source mass 
spectrometric analyses of small tetramethyllead samples, 
lead i s o t o p e , f r a c t i o n a t i o n was observed. This occured 
with molecular flow into the mass spectrometer„ Lead isotope 
f r a c t i o n a t i o n has not been reported previously, and has 
some i n t e r e s t i n g geophysical implications„ A p r e l i m i ­
nary study suggests that such f r a c t i o n a t i o n i n nature 
i s l i k e l y to be rare, except possibly i n b i o l o g i c a l 
processes i n the sea. 
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A B S T R A C T 

On t h e b a s i s o f d a t a p u b l i s h e d p r i o r t o i960, t w o 

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

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

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

w r i t e r ' s a n a l y s e s o f s a m p l e s f r o m S o u t h e r n F i n l a n d , a r id 

- t h e r e s u l t s o f o t h e r r e s e a r c h w o r k e r s , now i n d i c a t e t h a t 

t h e p r i m a r y l e a d m o d e l more a d e q u a t e l y d e s c r i b e s t h e s e 

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

o r e l s e n o n - e x i s t a n t . 

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

w e r e p o s t u l a t e d b y R . L . S t a n t o n t o b e e x a m p l e s o f p r i m a r y 

l e a d . A n a l y s e s o f s a m p l e s f r o m s e v e r a l m a s s i v e l e a d - z i n c 

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

o f t h e s e d e p o s i t s p o s s e s s p r i m a r y l e a d c h a r a c t e r i s t i c s . 

T h e p r e s e n t t h e s i s d e s c r i b e s a t e c h n i q u e d e v i s e d t o 

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

d e p o s i t s a n d u l t r a b a s i c s u l f i d e s a n d d e s c r i b e s some i n i t i a l 

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

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

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

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

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

a t e c h n i q u e . U n f o r t u n a t e l y , t h e f u l l e x t e n t o f t h e m e t h o d 

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

m e t e r f a c i l i t i e s , a n d o n l y f a i r p r e c i s i o n (0.4$) i s p o s s i b l e 



i i i 

a t 10 p p m . l e a d . 

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

o f M t . I s a w e r e a n a l y s e d . The l e a d i s o t o p e r a t i o s w e r e 

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

m a s s i v e l e a d - z i n c d e p o s i t s . The r e s u l t s , i n t e r p r e t e d 

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

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

s o l u t i o n s e n t e r i n g a p a r t i a l l y e n c l o s e d b a y . I n i t i a l 

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

l e a d i n t h e s u l f i d e s I s n o t n e c e s s a r i l y p r i m a r y ; f o r 
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r e p o r t e d e a r l i e r b y O s t i c (1963) i n d i c a t e t h a t S t a n t o n ' s 

g e o l o g i c a l c r i t e r i a , w h i l e g o o d , a r e n o t c o m p l e t e l y 

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

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

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

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

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

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

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

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

i s l i k e l y t o be r a r e , e x c e p t p o s s i b l y i n b i o l o g i c a l 

p r o c e s s e s i n t h e s e a . 
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I N T R O D U C T I O N 

" W h e r e do y o u come f r o m , " s a i d t h e R e d Q u e e n , " a n d 
w h e r e a r e y o u g o i n g ? " 

- L e w i s C a r r o l l i n T h r o u g h t h e L o o k i n g G l a s s 

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

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

l a b o r a t o r i e s t h r o u g h o u t t h e w o r l d . A t t h e G e o p h y s i c s 

L a b o r a t o r y o f t h e U n i v e r s i t y o f B r i t i s h C o l u m b i a t h e m a i n 

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

t h o s e e r u s t a l l e a d s t h a t h a v e fcad t h e s i m p l e s t h i s t o r y . 

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

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

c o m p l e x h i s t o r i e s . On t h e b a s i s o f t h e d a t a p u b l i s h e d 

p r i o r t o i 9 6 0 ( R u s s e l l a n d F a r q u h a r , i 9 6 0 ) t w o d i f f e r e n t 

b a s i c m o d e l s w e r e p r o p o s e d . 

( 1 ) T h e l e a d s w e r e p r e s u m e d t o h a v e d e v e l o p e d i n a 

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

p o r t i o n s o f l e a d , u r a n i u m , a n d t h o r i u m ) f r o m t i m e to, 

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

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

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

l i n e &n t h e P b 2 o 6 / P b 2 0 4 v s . P b 2 0 7 / P b 2 0 4 p i G t . T h e s e 

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

m o d e l i s t e r m e d t h e " i s o c h r o n m o d e l " . 

( 2 ) The l e a d s w e r e a s s u m e d t o h a v e d e v e l o p e d i n a 

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

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

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

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

c a l l e d " p r i m a r y l e a d m o d e l " . 

T h e k e y tbo d e c i d i n g b e t w e e n t h e s e t w o p o s s i b i l i t i e s 

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

t h e r e l a t i v e P b 2 0 ^ a b u n d a n c e . S u c h e r r o r s - due p o s s i b l y 

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

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

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

s u p e r v i s i o n o f R . D . R u s s e l l , K o l l a r ( i 9 6 0 ) , S t a c e y ( 1 9 6 2 ) , 

a n d t h e p r e s e n t w r i t e r ( w h i t t l e s , i 9 6 0 , a a n d b ) w e r e 

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

m a s s s p e c t r o m e t e r p r e c i s i o n . U l r y c h ( i 9 6 0 ) 1 9 6 2 ) i m p r o v e d 

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

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

i d e n t i c a l c o n d i t i o n s . K o l l a r ( i 9 6 0 ) a n d O s t i c ( 1 9 6 3 ) 

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

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

S l a w s o n a n d R u s s e l l ( 1 9 6 2 ) a n d K a n a s e w i e h ( 1 9 6 2 ^ ) 

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

r e s u l t s o f t h i s r e s e a r c h w e r e a p p l i e d b y E . R . K a n a s e w i e h 

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

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

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

r e p o r t e d p r i m a r y i s o c h r o n s w e r e i n d e e d due t o e r r o r s i n 
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determining the relative Pb204 abundances. Thus the 

primary lead model appears to be more applicable than the 

isochron model, the primary isochrons being either 

extremely short or else non-existent (Kanasewich, 1962a; 

Whittles, 1962). These results are discussed in more 

detai l in the last chapter of this thesis. 

The next step involved exploring, in greater depth, 

the primary lead model. R .L . Stanton predicted the two 

types of deposits should best f i t this model. These were 

the conformable base metal deposits and the ultrabasic 

sulfides (Stanton and Russell, 1959). Gstic (1963) 

analyzed a large number of samples from conformable massive 

lead-zinc bodies and showed that the lead of many of 

these deposits f i t t ed the primary lead model. Part of the 

present writer's Ph.D. research program involved the 

analyses of ultrabasic sulfides and conformable chalco-

pyrites . 

Since the ultrabasic sulfides were expected to contain 

only a few ppm. lead, the f i r s t phase of this research 

required the development of a more sensitive chemical 

preparation of the tetramethyllead on which the lead 

isotope analyses are carried out. The type of preparation 

developed by the present writer was an extension of the 

technique of Ulrych (1962), and appears capable of preparing 

tetramethyllead from samples containing between one and 

two orders magnitude less lead than the minimum 500-1000 

micrograms reported by this author. The new technique i s 

described in Chapter 1. The second phase of this research 
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involved the exploration of the mass spectrometric analyses 

of small tetramethyllead samples, a topic about which l i t t l e 

was known. This phase yielded one of the most exciting 

results of this thesis - the f i r s t lead isotope fractionation 

to be reported. The present writer has explored not only 

the mass spectrometric applications (Chapter 2), but also, 

tentatively, the geophysical implications of this discovery 

^Chapter 4). 
The results of the lead isotopic analyses of some 

ultrabasic sulfides, and conformable chalcopyrltes of Mt. 

Isa, are also discussed (Chapter 4). 
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C h a p t e r 1: THE P R E P A R A T I O N OF T E T R A M E T H Y L L E A D FROM 

S U L F I D E S : THE M I C R O - L E A D T E C H N I Q U E . 

" T h e r u n g o f a l a d d e r was n e v e r m e a n t t o r e s t u p o n , 
b u t o n l y t o h o l d a m a n ' s f o o t l o n g e n o u g h t o e n a b l e h i m 
t o p u t t h e o t h e r somewha t h i g h e r . " 

- T . H . H u x l e y i n On M e d i c a l  
E d u c a t i o n 

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

T h e g o a l o f t h i s p o r t i o n o f t h e p r e s e n t w r i t e r ' s 

r e s e a r c h p r o g r a m was t o p r o d u c e t e t r a m e t h y l l e a d f r o m 

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

l e a d . 

T h e m e t h o d u s e d i s b a s e d o n t h e f r e e r a d i c a l t e c h n i q u e 

o f U l r y c h (1962) w h i c h was a n a d a p t i o n o f t h e o r i g i n a l 

P a n e t h t e c h n i q u e t h a t h a s b e e n w i d e l y u s e d i n f r e e r a d i c a l 

r e s e a r c h . I t was e x p e c t e d , h o w e v e r , t h a t w h e n d e a l i n g 

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

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

o n e . I n p a r t i c u l a r , i t was n e c e s s a r y t o i n v e s t i g a t e a n d 

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

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

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

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

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

l e a d t h a n t h e 500-1000 m i c r o g r a m s r e p o r t e d e a r l i e r . 
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T h r e e s t e p s a r e i n v o l v e d i n t h i s t e c h n i q u e : f i r s t l y , 

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

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

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

t e t r a m e t h y l l e a d : 

Pb+4CH 3«= p b ( C H 3 ) 4 > 

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

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

i n t u r n . 

1 . 1 The P r e p a r a t i o n o f L e a d M i r r o r s 

1 . 1 . 1 T r a c e L e a d s i n M i n e r a l s 

S m i t h ( 1 9 6 3 ) , M a s o n ( 1 9 5 ? ) , W e d e p o h l ( 1 9 5 6 ) , a n d 

G o l d s c h m i d t ( 1 9 3 7 ) h a v e d i s c u s s e d t h e a v e r a g e c o n c e n t r a t i o n 

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

d e t a i l e d s t u d i e s h a v e b e e n r e p o r t e d b y A u g e r ( 1 9 4 1 ) , T a u s o n 

a n d K r a v c h e n k o ( 1 9 5 6 ) , F l e i s h e r ( 1 9 5 5 ) , A z z a r i a ( i 9 6 0 ) , a n d 

H a w l e y a n d N i c o l ( 1 9 6 1 ) . I t a p p e a r s t h a t l e a d o c c u r s 

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

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

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

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

p r e s e n t t e c h n i q u e . 

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

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

( 1 ) M i n e r a l s c o n t a i n i n g l e a d a s a m a j o r c o n s t i t u e n t ; 
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examples are galena, c e r u s s i t e , and the l e a d s u l f o - s a l t s . 

Most of the l e a d Isotope d e t e r m i n a t i o n s u s i n g t e t r a m e t h y l ­

l e a d have been made wit h m i n e r a l s of t h i s group. 

(2) M i n e r a l s c o n t a i n i n g i n the order o f t e n to s e v e r a l 

hundred ppm. l e a d . Examples i n c l u d e the v a r i o u s s u l f o -

s a l t s ; the s u l f i d e s : p y r i t e , s p h a l e r i t e , p y r r h o t i t e , 

c h a l c o p y r i t e , m a r c a s i t e ; and the a c c e s s o r y m i n e r a l s : 

magnetite, monazite, z i r c o n , sphene, and a p a t i t e . 

(3) M i n e r a l s c o n t a i n i n g a few ppm. l e a d o r l e s s ; 

examples i n c l u d e the s i l i c a t e m i n e r a l s . Most m e t e o r i t e s 

a l s o f a l l i n t o t h i s group. At presen t o n l y s o l i d source 

techniques have been a p p l i e d t o determine the l e a d i s o t o p e 

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

The m i c r o - l e a d technique developed by the presen t 

w r i t e r appears to be capable of p r e p a r i n g t e t r a m e t h y l l e a d 

from m i n e r a l s of a l l these groups p r o v i d e d t h e i r r e d u c t i o n 

temperature i s below 950°C. U n f o r t u n a t e l y , p r e s e n t mass 

spectrometer f a c i l i t i e s l i m i t i s o t o p e a n a l y s e s t o the f i r s t 

and second groups. I f the sensit ivi ty of these instruments 

c o u l d be i n c r e a s e d , and i f h i g h e r r e d u c t i o n temperatures 

were used, gas source mass spectrometry c o u l d be extended 

to i n c l u d e group (3). 

The r e s u l t s o f s e v e r a l of the above s t u d i e s are sum­

marized i n Table 1.1. 



Table 1.1 Trace Leads i n Minerals and the Reduction of Minerals 
Mineral Lead Content ppm. 

Galena (PbS) 

Boulangerite (Pb^Sb^S-^) 

Anglesite (PbSG4) 

Cerussite (PbCO^) 

Py r i t e (PeS 2) 

Pyrrhotite 
(*ei-xS) 

Pentlandite (Pe,Ni)9S8 

Magnetite (Pe304) 

Chromite (Mg,Fe)Cr203 

Ilmenite (PeTiO^) 

120-170 (nickel oresj 
20-1280 (copper ores) 
420 (gold ores) 
Ref. 1,17. 

190 (nickel ores) 
200-700 (copper ores) 
0 (gold ores) 
Ref. 1,17. 

80 
Ref. 9,10,11,12. 

Reduction 
Temperature 

°C. 

580-780°G. 
Ref. 4. 

900°C. 
Ref. 2,3,4,5, 

6,7,8. 

90# at 900°C. 
Ref. 18,19,20. 

1600°C. 
Ref. 13,14,15,16. 

Present experimental 
r e s u l t s . Reduction 
i n 2 hrs. at 950°C. 

Tota l 

T o t a l 

T o t a l 

T o t a l 

90% 

92# 

T o t a l 

87# 

10# 

48$ 

co 
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Table 1.1 (Continued) 
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1 . 1 . 2 T h e R e d u c t i o n o f M i n e r a l s 

S t e p I o f t h e m i c r o - l e a d t e c h n i q u e i n v o l v e d t h e p r e p a r ­

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

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

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

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

l e a d m i r r o r s i s , a r e l a t i v e l y new d e v e l o p m e n t . 

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

o f B a s k o v a a n d N o v i k o v ( 1 9 5 7 ) a n d U l r y c h ( 1 9 6 2 ) . T h e 

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

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

one a t m o s p h e r e a n d 8 0 0 c c / m i n , . i s p a s s e d t h r o u g h t h e 

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

s l o w l y u p t o 9 5 0 ° C . i n t h e f i r s t h o u r , a n d t h e n m a i n ­

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

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

t i o n s . A f i n a l d i s t i l l a t i o n , a t r e d u c e d p r e s s u r e , s e p a r a t e s 

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

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

h a v e b e e n i n v e s t i g a t e d i n t h i s m a n n e r a n d t h e r e s u l t s h a v e 

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

( T a b l e 1 . 1 ) . 

A l l t h e m a j o r l e a d m i n e r a l s a r e t o t a l l y r e d u c e d . 

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

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

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

t h a n p e n t l a n d i t e a n d a r e p r o b a b l y m o r e s u i t a b l e f o r t h i s 
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type of preparation. Apart from the lead minerals, pyrite 

appears to contain the most lead of those l i s t ed while 

pyrrhotite i s more comparable to chalcopyrite. Although 

these last two minerals are not completely reduced i n two 

hours most of the lead must evaporate off during this time 

since no new mirrors were formed when the samples were 

subjected to reducing conditions a second time. This i s 

to be expected in view of the porous nature of the free 

iron that results from the reduction. Magnetite i s an 

easi ly reduced mineral, and i t s widespread occurence 

would make i t s study extremely interesting. Chromite and 

ilmenite are not too promising because of the d i f f i cu l ty of 

reducing them. Both of these minerals retain some of their 

volat i le materials even after two hours since second 

mirrors were easi ly obtained. It may well be that the 

isotopic composition of the f i r s t mirror w i l l d i f fer from 

that of the second as in the case of s i l i cate minerals 

(Zhirov and Zykov, 1956). 

1.1.3 The formation of xPbO»SiO? 

During the present writer's experiments i t was 

noticed that under certain conditions {bead mirrors were 

converted to dark brown deposits which could not be 

to ta l ly reduced in the hydrogen furnace. It was later 

found that this effect could be reproduced at w i l l by 

f i r s t oxidizing the mirror while i t was hot (to ensure 

extensive Oxidation). Samples of Pb(N0 3) 2
 a n d p b 0 w e r e 



12 

p l a c e d i n q u a r t z c r u c i b l e s a t 950°C. I n a l l c a s e s t h e 

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

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

o x y g e n s t r e a m t h e d e p o s i t t u r n e d w h i t e ; t h i s p r o c e s s was 

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

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

e x a c t l y t h e same p r o p e r t i e s . E x a a m n a t i o n o f b o t h t h e q u a r t z 

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

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

h a d a p p a r e n t l y r e a c t e d w i t h t h e q u a r t z s i n c e t h e m i x t u r e 

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

when t h e q u a r t z t u b i n g was c l e a n e d w i t h H F , t h e s u r f a c e 

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

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

a l e a d s i l i c a t e . T h i s was t e s t e d b y h e a t i n g , i n t h e 

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

b o a t . No r e a c t i o n b e t w e e n t h e l e a d a n d t h e q u a r t z b o a t 

c o u l d be d i s t i n g u i s h e d . L a t e r e x p e r i m e n t s w i t h l e a d m i r r o r s 

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

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

m u s t be e x t r e m e l y s l o w i f i n d e e d i t o c c u r s a t a l l . I t i s 

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

( W . F . . S l a w s o n , p e r s o n a l c o m m u n i c a t i o n ) . E . P e t e r s , o f t h e 

U . B . C . M e t a l l u r g y D e p a r t m e n t , s u g g e s t e d i n s t e a d t h e f o r ­

m a t i o n o f a l e a d m o n o - o x i d e s i l i c a t e . S u c h a c o m p o u n d , o f 

t h e f o r m xPbO"Si02, w o u l d i n d e e d b e e x p e c t e d o n t h e b a s i s 

o f t h e Pb0-Si02 p h a s e d i a g r a m o f G e l l e r , C r e a m e r , a n d 
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B u n t i n g ( 1 9 3 4 ) , (Diagram 1 . 1 ) . T h i s s i l i c a t e w i l l form a t 

a l l temperatures but i s l e s s l i k e l y a t the lower v a l u e s 

where the r a t e s of s o l i d d i f f u s i o n would be g r e a t l y de­

c r e a s e d . T h i s was checked e x p e r i m e n t a l l y , and a t 500°C. 

most of the l e a d oxide converted t o f r e e l e a d , although 

some of the s i l i c a t e s t i l l formed. 

A1203, f u s e d o r c r y s t a l l i z e d , might be more s u i t a b l e 

than q u a r t z . Samples of PbO were p l a c e d i n an alundum 

c r u c i b l e and reduced at 9 5 G ° C . i n the hydrogen f u r n a c e . 

Most of the oxide c o n v e r t e d t o f r e e l e a d , although a f a i n t 

b l a c k d e p o s i t was a g a i n e v i d e n t . I n t h i s r e s p e c t AI2G3 

seems the b e t t e r c h o i c e , although the phase diagram ( H a l l 

and I n s l e y , 1 9 4 7 ) suggests the f o r m a t i o n of a s i m i l a r 

compound: xPbOAlgOg. 

I t should be s t r e s s e d a t t h i s p o i n t t h a t the main 

problem i s not the c o n v e r s i o n of PbO i n the samples t o 

f r e e l e a d , but the r e a c t i v a t i o n of the l e a d m i r r o r s once 

they have been o x i d i z e d . Hence i t i s not n e c e s s a r y t o use 

alundum c r u c i b l e s w i t h the samples (which are mostly 

s u l f i d e s ) s i n c e they c o n t a i n no source of oxygen. A l s o , 

t r a n s p a r e n t quartz tubes are b e t t e r than opaquw alundum 

tubes p r o v i d e d the l e a d m i r r o r I s never o x i d i z e d . 

The s o l u t i o n appears to i n v o l v e the r e d u c t i o n of the 

m i n e r a l s and the f o r m a t i o n of the l e a d m i r r o r s r i g h t i n the 

m i c r o - l e a d apparatus. I f the m i r r o r s are immediatply 
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D i a g r a m 1 . 1 . T h e P b 0 - S i 0 2 P h a s e D i a g r a m 
( G e l l e r , C r e a m e r a n d B u n t i n g , 1 9 3 4 ) 
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removed by the a c t i o n of methyl r a d i c a l s the "PbO problem" 

should not a r i s e . T h i s procedure has been adopted i n the 

pres e n t work. 

One o t h e r p o i n t i s o f i n t e r e s t . The above d i s c u s s i o n 

f o r PbO a p p l i e s e q u a l l y t o Pb(N03)2 so t h i s would tend t o 

e l i m i n a t e the use of HNO3 (~*Pb(N03)2-->PbO—>xPbO*Si02) 
i n the c l e a n i n g procedure, p a r t i c u l a r l y s i n c e HNO3 i s 

d i f f i c u l t t o e l i m i n a t e even wi t h e x t e n s i v e washing. The 

use o f HP, with subsequent b a k i n g i n an oxygen stream, 

p r o v i d e d adequate c l e a n i n g . 

1.2. .Methyl R a d i c a l Sources 

1.2.1. Free Methyl R a d i c a l s and T h e i r P r o d u c t i o n 

F r e e r a d i c a l s are d e f i n e d as n e u t r a l atoms o r molecules 

p o s s e s s i n g one o r more u n p a i r e d e l e c t r o n s . In g e n e r a l , they 

belong t o two c l a s s e s : those which are r e l a t i v e l y s t a b l e 

(the Gomber<j type, e.g.-the benzj. r a d i c a l , CglfcjCH^*)* axi&, 

those which are h i g h l y r e a c t i v e but sh o r t l i v e d , such as 

the methyl r a d i c a l (GH3.). 

One of the f i r s t f r e e r a d i c a l s t o be r e c o g n i z e d was 

t r i p h e n y l m e t h y l , (0^5)302* > which belonged t o the f i r s t 

group (Gomberg, 1900). The e x i s t e n c e of the more r e a c t i v e , 

s h o r t l i v e d r a d i c a l s was suggested soon a f t e r by Bone and 

Coward (1908) but no c o n c l u s i v e evidence of t h e i r e x i s t e n c e 

was o b t a i n e d u n t i l 1929 (Paneth and H o f e d i t z , 1929). Since 

t h i s time t h e r e has been a gr e a t d e a l o f i n t e r e s t i n these 
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e n t i t i e s , and f o r a more d e t a i l e d d i s c u s s i o n one should 

r e f e r t o the s e v e r a l comprehensive summaries t h a t have been 

w r i t t e n ( S t e a c i e , 1954; Waters, 1948; R i c e and R i c e , 1935). 

T h i s s e c t i o n c o n s i d e r s o n l y those p o i n t s which are o f 

d i r e c t i n t e r e s t i n the p r e s e n t work. 

The nature of c o v a l e n t bond f i s s i o n was d i s c u s s e d by 

Waters (1948). A c o v a l e n t bond may be broken t o g i v e two 

n e u t r a l molecules ( h o m o l y s i s ) : 

A:B + energy = A» + B» (1.1) 

each of which r e t a i n s one e l e c t r o n of the bonding p a i r . Or, 

I t may y i e l d two i o n s one of which s e p a r a t e s w i t h both 

e l e c t r o n s ( h e t e r o l y s i s ) : 

A:B + energy = A + + (:B)" (1.2) 

More energy i s r e q u i r e d f o r h e t e r o l y s i s , p a r t i c u l a r i l y i n a 

gas where wide s e p a r a t i o n s are p o s s i b l e , s i n c e t h i s p r o c e s s 

i n v o l v e s both e l e c t r o s t a t i c and bond-breaking e n e r g i e s . F o r 

t h i s reason most gas r e a c t i o n s , u n l i k e r e a c t i o n s i n s o l u t i o n s , 

are of the h e m o l y t i c type. 

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

R- + A:B = R:A + B- . (1.3) 

which continue i n a s e r i e s u n t i l two a c t i v e r a d i c a l s meet 

and combine, or e l s e are absorbed on the w a l l s of the r e a c t i o n 

v e s s e l . 

Waters (1948) has a l s o o u t l i n e d the v a r i o u s methods of 

p r o d u c i n g f r e e r a d i c a l s . Of these thermal decomposition 
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seems m o s t s a t i s f a c t o r y f o r t h e p r e s e n t p r e p a r a t i o n 

( U l r y c h , 1962). M a n y s t a b l e c o m p o u n d s d e c o m p o s e a t h i g h e r 

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

(1929) u s e d t h i s m e t h o d w i t h t e t r a m e t h y l l e a d , a n d L e e r m a k e r s 

(1933a), w i t h a z o m e t h a n e . R i c e e t a l (1932) s h o w e d t h a t a 

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

500-110G°C. T h i s m e t h o d h a s t h e v i r t u e o f e x t r e m e 

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

a n d a v a r i a b l e a u t o - t r a n s f o r m e r . The h e a t e d w a l l s a l s o 

m i n i m i z e r a d i c a l - w a l l r e c o m b i n a t i o n s : 

CH 3 - + GH 3* = G2Hg (1.4) 

1.2.2 T h e C h o i c e o f a F r e e M e t h y l R a d i c a l S o u r c e 

1. P o s s i b l e M e t h y l R a d i c a l S o u r c e s 

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

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

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

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

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

u n d e r t o o k t h e i n v e s t i g a t i o n o f some 45 o r g a n i c m a t e r i a l s . 

S e v e r a l w h i c h a p p e a r e d s u i t a b l e w e r e i n v e s t i g a t e d e x ­

p e r i m e n t a l l y . 

T h e s u i t a b i l i t y o f a s o u r c e o f f r e e r a d i c a l s w a s 

d e t e r m i n e d b y f i v e m a i n c r i t e r i a : 

(1) T h e e x p e r i m e n t a l e a s e w i t h w h i c h t h e m e t h y l 

r a d i c a l s may b e p r o d u c e d . T h i s f a c t o r w o u l d t e n d t o 
i . , . 

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



18 

temperatures, or which are explosive, very poisonous, or 

very reactive. 

(2) The abundance of free methyl radicals produced 

per unit w&ight of the source compound. A more eff ic ient 

source w i l l result in faster mirror removal, and smaller 

quantities of by-products to be separated from the tetra­

methyllead. 

(3) The ease with which the breakdown products, and 

the undecomposed source material, may be separated from the 

tetramethyllead,produced. . 

(4) Freedom from mass spectral interference. Even 

after purif icat ion, traces of the* by-products w i l l remain 

in the sample. These w i l l be of no importance provided 

their masses, or the masses of their ionization fragments, 

do not coincide with those of the trimethyllead spectra. 

(5) The freedom from unwanted free radicals . If 

there are other than methyl radicals present, some of the 

lead may be converted to compounds other than tetramethyl­

lead. These would decrease the "yield" and might interfere 

with the isotope measurements. The formation of the sol id 

tetraphenyllead would deactivate the mthrror. 

The preceding five points have guided the selection 

of suitable source materials. Compounds of the following 

types were not considered In d e t a i l . 

(1) Compounds whose products are extremely complex 

and unspecified i n the l i t erature . The present writer 

tended to l imit the search to the more common compounds 
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whose products are well known. 

(2) Compounds whose decomposition products might 

deactivate the lead mirror; for example, chlorides, 

bromides, Iodides, and mercury compounds. One of this 

type, methyl iodide, was tr ied and found to be eminently 

unsuita&ie. 

2. The Selection 

Many of these sources have been obtained from Steacie's 

(1954) book; some were discussed by Rice and Rice (1935)* 

Lossing et a l (1953a), and Rice and Johnston (1934). The 

dissociation products are 1discussed by Steacie, or in the 

references indicated in the tables. The temperature of 

abundant free methyl radical production was estimated from 

one of the above references or from the dissociation 

energies (Szwarc, 1950; and, Steaeie, 19^4). These energies 

give some indication of the ease with which a radica l -

radical bond may be broken; however, since the mechanism 

of free radical production i s the control l ing feature 

these estimates are not too re l iab le . The data i s sum­

marized i n the following tables. 

Table 1.2 describes sources that appear unsuitable 

for the present work, and the reason for th i s . The (?) 

Inserted behind; some of the compounds indicates that i t 

i s unclear from the l i terature to what extent this par­

t i cu lar feature applies. 
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T a b l e 1 . 2 U n d e s i r a b l e F r e e M e t h y l R a d i c a l S o u r c e s 

1 . H i g h T e m p e r a t u r e R e q u i r e d t o P r o d u c e A b u n d a n t F r e e  
M e t h y l R a d i c a l s . 

(1) A c e t y l d e h y d e R e f . 1,2,3,4. 
'2) 1 - B u t e n e ( ? ) R e f . 5,6,7. 
3) D i v i n y l E t h e r R e f . 8. 

[4) E t h a n e ( ? ) R e f . 9,8. 
5) E t h y l A l c o h o l ( ? ) R e f . 11. 

[6) M e t h a n e R e f . 11. 
7) M e t h y l A l c o h o l ( ? ) R e f . 12. 
8) M e t h y l a m i n e ( ? ) R e f . 3. 

[9) P r o p a n e R e f . 13. 
10) T o l u e n e R e f . 14. 

2 . O t h e r R a d i c a l s P r o d u c e d 

; i ) A n i s o l e R e f . 1 4 . 
2) A z o m e t h a n e R e f . 8. 
3) A z o - i s o - P r o p a n e R e f . 8. 

'4) A z o - n - P r o p e n e ( ? ) R e f . 8. 
n - B u t a n e R e f . 1 1 . 

6) D i p r o p y l P e r o x i d e ( ? ) R e f . 1 1 . 
'7} E t h a n e R e f . 9,8, 
'8) E t h y l A l c o h o l ( ? ) R e f . 1 1 . 
9) M e t h y l E t h y l K e t o n e R e f . 1 1 . 

^10) P h e n y l M e t h y l E t h e r R e f . 1 4 . 
\ l l j P r o p e n e R e f . 13. 
\l2) T e t r a b u t y l l e a d R e f . 1 1 . 
' l 3 ) T e t r a p r o p y l l e a d R e f . 1 1 . 
' l 4 ) T o l u e n e R e f . 1 4 . 
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T a b l e 1.2 ( c o n t i n u e d ) 

3. I n a d e q u a t e S e p a r a t i o n ( H i g h B o i l i n g P o i n t D e c o m p o s i t i o n 
P r o d u c t s ) i . 

1 ) A c e t y l d e h y d e R e f . 1 , 2 , 3 , 4 . 
2 ) A c e t y l P e r o x i d e R e f . 1 1 . 
3 A l k y l N i t r a t e s R e f . 1 1 . 
4 A l k y l N i t r i t e s R e f . 1 1 . 

? A n i s o l e R e f . 1 4 . 
6} A z o - n - P r o p a n e R e f . 8. 
V 1 - B u t e n e ( ? ) R e f . 5,6,7. 
8) i s o - B u t e n e R e f . 1 1 . 
9) D i e t h y l P e r o x i d e ( ? ) R e f . 15./ 
1 0 ) D i m e t h y l E t h e r R e f . 10,15,16,17,18,19. 
1 1 ) D i p r o p y l P e r o x i d e R e f . 1 1 . 
1 2 ) D i v i n y l E t h e r R e f . 8. 
13 E t h y l A l c o h o l R e f . 1 1 . 
1 4 ) E t h y l B e n z e n e R e f . 2 0 . 
15 M e t h y l A l c o h o l R e f . 1 2 . 
16} M e t h y l a m i n e R e f . 3. 
17) M e t h y l E t h y l K e t o n e R e f . 1 1 . 
18) P h e n y l M e t h y l E t h e r R e f . 14. 
19 P r o p y l e n e O x i d e ( ? ) R e f . 1 0 , 2 1 . 
2 0 ) T o l u e n e R e f . 1 4 . 

4. U n d e s i r a b l e f o r O t h e r R e a s o n s 

(1) A z o m e t h a n e ( E x p l o s i v e ) R e f . 22,23,24,25,26,27,28,29,30. 
(2) D i m e t h y l Z i n c ( v e r y r e a c t i v e , n o d a t a ) 
(3) T e t r a m e t h y l l e a d ( C o n t a m i n a t i o n ) R e f . 11. 
(4) T r i m e t h y l A l u m i n u m ( v e r y r e a c t i v e ) R e f . 31,32. 
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T a b l e 1 . 2 ( c o n t i n u e d ) 

R e f e r e n c e s 

1 . H l n s c h e l w o o d a n d H u t c h i s o n ( 1 9 2 6 a ) 
2 . W i n k l e r a n d H i n s c h e l w o o d ( 1 9 3 5 a ) 
3 . T r a v e r s ( 1 9 3 7 a , b ) 
4 . S w e d d o n a n d T r a v e r s ( 1 9 3 6 ) 
5 . S z w a r c a n d S e h o n ( 1 9 5 0 ) 
6 . S e h o n a n d S z w a r c ( 1 9 5 0 ) 
7 . T r o p s c h e t a l ( 1 9 3 6 ) 
8 . L o s s i n g e t a l ( 1 9 5 3 b ) 
9 . R i c e a n d D o o l e y ( 1 9 3 3 ) 
1 0 . L o s s i n g e t a l ( 1 9 5 3 b ) 
1 1 . S t e a c i e ( 1 9 5 4 ) 
1 2 . T e r e n i n e t a l ( 1 9 3 5 ) 
1 3 . R i c e , J o h n s t o n a n d E v e r i n g ( 1 9 3 2 ) 
1 4 . I n g o l d a n d L o s s i n g ( 1 9 5 3 ) 
1 5 . R e b b e r t a n d L a i d l e r ( 1 9 5 2 ) 
1 6 . G a y a n d T r a v e r s ( 1 9 3 7 ) 
1 7 . E l t e n t o n ( 1 9 4 7 ) 
1 8 . R i c e a n d J o h n s t o n ( 1 9 3 4 ) 
1 9 . R i c e a n d H e r z f e l d ( 1 9 3 4 ) 
2 0 . S z w a r c ( 1 9 4 9 ) 
2 1 . T h o m p s o n a n d M e i s s n e r ( 1 9 3 8 ) 
2 2 . T h i e l e ( 1 9 0 9 ) 
2 3 . R a m s p e r g e r ( 1 9 2 7 ) 
2 4 . L e e r m a k e r s ( 1 9 3 3 a , b ) 
2 5 . R i b l e t t a n d R u b i n ( 1 9 3 7 ) 
2 6 . S t e e l a n d T r o t m a n n - D i c k e n s o n ( 1 9 5 9 ) 
2 7 . P o r s t a n d R i c e ( 1 9 6 3 ) 
2 8 . P a g e e t a l ( 1 9 5 3 ) 
2 9 . J o h n a n d T a y l o r ( 1 9 3 9 ) 
3 0 . A l l e n a n d R i c e ( 1 9 3 5 ) 
3 1 . Y e d d a n a p a l l i a n d S c h u b e r t ( 1 9 4 6 ) 
3 2 . L a u b e n g a y e r a n d G i l l i a m ( 1 9 4 1 ) 
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Table 1.3: Possible Free Methyl Radical Sources: I, 
l i s t s those compounds which appear to be suitable, but 

which have some reported (but unclarlfied) bad features. 

Table 1.4: Possible Eree Methyl Radical Sources I I , 
l i s t s several compounds which seemed par t i cu lar i ly suitable, 

on the basis of the l i terature survey. Some of these were 

investigated experimentally by the present writer. 

3. Experimental Results 

Of the compounds l i s ted in Table 1.4, and studied 

experimentally, d i - t -buty l peroxide was found to be the 

most satisfactory. 

The compounds were studied by passing them through 

the micro-lead furnace and over a lead mirror. Diagram (1.2) 

represents a simplified schematic of the apparatus. The 
i' 

decomposition products were trapped in the l iqu id a ir trap, 

transferred to a breakseal, and examined on the mass 

spectrometer. 

(1) Tin Tetramethyl and Other Metal Alkyls 

The present writer's experiments have provided the 

f i r s t direct evidence for methyl radicals in the decomposition 

of t i n tetramethyl; however, i t was found that as a free 

radical source for the present work, this compound has 

several undesirable features. 

(a) It i s not a very eff ic ient source since con-
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T a b l e 1 . 3 . P o s s i b l e F r e e M e t h y l R a d i c a l S o u r c e s : I 

' l ) A c e t o n e 
2) 1 - B u t e n e 
3) i s o - B u t a n e 

% ) D i m e t h y l C a d m i u m 
J5J D i e t h y l P e r o x i d e 
6) T e t r a m e t h y l s i l i c o n 

R e f . 1 , 2 , 3 , 4 , 5 , 6 . 
R e f . 5 , 6 , 7 ( o f T a b l e 2.2) 
R e f . 9 . 
R e f . 8. 
R e f . 9 . 
R e f . 10 ,11 . 

R e f e r e n c e s 

(1) H i n s c h e l w o o d a n d H u t c h i s o n (1926b) 
(2) W i n k l e r a n d H i n s c h e l w o o d (1935b) 
(3) R i c e a n d V o l l r a t h (1929) 
(4) M c N e s l e y e t a l (1954) 
(5) R i c e a n d J o h n s t o n (1934) 
(6) R i c e a n d H e r z f e l d (1934) 
(7) H u f f m a n (1936) 
(8) H e l l e r a n d T a y l o r (1953) 
(9) S t e a c i e (1954) 
(10) H e l m a n d M a c k (1937) 
(11) S a t h y a m u r t h y e t a l (1950) 
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T a b l e 1 . 4 P o s s i b l e F r e e M e t h y l R a d i c a l S o u r c e s : I I 

1 ) D i m e t h y l a m i n e 

2) D i - t e r t - b u t y l P e r o x i d e 

( 3 ) E t h y l e n e O x i d e 

( 4 ) T e t r a m e t h y l T i n 
( 5 ) T r i m e t h y 1 a m i n e 

R e f . 1 , 2 , 3 , 4 . 
R e f . 5 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , 

1 2 , 1 3 , 2 3 . 
R e f . 2 , 1 3 , 1 4 , 1 5 , 1 6 , 

1 7 , 1 8 , 1 9 . 
R e f . 2 0 , 2 1 . 
R e f . 2 , 3 , 2 2 . 

R e f e r e n c e s : 

1 . 
2 . 
3 . 
4 . 
5 . 
6 . 
7 . 
8 . 
9 . 

T a y l o r ( 1 9 3 2 ) 
R i c e a n d J o h n s t o n ( 1 9 3 4 ) 
B a m f o r d ( 1 9 3 9 ) 
R i c e a n d G r e l e c k i ( 1 9 5 7 ) 
M i l a s a n d S u r g e n o r ( 1 9 4 6 ) 
G e o r g e a n d W a l s h ( 1 9 4 6 ) 
R a l e y , R u s t a n d V a u g h a n ( 1 9 4 8 ) 

M R u s t , S e u b o l d a n d V a u g h a n ( 1 9 4 8 ) 
B e n s o n ( i 9 6 0 ) 

1 0 . M u r a w s k i e t a l ( 1 9 5 1 ) 
1 1 . B r i n t o n a n d V o l m a n ( 1 9 5 2 ) 
1 2 . L o s s i n g a n d T i c h n e r ( 1 9 5 2 ) 
1 3 . L o s s i n g e t a l ( 1 9 5 3 a ) 
14. H e c k e r t a n d M a c k ( 1 9 2 9 ) 
1 5 . F l e t c h e r a n d R o l l e f s o n ( 1 9 3 6 ) 
1 6 . T r a v e r s ( 1 9 3 7 b ) 
1 7 . S i m a r d e t a l ( 1 9 4 8 ) 
1 8 . M u e l l e r a n d W a l t e r s ( 1 9 5 1 , 1 9 5 4 ) 
1 9 . C r o c c o e t a l ( 1 9 6 9 ) 
2 0 . W a r i n g a n d H o r t o n ( 1 9 4 5 ) 
2 1 . S a t h y a m u r t h y e t a l ( 1 9 5 0 ) 
2 2 . G e s s e r e t a l ( 1 9 5 7 ) 
2 3 . D o r f m a n a n d S a l s b u r g ( 1 9 5 1 ) 



M e r c u r y D i f f u s i o n 
Pump 

L i q u i d 
- N 2 " 

L e a d M i r r o r 

S a m p l e 
B r e a k s e a l 
T u b e 

F u r n a c e 

O r g a n i c 
C o m p o u n d 

D i a g r a m 1 . 2 . S i m p l i f i e d S c h e m a t i c o f P a n e t h - T y p e M i c r o - L e a d A p p a r a t u s : T h e T e s t i n g o f 
M e t h y l R a d i c a l S o u r c e s . 



27 

s i d e r a b l y m o r e S n ( C H 3 ) 4 w a s d e c o m p o s e d t h a n P b ( 0 1 1 3 ) 4 

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

S a t h y a m u r t h y e t a l ( 1 9 5 0 ) o v e r t h a t o f W a r i n g a n d H o r t o n 

( 1 9 4 5 ) . 

( b ) N o t a l l o f t h e S n t C H ^ i j . w a s d e c o m p o s e d e v e n a t 

t h e h i g h t e m p e r a t u r e ( 9 5 0 ° C . ) u s e d . 

( c ) A c a r r i e r g a s w a s n e c e s s a r y f o r g o o d f l o w a n d 

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

( d ) M a n y d e c o m p o s i t i o n p r o d u c t s w e r e p r o d u c e d w h i c h 

c o u l d n o t be e a s i l y s e p a r a t e d f r o m t h e Pb (CE^)^ b y s i m p l e 

v a c u u m d i s t i l l a t i o n . 

( e ) B e c a u s e o f t h e f o r m a t i o n o f a y e l l o w p o l y m e r , a n d 

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

a p p a r a t u s w a s d i f f i c u l t a n d n e c e s s a r i l y e x t e n s i v e . 

Of a l l t h e o t h e r m e t a l a l k y l s l i s t e d i n T a b l e 1 . 3 , 

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

t e t r a m e t h y l t i n . T h e l i t e r a t u r e s u g g e s t s t h a t t r i m e t h y l 

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

a l t h o u g h i t h a s many s i m i l a r f e a t u r e s . A l s o , i t i s h i g h l y 

r e a c t i v e a n d d i f f i c u l t t o h a n d l e . No d a t a a p p e a r s t o b e 

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

One o t h e r m e t a l a l k y l , t e t r a m e t h y l l e a d , w a s t e s t e d a n d 

f o u n d t o Be a v e r y e f f i c i e n t f r e e r a d i c a l s o u r c e . 

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

w i t h s o u r c e w o u l d r u l e o u t i t s u s e i n t h e p r e s e n t w o r k . 
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( 2 ) T r l - a n d d i m e t h y l a m i n e a n d E t h y l e n e O x i d e 

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

f u r n a c e t e m p e r a t u r e o f 950°C. w i t h n o c a r r i e r g a s . T h e 

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

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

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

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

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

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

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

D i m e t h y l a m i n e a n d e t h y l e n e o x i d e s h o u l d be a s s u i t a b l e 

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

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

( 3 ) D i - t - b u t y l P e r o x i d e 

T h i s c o m p o u n d was f o u n d t o b e t h e m o s t s u i t a b l e o f 

t h o s e t r i e d , p r o v i d e d i t was f i r s t p u r i f i e d o f t - b u t y l 

a l c o h o l . 

T h e s u i t a b i l i t y o f t h i s m a t e r i a l i n i t i a l l y s eemed t o 

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

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

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

b o i l i n g k e t o n e s - m e t h y l n - p r o p y l , d i e t h y l , m e t h y l i s o -

p r o p y l , e t c . - w o u l d h a v e b e e n p r e s e n t o n l y t o a b o u t 0.1$ 

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

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

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

1 9 4 6 ) i t was p e r h a p s n o t s u r p r i s i n g t o f i n d t h e p r e s e n t 

s u p p l y c o n t a i n e d 3 $ . A s i t i s i m p o s s i b l e t o s e p a r a t e 

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

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

i n v o l v e d a d i s t i l l a t i o n a t a p r e s s u r e o f 6 c m . Hg a n d a 

t e m p e r a t u r e o f 5 0 - 6 0 ° C . c a r r i e d o u t i n a g r e a s e - f r e e 

s y s t e m ( D o r f m a n a n d S a l s b u r g , 1 9 5 1 ) . 

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

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

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

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

1 . 3 E x p e r i m e n t a l A p p a r a t u s a n d T e c h n i q u e s 

1 . 3 . 1 E x p e r i m e n t A p p a r a t u s a n d P r o c e d u r e 

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

The f i r s t t w o o f t h e t h r e e s t e p s f o r o b t a i n i n g t e t r a ­

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

a p p a r a t u s . A s i m p l i f i e d s c h e m a t i c i s g i v e n i n D i a g r a m ( 1 . 3 ) . 

I n . s t e p I t h e s a m p l e i s p l a c e d i n a q u a r t z b o a t a n d h e a t e d 

i n a h y d r o g e n f l o w a t 9 5 0 ° C . A f t e r t w o h o u r s t h e f u r n a c e 

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

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

t h e r e d u c e d s u l f i d e . A f i n a l d i s t i l l a t i o n i s c a r r i e d o u t 
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at a reduced hydrogen pressure. Step II involves f i r s t l y , 

the cooling of the region between the furnace and the 

mirror and secondly, the flow, and decomposition of d i - t -

butyl peroxide. The r e s u l t i n g tetramethyllead i s trapped 

with the decomposition products i n the cold trap:. The 

furnace i s then cooled, the trapped material transferred 

to a breakseal tube and sealed o f f . 

Since e f f i c i e n t tetramethyllead production requires 

that a maximum number of methyl r a d i c a l s c o l l i d e with the 

lead mirror, the very short l i f e t i m e of these r a d i c a l s i s 

a major fac t o r to be considered i n the design of the micro-

lead apparatus. The methyl r a d i c a l l i f e t i m e i s determined 

p a r t l y by the rate of recombination to form ethane: 

CH 3« + CH3- = C 2 H 6 (1.5) 

This occurs i n the presence of a t h i r d body, usually the 

wall, that has a s u f f i c i e n t l y low thermal energy to absorb 

the energy released i n the recombination. The methyl 

r a d i c a l s also react with gas molecules i n the region: 

C H 3 . + XR = C H 3 X + R" (1.6) 

Acetone, the main decomposition product of d i - t - b u t y l 

peroxide, i s converted to ethylmethyl and higher ketones. 

Hence we can: 

(1) minimize the number of r a d i c a l - wall reactions by: 

(a) requiring the r a t i o of wall area to volume to 

be small, e.g., the radius of the tube to be large; 

(b) placing the mirror as close to the methyl r a d i c a l 

source region as possible; 
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( c ) k e e p i n g t h e t h e r m a l e n e r g y o f t h e w a l l s , b e t w e e n 

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

o r : 

(2) m i n i m i z e t h e r a d i c a l - g a s m o l e c u l e r e a c t i o n s b y : 

( a ) h a v i n g l o w p r e s s u r e s i n t h e r e g i o n t h e r a d i c a l s 

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

one o r t w o mm. H g . , o r l e s s ) e i t h e r b y u s i n g h i g h p u m p i n g 

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

( b ) r e q u i r i n g a l a r g e w a l l a r e a t o v o l u m e r a t i o , e . g . , 

a s m a l l t u b e r a d i u s . 

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

r e a c t i o n s s i n c e t h e s e a r e more e f f i c i e n t t h a n t h e r a d i c a l -

w a l l r e a c t i o n s ; o n l y one o u t o f e v e r y 1000 w a l l c o l l i s i o n s 

r e s u l t s i n t h e l o s s o f a r a d i c a l ( R i c e a n d R i c e , 1935, p.58). 

C o n d i t i o n s ( l b ) a n d ( l c ) c a n b e s e t i n d e p e n d e n t l y 

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

e x p e r i m e n t e r ' s a b i l i t y t o c o o l t h e m i r r o r w h i c h m u s t b e 

n e a r r o o m t e m p e r a t u r e ( R i c e a n d R i c e , 1935). I n o r d e r t o 

o p t i m i z e t h e c o m p e t i n g c o n d i t i o n s ( l a ) , (2a), a n d (2b) t h e 

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

w h e n f i n a l l y p u r i f i e d , was d e p o s i t e d a t t h e e n d o f a s m a l l 

d i a m e t e r (15mm.) q u a r t z t u b e w h i c h w a s p l a c e d i n s i d e o n e 

o f l a r g e r s i z e (19mm. d i a . ) . T h e s o u r c e i n j e c t i o n r a t e 

g a v e a mean f r e e p a t h o f a b o u t 0.1 c m . 

S e v e r a l o t h e r f a c t o r s t h a t a f f e c t t h e a c t i v i t y a n d 

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

(3) O x y g e n - t r a c e s may c o m p l e t e l y d e a c t i v a t e a l e a d 

m i r r o r ( H a r r i s a n d T i c k n e r , 1948; G l a z e b r o o k a n d P e a r s o n , 

1936) s o a g o o d v a c u u m (10"5mm. H g . ) m u s t b e o b t a i n e d . 

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

c o n t a i n f r e e o x y g e n . 

(4) W a l l C o n d i t i o n s - f r e s h q u a r t z s u r f a c e s h a v e b e e n 

f o u n d t o b e a b o u t t h e b e s t ( S t e a c i e , 1954). 

(5) B a c k d i f f u s i o n - o f t h e n e w l y f o r m e d t e t r a m e t h y l l e a d -

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

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

t - b u t y l p e r o x i d e s o u r c e . 

2. T h e A p p a r a t u s 

The a p p a r a t u s i s g i v e n i n d e t a i l i n D i a g r a m (1.4). 

O r d i n a r y g r a d e (99.8$) t a n k h y d r o g e n ( h y d r o c a r b o n , 

s u l f u r c o n t e n t , C0 2 , C O , NO, a n d Hg P i p p i n . ; N 2 a p p r o x i ­

m a t e l y 23ppm.; 02 a p p r o x i m a t e l y 16 p p m . ) w a s u s e d i n 

S t e p I , t h e r e d u c t i o n p r o c e s s . T h e i m p u r i t i e s w e r e e f f e c t ­

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

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

T i c k n e r , 1952; D u s h m a n , 1949). The t h r e e g l a s s l e a k s 

w e r e made b y c o n s t r i c t i n g 2mm.capillary t u b i n g . L e a k #1 

was u s e d i n t h e i n i t i a l r e d u c t i o n s t a g e , a l l o w i n g a H 2 

f l o w o f 800 c . c . / m i n . a t 1 a t m o s p h e r e . L e a k #2 p r o v i d e d 
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a f l o w o f Hg a t 1 c m . H g p r e s s u r e when pumped t h r o u g h t h e 

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

t h e l e a d m i r r o r . L e a k #3 a l l o w e d a f l o w o f d i - t - b u t y l 

p e r o a c i & e a t 1 mm. H g . A l l t h e s t o p - c o c k s s h o w n , w i t h t h e 

e x c e p t i o n o f S g , w e r e t h e u s u a l g r e a s e d ( w i t h A p A e z o n N , 

s i n c e " s i l i c o n " g r e a s e s m u s t n o t b e u s e d - K a n a s e w i e h , 

1962a; S l a w s o n a n d R u s s e l l , 1962) v a c u u m t y p e . S g was 

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

t o t h e s o u r c e m a t e r i a l . T h i s d i a p h r a m o f V i t o n - A was 

o p e r a t e d b y a s t a i n l e s s s t e e l s p r i n g a n d a n y l o n p l u n g e r . 

A n R . C . A . 19̂ 6 r e s i s t i v i t y g a u g e w a s f o u n d s u i t a b l e f o r 

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

w e r e S e n t i n e l b r a n d p y r e x f l a n g e d p i p e s e t s h e l d t o g e t h e r 

b y b o l t e d f l a n g e s e t s . V i t o n - A r i n g s , c u t f r o m 1/8" 

s h e e t i n g p r o v e d t o be e x c e l l e n t v a c u u m s e a l s . The 19mm. 

d i a . q u a r t z t u b i n g b e t w e e n t h e g r a d e d s e a l s a n d f l a n g e d 

j o i n t s was 70 c m . i n l e n g t h , s u f f i c i e n t t o a l l o w s i x r e ­

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

o f 16 f t . o f #22 N I c h r o m e w i r e Wound o n a q u a r t z c y l i n d e r 

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

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

3. The P r o c e d u r e 

(1) T h e s a m p l e was f i n e l y c r u s h e d , 3 g m s . w e r e p l a c e d i n 

a q u a r t z b o a t a n d i n s e r t e d i n s i d e a 50 c m . l e n g t h o f t h e 

15 mm. q u a r t z m i r r o r t u b i n g . T h i s t u b i n g was t h e n p l a c e d 

i n s i d e t h e 19 mm. d i a m e t e r t u b i n g o n w h i c h t h e f u r n a c e 
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m o v e s . B e t w e e n r u n s t h e m i r r o r t u b i n g , b o a t s a n d f u r n a c e 

q u a r t z w e r e r e m o v e d a n d c l e a n e d i n H P . T h e y w e r e t h e n 

b a k e d u p t o 1 / 2 h r . a t 9 5 0 ° C . i n a 0^ s t r e a m . T h e c o l d 

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

d r i e d a t 2 0 0 ° C . A l l t h e s t o p c o c k s w e r e c l e a n e d a n d 

r e g r e a s e d . 

( 2 ) A h e a t e r ( 1 0 0 ° C . ) w a s w r a p p e d a r o u n d t h e a c t i v a t e d 

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

( 3 ) T h e c h a r c o a l t r a p h e a t e r was d i s c o n n e c t e d t h e 

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

( 4 ) When t h e a p p a r a t u s h a d pumped down t o 1 x 10""5mm. 

H g , d r y i c e a n d a c e t o n e w e r e p l a c e d a r o u n d t h e d i - t - b u t y l 

p e r o x i d e . W i t h S4 c l o s e d t h i s s o u r c e was d e g a s s e d f o r 1 / 2 

h o u r . 

( 5 ) The h y d r o g e n l i n e w a s f i r s t pumped o u t t h r o u g h S Q , 

t h e n f l u s h e d w i t h H 2 , pumped down a g a i n , a n d f i n a l l y 

f i l l e d a t a p r e s s u r e o f 2 a t m o s p h e r e s w i t h S-^, SQ c l o s e d . 

( 6 ) T h e H g . d i f f u s i o n pump was s h u t o f f a t S g , a n d 

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

# 1 . When t h e p r e s s u r e w a s a b o v e 1 a t m o s p h e r e , S g w a s 

o p e n e d . The Hg l i n e p r e s s u r e w a s a d j u s t e d t o g i v e 8 0 0 c . c / m i n . 

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

(7) L i q u i d N 2 w a s a d d e d t o t h e a c t i v a t e d c h a r c o a l a n d 

c o l d t r a p s s l o w l y s o a s t o m a i n t a i n a p o s i t i v e H 2 p r e s s u r e . 
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(8) The f u r n a c e was t h e n t u r n e d o n a n d t h e t e m p e r a t u r e 

i n c r e a s e d i n a s e r i e s o f s t e p s ; 

( a ) 250°C. f o r 1/2 h r . 

( b ) 350°C. f o r 1/4 h r . 

( c ) 50G°C. f o r 1/4 h r . 

( d j 950°C. f o r 1 h r . 

S l o w h e a t i n g i s r e c o m m e n d e d ( G a l l o , 1927) t o a v o i d t h e 

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

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

n o f r e e s u l f u r f o r m e d e v e n w i t h 3 g r a m s o f i n i t i a l s u l f i d e . 

(9) A t t h e e n d o f t h e 2 h r . r e d u c t i o n p e r i o d t h e 

f u r n a c e t e m p e r a t u r e was r e d u c e d t o 750°C. a n d m o v e d a l o n g 

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

(10) When t h e p u r i f i e d m i r r o r w a s d e p o s i t e d a b o u t 10 c m , 

f r o m t h e e n d o f t h e i n n e r 15 mm. d i a . q u a r t z t u b i n g , 

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

s t e p was n e c e s s a r y t o p r e v e n t m i r r o r e v a p o r a t i o n w h e n t h e 

s y s t e m was pumped d o w n . T h e p u r e l e a d m i r r o r was g r e y 

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

' d i f f r a c t i o n ^ p a t t e r n . 

(11) S g was t h e n c l o s e d , S^ o p e n e d , a n d t h e s y s t e m 

pumped d o w n . S^ was a l s o c l o s e d , a n d S3 o p e n e d . 

(12) A f t e r s e v e r a l m i n u t e s S 2 a n d S3 w e r e c l o s e d , S4 

o p e n e d a n d h y d r o g e n a d m i t t e d t h r o u g h l e a k #2. T h e Hg 

l i n e p r e s s u r e was a d j u s t e d t o g i v e 1 c m . H g p r e s s u r e i n 
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t h e s y s t e m . 

( 1 3 ) T h e f u r n a c e was t h e n m o v e d o v e r t h e m i r r o r 

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

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

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

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

d i s t i n c t i v e g r e y t o a d a r k b l a c k d e p o s i t . 

(14) T h e f u r n a c e was m o v e d b a c k 4 c m . a n d t h e m i r r o r 

c o o l e d b e f o r e S4 wa s c l o s e d a n d t h e s y s t e m pumped d o w n . 

T h e w a t e r s p r a y wa s a d j u s t e d t o c o o l t h e r e g i o n b e t w e e n 

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

m i r r o r m u s t b e m a i n t a i n e d a t r o o m t e m p e r a t u r e : i f i t i s 

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

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

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

d i - t - b u t y l p e r o x i d e . 

( 1 5 ) L i q u i d N 2 wa s p l a c e d a r o u n d t h e m a i n c o l d t r a p . 

( 1 6 ) When t h e m i r r o r h a d c o o l e d s u f f i c i e n t l y was 

c l o s e d , a n d S g o p e n e d . D i - t - b u t y l p e r o x i d e p a s s e d i n t o 

t h e s y s t e m a t 1 mm. H g . T h i s was l e f t o n f r o m 1 t o 4 

m i n u t e s , u n t i l t h e m i r r o r was r e m o v e d . 

( 1 7 ) S^, a n d S g w e r e t h e n c l o s e d . S i n c e t e t r a m e t h y l l e a d 

w i l l d e c o m p o s e a t 9 0 - 1 1 0 ° C , t h e f u r n a c e a n d t u b i n g m u s t 

b e c o o l e d d o w n . 
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( 1 8 ) S Q was c l o s e d , a n d t h e s a m p l e t r a n s f e r r e d t o t h e 

b r e a k s e a l a n d s e a l e d o f f . S t e p I I I , t h e s e p a r a t i o n by-

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

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

1 . 3 . 2 The P u r i f i c a t i o n o f T e t r a m e t h y l l e a d 

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

t h r e e somewha t c o m p e t i n g f a c t o r s : 

(1) The t e t r a m e t h y l l e a d s h o u l d , f o r h i g h p r e c i s i o n 

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

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

( 2 ) T h e p u r i f i c a t i o n p r o c e d u r e m u s t b e s u c h t h a t t h e 

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

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

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

r u n s . 

( 3 ) I f t h e s a m p l e l i n e p r e s s u r e d r o p s much b e l o w t h e 

0 . 9 c m . Hg r a n g e t h e f l o w c h a r a c t e r i s t i c s t e n d t o w a r d 

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

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

o r i f t h e y a r e , t h e y s h o u l d be m i x e d w i t h a c a r r i e r . 

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

t h e l a r g e G r i g n a r d - p r e p a r e d s a m p l e s a n d t o some e x t e n t 

f o r s m a l l s a m p l e s ( U l r y c h , i 9 6 0 , 1 9 6 2 ) . A l t h o u g h t h e s e 

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

w i t h t h e s m a l l e r s a m p l e s , m o d i f i c a t i o n s t h a t w i l l o v e r c o m e 
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t h i s d i f f i c u l t y may be possible (Abel, Nickless, and 

Pollard, I960; Parker, Smith, and Hudson, 1961; and 

Dawson J r . , 1963). 

At any rate, vacuum d i s t i l l a t i o n seems to be suf­

f i c i e n t f o r the present technique provided the methyl 

r a d i c a l source i s f i r s t c a r e f u l l y p u r i f i e d . This type 

of separation has been shown to r e s u l t i n sample p u r i t y 

comparable to that achieved with the usual chromatographic 

techniques and the l o s s rate can be more c a r e f u l l y con­

t r o l l e d . A l l the small samples In t h i s work were p u r i f i e d 

by vacuum d i s t i l l a t i o n . The d i s t i l l a t i o n s were c a r r i e d 

out at dry ice temperatures, the length of the d i s t i l l a t i o n 

depending upon sample s i z e . 

The r e s u l t s of several pumping experiments are 

i l l u s t r a t e d i n Diagram (1.5). While there i s a considerable 

spread two general features are apparent. 

(1) The rate of lead l o s s i s roughly proportional to 

the amount of lead present. This suggests that the surface 

area of the frozen-down tetramethyllead i s not too de­

pendent upon sample s i z e . • 

(2) The rate of lead loss i s not zero as the sample 

size goes to zero; e.g. below a c e r t a i n size the above 

"masking" e f f e c t does not occur. I f we assume that the 

loss rate w i l l be the maximum shown, 400 micrograms per 

hour, a sample of 30 micrograms can be d i s t i l l e d f o r only 

0.5 to 1.0 minutes. This assumes a 10# lead l o s s . These 
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Diagram 1.5.Hate of Tetramethyllead Loss During Vacuum 
D i s t i l l a t i o n at Dry Ice Temperatures 
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t i m e s w e r e u s e d I n p a r t i a l l y p u r i f y i n g t h e s m a l l e s t 

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

w e r e 3 t o 5 t i m e s h i g h e r t h a n n o r m a l l y u s e d . The p r e s e n t 

w r i t e r ' s I m p r o v e d p r e s s u r e s c a t t e r i n g c o r r e c t i o n c o m p e n ­

s a t e d f o r t h i s t o a c e r t a i n e x t e n t . A s i t t u r n e d o u t , 

s u c h s a m p l e s c o u l d o n l y b e r u n a t 1/20 o f t h e n o r m a l p e a k 

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

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

a s I m p o r t a n t a s w i t h t h e l a r g e s a m p l e s . 

A c t u a l l y , t h e a b o v e e s t i m a t e s a r e q u i t e p e s s i m i s t i c 

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

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

f o r e x a m p l e , D i a g r a m (1.5) s u g g e s t s t h a t : 

S = - m dS_ + b 
d t 

t h e r e f o r e S - S = x = ( S - b ) ( l - e " t x / m ) "V ° s Q  

o r t x = m l n 

w h e r e m = s l o p e o f a v e r a g e l o s s r a t e 

b = i n t e r c e p t 

t x = t i m e o f d i s t i l l a t i o n r e q u i r e d f o r 
a x $ s a m p l e l o s s 

S 0 = i n i t i a l s a m p l e l o s s 

I f t h e r a t e o f l o s s r e l a t i o n s w e r e m o r e e x a c t l y k n o w n , 

t x c o u l d be c a l c u l a t e d q u i t e c l o s e l y . 

1.3.3 E s t i m a t i o n o f L e a d C o n t e n t o f S a m p l e s 

S 0 ( l - x ) - b 

(1) D u r i n g t h e d e v e l o p m e n t o f t h e m i c r o - l e a d 
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technique s e v e r a l c a r e f u l l y weighed samples (22±.2 to 
1574±2 micrograms of reagent PbS) were s t u d i e d . I t was 

found t h a t the l e n g t h s of the l e a d m i r r o r s were d i r e c t l y 

r e l a t e d t o s i z e p r o v i d e d t h a t the H £ f l o w c o n d i t i o n s were 

maintained i d e n t i c a l l y d u r i n g r e d u c t i o n (Diagram 1.6). 

T h i s r e l a t i o n s h i p was used i n d e c i d i n g the maximum time of 

d i s t i l l a t i o n t h a t c o u l d be t o l e r a t e d ; i t a l s o g i v e s an 

estimate of the ppm. l e a d content i n a n a t u r a l m i n e r a l 

sample. 

(2) A more accurate estimate was o b t a i n e d by comparing 

the mass spectrometer i o n beam i n t e n s i t i e s of the samples 

to those of 2 p r e c i s e l y weighed reagent PbS samples (22±.2, 
76+2 micrograms). By knowing the i n i t i a l s u l f i d e weight 

the ppm. l e a d content can be c a l c u l a t e d ; these v a l u e s are 

l i s t e d w i t h the i s o t o p i c a n a l y s e s . 

1.3.4 Y i e l d s . 

1. E s t i m a t i o n of y i e l d s 

The y i e l d s were not measured a n a l y t i c a l l y ; however, 

an estimate can be o b t a i n e d by c o n s i d e r i n g probable l o s s e s 

at each st e p . 

(1) Reduction of s u l f i d e . F o r such m i n e r a l s as 

c h a l c o p y r i t e o r p e n t l a n d i t e , which reduced completely 

to molten a l l o y s , i t i s assumed t h a t a l l but a n e g l i g i b l e 

p o r t i o n of the l e a d i n the sample i s removed d u r i n g the 

two hours of r e d u c t i o n . A l l of the s m a l l samples analysed 
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i n t h i s w o r k w e r e o f t h i s t y p e . 

(2) M o v i n g a n d P u r i f y i n g t h e M i r r o r . One r e a g e n t 

P b S s a m p l e o f 22+_2 m i c r o g r a m s was m o v e d f o u r t i m e s . S i n c e 

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

c o n d i t i o n s t h e l o s s a t e a c h s t e p c o u l d n o t h a v e b e e n more 

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

d i s t i l l e d 6 t i m e s , t h i s w o u l d r e p r e s e n t a max imum 12$ l o s s 

f o r a s a m p l e o f 100 m i c r o g r a m s . : 

(3) R e m o v a l o f t h e M i r r o r . T h e r e m o v a l o f t h e m i r r o r s 

o f s e v e r a l p r e c i s e l y w e i g h e d P b S s a m p l e s r a n g i n g f r o m 

22+2 t o 976+2 m i c r o g r a m s was o b s e r v e d t o b e v i s u a l l y 

t o t a l . T h i s w o u l d r e p r e s e n t a maximum 10 m i c r o g r a m l o s s . 

(4) T r a p p i n g o f t h e t e t r a m e t h y l l e a d a n d b y - p r o d u c t s . 

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

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

c o n s t r u c t e d c o l d t r a p , some 21 c m . f r o m t h e e x i t t o t h e 

p u m p . A maximum l o s s o f 5$ d o e s n o t seem u n r e a s o n a b l e . 

(5) T r a n s f e r r i n g t o t h e b r e a k s e a l t u b e , a n d f r o m 

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

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

t o a n d f r o m t h e a t t a c h e d b r e a k s e a l t u b e . The l o s s m u s t 

h a v e b e e n l e s s t h a n 10$ a n d p r o b a b l y l e s s t h a n 5$. 

(6) D i s t i l l a t i o n l o s s e s . The d i s t i l l a t i o n t i m e s 

c o r r e s p o n d e d t o a max imum l o s s o f 10$. 
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For a sample of about 100 micrograms the y ie ld 

probably would be better than 60$. 

2. The effect of the s i l i cate xPbO*Si02 

A more important question concerned the s i l i cate 

xPbO-SiOg which formed i f the lead mirror was allowed 

to oxidize. Its effect was quite variable but appeared 

to become increasingly serious as the sample size de­

creased. This i s perhaps to be expected since the under­

lying pure lead would tend to mask the quartz surface 

from the PbO surface layer. Tests showed that 80$ of the 

small samples (<100 micrograms) could be so lost , com­

pared to 60$ for samples of 500-1000 micrograms. Since 

this represents a significant decrease in the possible 

y ie ld , the s i l i cate cannot be allowed to form. 

1.3.5 Limits of the Micro-lead Technique 

Surkan (1956) notes that a good isotope analysis 

can be carried out with 10 milligrams (10,000 micrograms) 

of lead using standard techniques, although the equipment 

and procedure become quite elaborate. It i s generally 

agreed that routine analyses require from 50-150 milligrams 

for the most precise results . 

Surkan,using a free radical technique, was able to 

obtain suff ic iently intense ion beams from about 500 micro­

grams of lead; he was, however, troubled by the presence 

of contaminants having mass fragments in the trimethyllead 
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r a n g e . U l r y c h ( 1 9 6 2 ) d i d n o t e x t e n d t h i s l o w e r l i m i t 

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

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

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

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

s a m p l e s . 

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

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

t e t r a m e t h y l l e a d t o s a m p l e s c o n t a i n i n g 1 o r 2 o r d e r s o f 

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

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

l i m i t t h e m o s t p r e c i s e a n a l y s e s ( i s o t o p e r a t i o s t o ± 0 . 0 5 $ ) 

t o 5 0 0 - 1 0 0 0 m i c r o g r a m s o f l e a d . S a m p l e s o f 2 0 - 3 0 m i c r o ­

g r a m s , p r e p a r e d w i t h t h e p r e s e n t w r i t e r ' s t e c h n i q u e , h a v e 

b e e n r u n w i t h f a i r p r e c i s i o n ( 0 . 4 $ ) . T h i s r e p r e s e n t s t h e 

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

o f 1 0 p p m . w i t h t h e p r e s e n t a p p a r a t u s . One i s o t o p i c 

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

s t o c k n e a r Hope B . C . , w h i c h a p p e a r s t o h a v e o n l y 1-2 p p m . 

l e a d ( 3 m i c r o g r a m s ) . A l t h o u g h t h e p r e c i s i o n i s n o t 

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

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

e x p e c t e d f o r t h e d e p o s i t . 

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

r u n s c o u l d r e d u c e t h e 1 0 p p m . r o u t i n e l i m i t t o s a m p l e s 

c o n t a i n i n g o n l y 1 p p m . l e a d . A n I m p r o v e m e n t i n t h e g a s 

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

t h e a n a l y s e s t o t h e 0 , 1 - 1 p p m . l e a d r a n g e , o r l o w e r . 
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1 . 3 . 6 C o n t a m i n a t i o n 

1 . L e a d C o n t a m i n a t i o n 

( 1 ) L e a d c o n t a m i n a t i o n e n c o u n t e r e d i n t h e m i c r o -

l e a d p r e p a r a t i o n . One s a m p l e (Hope # 4 7 8 ) h a d a v e r y -

l o w l e a d c o n t e n t a n d was i n a d v e r t e n t l y i n t h e n a t u r e o f 

a " d r y " r u n . I f we a s sume a l l t h e l e a d ( a b o v e t h e m a s s 

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

p r e p a r a t i o n t h e maximum c o n t a m i n a t i o n w o u l d be 0 . 2 $ f o r 

t h e s m a l l e s t s a m p l e s a n d 0 . 0 1 $ f o r t h o s e o f n o r m a l s e n ­

s i t i v i t y ( 5 0 0 - 1 0 0 0 0 m i c r o g r a m s ) . 

( 2 ) C o n t a m i n a t i o n b e t w e e n s a m p l e l i n e s . Some o f t h e 

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

t o a s t a n d a r d . T e s t s s h o w e d t h a t t h e c r o s s c o n t a m i n a t i o n , 

i n t h e m a s s s p e c t r o m e t e r , m u s t h a v e b e e n l e s s t h a n 0 . 0 1 $ . 

2 . O t h e r C o n t a m i n a n t s 

( 1 ) S a m p l e s o f t h e d i - t - b u t y l p e r o x i d e s o u r c e u s e d 

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

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

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

i n t h e t r i m e t h y l l e a d r a n g e . No m a s s f r a g m e n t s a b o v e 

m a s s 146 c o u l d b e d e t e c t e d . 

( 2 ) K a n a s e w i c h ( 1 9 6 2 a ) , S l a w s o n a n d R u s s e l l ( 1 9 6 2 ) 

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

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

c o n t a m i n a n t a p p e a r e d t o b e s i m i l a r t o t h e s i l o x a n e 
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tetrameter j s iC^CH^g -, with the substitution of two 

carbon atoms f o r two s i l i c o n atoms. This would give a 

molecule of mass 2 6 4 so the removal of one methyl group 

would r e s u l t i n a fragment of mass 2 4 9 . Estimation of 

the r e l a t i v e lead 204 abundance would thus be i n error. 

This contaminant occured only with galenas of c e r t a i n 

deposits and was attributed to the reaction of s i l i c o n 

stopcock grease (triggered by some trace material i n the 

samples) with the Grignard solutions. The formation of 

t h i s contaminant was avoided by eliminating the use of 

s i l i c o n stopcock greases. 

A similar, although uni d e n t i f i e d , contaminant formed 

under c e r t a i n conditions during the micro-lead preparation. 

It had a noticeable e f f e c t on the 204 lead abundance of 

the larger samples and a dra s t i c e f f e c t on that of the 

smallest. The contaminent was characterized by three 

small equally sized peaks i n the 2 8 0 mass range and as 

a series of peaks at every mass between 240 and 248. 

Peaks of masses 249 and 2 5 0 were also apparent. The lead 

Isotope r a t i o s of one large (1000 micrograms) sample 

were found to be 0 . 6 $ l e s s than the uncontaminated values 

when f i r s t run, and 0.9$ l e s s when the same sample was 

run a second time. The e f f e c t on a small sample of about 

10 ppm. lead was much more pronounced; the presence of 

the contaminant resulted i n a 3 . 6 $ isotope r a t i o decrease. 

The contaminant was believed to have resulted from 
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t h e u s e o f HP i n t h e c l e a n i n g p r o c e d u r e . I t was p o s s i b l e 

t h a t t h e f r e e s i l i c o n ( f r o m t h e q u a r t z ) , o r a s i l i c o n -
i 

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

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

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

m i n a n t . 

I f t h e a p p a r a t u s ( a f t e r c l e a n i n g ) was b a k e d i n a 

s t r e a m o f o x y g e n a t 950°C . t h e c o n t a m i n e n t d i d n o t f o r m . 

1.4 Summary 

None o f t h e e a r l i e r e x p e r i m e n t a l s c h e m e s f o r 

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

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

t h e k n o w l e d g e t h a t PbO c a n r e a c t w i t h S 1 0 2 , a n d t h a t a 

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

t h r o u g h t h e f o r m a t i o n o f x P b O " S i 0 2 . The p r e s e n t w r i t e r ' s 

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

c o m p o u n d . 

Once t h e r e a c t i v e l e a d m i r r o r i s i n s i d e t h e m i c r o -

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

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

p r e s e n t w r i t e r u n d e r t o o k a s y s t e m a t i c s u r v e y o f 45 m e t h y l 

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

e x p e r i m e n t a l l y ; o f t h e s e , d i - t - b u t y l p e r o x i d e seems t o 

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

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

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

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

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

p r e p a r a t i o n o f s a m p l e s b u t t h e p r e s e n t w r i t e r ' s w o r k 

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

f o r s a m p l e s c o n t a i n i n g much l e s s t h a n a 1 0 0 0 m i c r o g r a m s 

o f l e a d . V a c u u m d i s t i l l a t i o n h a s b e e n f o u n d t o b e a 

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

l o s s m o r e e x a c t l y . L a r g e r s a m p l e s c o n t a i n i n g 5 0 0 o r 

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

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

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

i n i t i a l l y p u r e . W i t h t h e s m a l l e r s a m p l e s ( < 1 0 0 m i c r o g r a m s 

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

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

t h i s I s n o t i m p o r t a n t s i n c e a t t h i s l e v e l t h e m a s s 

s p e c t r o m e t e r p r e c i s i o n i s o n l y 0 . 4 $ . I n a d d i t i o n , t h e 

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

a b o v e a b o u t 1 . 0 c m . Hg ( c o r r e s p o n d i n g t o a m i n i m u m o f 

3 0 0 - 5 0 0 m i c r o g r a m s o f l e a d ) o r i s o t o p i c f r a c t i o n a t i o n 

w i l l o c c u r . On t h i s b a s i s , h i g h l y p u r e s m a l l s a m p l e s 

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

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

a l l o w e d t h e p r e s e n t ' w r i t e r t o e x t e n d t h e t e t r a m e t h y l l e a d 

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

l e s s l e a d t h a n t h e 5 0 0 t o 1 0 0 0 m i c r o g r a m s r e p o r t e d e a r l i e r . 
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Chapter 2: OAS SOURCE MASS SPECTROMETRY OP MICROGRAM 

TETRAMETHYLLEAD SAMPLES. 

"The test of a l l knowledge Is experiment. Experiment 
i s the sole judge of sc ient i f ic ' t r u t h ' . " 

-R .P . Feynman in Lectures on Physics 

2.0 Introduction 

The present writer has explored the mass spectrometric 

aspects of analysing small tetramethyllead samples, a 

topic about which l i t t l e was known. Two main features 

had to be investigated. 

F i r s t l y , the poss ib i l i ty of molecular fractionation 

(although not previously reported for lead isotopes) had 

to be considered i f the sample size, and hence i t s pressure 

In the sample l ine , was decreased below that necessary 

for viscous flow. 

Secondly, a better understanding of pressure scat­

tering - the scattering of trimethyllead ions during their 

passage through the mass spectrometer - was required 

since the low ion signal amplitude of the small samples 

did not permit the usual t a i l i n g corrections to be made 

direct ly from measurements of the spectrum. 

The experimental studies of these features are 

discussed in the following sections. 
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2.1 L e a d I s o t o p e F r a c t i o n a t i o n 

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

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

e . g . a " l e a k " . The p o s s i b i l i t y o f f r a c t i o n a t i o n d e p e n d s 

m a i n l y upo.n t h e s i z e o f t h i s l e a k i n r e l a t i o n t o t h e 

p r e s s u r e o f t h e g a s i n t h e s a m p l e l i n e . I f t h e p r e s s u r e 

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

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

l e a k i s c a l l e d " v i s c o u s " . I f t h e p r e s s u r e i s l o w e n o u g h , 

a n d t h e mean f r e e p a t h l a r g e , , t h e l e a k w i l l b e " m o l e c u l a r " . 

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

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

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

n o b a c k d i f f u s i o n c a n o c c u r ( N i e r , 1 9 ^ 7 ) . On t h e o t h e r 

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

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

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

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

S o u r c e R e g i o n 
( M o l e c u l a r F l o w ) 

S a m p l e , 1 . 

L i n e 

Pump I o n s 
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Since the pressure in the mass spectrometer i s low ( 1 0 " ^ 

to 1 0 mm. Hg) the mean free paths of the gas molecules 

will-be large compared to the dimensions in the source 

region and connecting tubing; the flow w i l l thus be 

molecular (Halsted and Nier, 1 9 5 0 ; Kistemaker, 1 9 5 3 ) . 

We have two possible cases. 

1 . Viscous Plow in the Leak 

If one assumes viscous flow through the leak, and 

molecular flow from the source i t i s possible to show 

that the Isotope ratios of source and sample l ine are 

different (Halsted and Nier, 1 9 5 0 ) : 

J3 - E l i 
I 2 r a / M 2 P 2 S 

( 2 . 1 ) 

where 1^ = ion beam intensity o f isofcppe i 

M.̂  = mass of isotope I 

P i = part ia l pressure of isotope i i n the sample 

l ine (proportional to i t s abundance i n the sample.) 

2 
= measured isotope ratios i n the source region 

- isotope ratio of sample in the sample l ine . 

5 

Halsted and Nier showed that equation ( 2 . 1 ) applied 

at least for argon - nitrogen, and also HD - H 2 mixtures. 

Kistemaker ( 1 9 5 3 ) obtained similar results with the oxygen 

isotopes. 
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I n t h e c a s e o f t h e l e a d i s o t o p e s , lead-204 w i l l b e 

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

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

t h o s e i n t h e s a m p l e l i n e : 

.206" P b 206 

P b 204 m 

266 

264 

P b ' 

Pb 204 

= (1.004) 

= (1.006) 
m 

(1.008) 
m 

(2.2) 

(2.3) 

(2.4) 
p b 204 

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

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

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

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

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

2. M o l e c u l a r P l o w T h r o u g h t h e L e a k . 

T h e f r a c t i o n a t i o n o f a m o l e c u l a r l e a k w i l l b e c o u n t e r ­

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

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

( H a l s t e d a n d N i e r , 1950): 

P l 
(2.5) 

X2 m _P2_ s 

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

l i n e w i l l i n c r e a s e a s t h e s a m p l e i s d e p l e t e d (Lead-204 
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w i l l b e d e p l e t e d p r e f e r e n t i a l l y ) . 

2 . 1 . 1 V i s c o u s F l o w : E x p e r i m e n t a l R e s u l t s 

Gn t h e p r e s e n t m a s s s p e c t r o m e t e r t h e l e a k s a r e 

a p p r o x i m a t e l y 0 . 0 0 4 c m . d i a m e t e r . T h e s e l e a k s w e r e 

b e l i e v e d t o b e v i s c o u s ( K o l l a r , i 9 6 0 ) o v e r t h e s a m p l e l i n e 

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

o u t ( 0 . 9 t o 1 . 6 c m . H g ) . T h i s was s u b s t a n t i a t e d b y t h e 

r e p r o d u c i b i l i t y o b t a i n e d b y O s t i c ( 1 9 6 3 ) • The a n a l y s e s 

o f J . T . U l r y c h ( p e r s o n a l c o m m u n i c a t i o n ) s h o w e d t h a t t h i s 

r e s u l t a p p l i e d e q u a l l y w e l l t o s m a l l s a m p l e s t h a t w e r e 

d e p l e t e d s i g n i f i c a n t l y d u r i n g a n a n a l y s i s ( T a b l e 2 . 1 ) . 

The v a r i a t i o n s i n i s o t o p e r a t i o s b e t w e e n A a n d B r u n s 

w e r e n o g r e a t e r t h a n t h o s e o b t a i n e d w i t h t h e l a r g e s a m p l e s ; 

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

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

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

2 . 1 . 2 M o l e c u l a r F l o w : T h e o r e t i c a l R e s u l t s 

The e q u a t i o n f o r i s o t o p i c f r a c t i o n a t i o n w i t h a m o l e c u ­

l a r l e a k was d e r i v e d b y t h e p r e s e n t w r i t e r i n A p p e n d i x A . l : 

w h e r e F d e p l e t i o n = ( P 0 - P ) / P 0 

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

P Q = i n i t i a l t o t a l s a m p l e p r e s s u r e 

R Q = i n i t i a l i s o t o p e r a t i o 
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T a b l e 2.1 R e p r o d u c i b i l i t y o f L e a d I s o t o p e R a t i o s u n d e r  

V i s c o u s F l o w C o n d i t i o n s ( U l r y c h , p e r s o n a l c o m m u n i c a t i o n ) . 

S a m p l e R u n Pb(206) Pb(207) Pb(208) I n i t i a l S a m p l e M a x i m u m 
N u m b e r P b ( 2 0 4 ) P b ( 2 0 4 ) P b ( 2 0 4 ) L i n e P r e s s u r e T o t a l 

( c m . H g ) » D e p l e t i o n 

2 A 15.013 14.905 36.262 1.5 .095 
B 14.990 14.862 35.203 1.5 .277 

4 A 14.902 14.866 35.151 1.6 .079 
B 14.911 14.874 35.184 1.9 .321 

6 A 14.804 14.909 35.037 1.7 .139 
B 14.785 14.880 34.990 1.9 .430 

21 A 15.730 15.179 35.802 1.5 .026 
B 15.728 15.170 35.790 1.4 - .075 

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

V * D e t e r m i n e d f r o m t h e i o n beam i n t e n s i t y d e c r e a s e d u r i n g 
S n a n a l y s i s : 

= In - I 

w h e r e l n = i o n beam i n t e n s i t y a t b e g i n n i n g o f a n a l y s i s . 

I = I o n beam i n t e n s i t y a t e n d o f a n a l y s i s . 
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R = I s o t o p e r a t i o o f a s a m p l e w i t h a t o t a l d e p l e t i o n F . 

= m o l e c u l a r w e i g h t o f i s o t o p i c s p e c i e s i . 

T h e r a t i o R / R Q h a s b e e n c o m p u t e d f o r P b 2 o 6 / P b 2 0 4 , P b 2 0 7 / P b 2 o 2 i 

a n d P b 2 ° 8 / p b 2 ° 4 f o r a g i v e n d e p l e t i o n ( D i a g r a m s 2.1, 2.2, 

2.3). T h i s c a l c u l a t i o n a s s u m e s t h a t t h e l e a d i s i n t e t r a ­

m e t h y l l e a d f o r m . 

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

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

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

g i v e n i n D i a g r a m s (2.4) a n d (2.5). I f t h e f l o w i s c h a n g e d 

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

f r o m t h o s e o f e q u a t i o n s (2.2), (2.3), a n d (2.4) t o t h o s e 

r e p r e s e n t e d b y e q u a t i o n (2.5). T h e n a s t h e s a m p l e i s 

d e p l e t e d i t s r a t i o s w i l l i n c r e a s e ( P b - 2 0 4 b e i n g d e p l e t e d 

p r e f e r e n t i a l l y ) a l o n g t h e c u r v e s h o w n . T h e s e c a l c u l a t i o n s 

c o r r e s p o n d c l o s e l y t o t h e o b s e r v e d r e s u l t s . 

2.1.3 M o l e c u l a r F l o w : E x p e r i m e n t a l R e s u l t s 

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

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

o f l e s s t h a n 1 c m . H g ( T a b l e 2.2, D i a g r a m s 2.6 a n d 2.7). 

The l e a d i n t h i s d e p o s i t a p p e a r s t o be p r i m a r y a n d t h e 

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

h a s p r o v e n t o b e c o r r e c t f o r t h e f o u r s a m p l e s (320, 321, 

323, 324A) a n a l y s e d u n d e r v i s c o u s f l o w c o n d i t i o n s . 

S a m p l e s 321 a n d 323 w e r e l a r g e s a m p l e s p r e p a r e d b y 
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1.007 

—1.006 

R P b 2 0 6 / P b 2 0 4 at Depletion P 

Ro= P b 2 0 6 / P b 2 G 4 at P = 0 

1.005 

1.004 

1.003 R/Rr 

—1.002 

—1.001 

.000 

0.10 

Depletion P 

0.20 0.30 0.40 0.50 

Diagram 2.1.Molecular Plow Model.Theoretical Change of 
Lead Isotope Ratios with Sample Deplet ion:! . 
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Diagram 2.2. Molecular Plow Model. Theoretical Change of 
Lead Isotope Ratios with Sample Depletion:II. 
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Diagram 2.3.Molecular Plow Model. Theoretical Change of 
Lead Isotope Ratios with Sample Depletion:III. 
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H15.80 

16.60 16.70 

Diagram 2.4. Theoretical Plow Model. Viscous Plow and 
Molecular Plow at Various Depletions:!. 
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Diagram 2 . 5 . Theoretical Flow Models .Viscous Flow and 
Molecular Flow at Various Depletions:II. 



T a b l e 2.2 The m e a s u r e d L e a d I s o t o p e E f f e c t s o f M o l e c u l a r F l o w  

o n S m a l l S a m p l e s 

S a m p l e A n a l y s e s S a m p l e L i n e 
P r e s s u r e * 
( c m . Hg) 

T y p e o f 
F l o w 

M a x . T o t a l Pb 
D e p l e t i o n x Pb 

( 2 0 6 ) Pb(207) P b ( 2 0 8 ) 
(200) Pb(204) Pb(204) 

S u l l i v a n A 3 . 8 V i s c o u s . 3 0 8 1 6 . 6 6 1 1 5 . 6 7 0 3 6 . 5 8 1 
3 2 4 B . 4 M o l e c u l a r . 7 9 2 1 6 . 6 0 6 1 5 . 5 7 7 36 .414 3 2 4 

(.484)** 

S u l l i v a n A . 5 M o l e c u l a r . 1 0 4 1 6 . 5 2 3 15 .488 3 6 . 2 1 0 
3 2 5 B • 8 M o l e c u l a r .448 1 6 . 6 2 2 1 5 . 6 0 8 3 6 . 5 1 0 

S u l l i v a n A • 7 M o l e c u l a r . 2 5 4 1 6 . 5 8 2 1 5 . 5 3 8 36 .242 
322 B . . 7 M o l e c u l a r : . 5 2 1 1 6 . 6 6 9 1 5 . 6 7 8 : 3 6 . 6 8 5 

S u l l i v a n A 1 . 0 V i s c o u s . 0 6 3 16 .645 1 5 . 6 6 2 3 6 . 6 7 5 
3 2 0 B 0 . 9 V i s c o u s . 2 1 5 1 6 . 6 3 5 1 5 . 6 3 5 3 6 . 5 9 9 

OV-45" 

* S e e T a b l e 2.1 

x* D e p l e t i o n u n d e r m o l e c u l a r f l o w c o n d i t i o n s . 
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I—15.80 

P b 2 0 7 

9 Molecular Plow Conditions 

O Viscous Plow Conditions 

/ Pb 204 

V 
-Theoretical 
Curve of 
Variation 

15.70 

Viscous 
Plow 
Ratios 

15.60 

Molecular 
Plow Ratiojky 
Zero 7^ 
Depletior^ 

Diagonal Lines Represent 
Approximate Std. Dev. 

322A 

15.50 

2 5 A 

Pb 206 / Pb 204 

16.60 16.70 

Diagram 2.6.Experimentally Observed Lead Isotope 
Fractionation at Low Pressures:!. 
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• Molecular Plow Conditions 
0 Viscous Plow Conditions 

Diagonal Lines Represent 
Approximate Std. Dev. 

36.80 Theoretical Curve 
of V a r i a t i o n 

P b 2 0 8 / P b 2 ° 4 f 

: I 
~~ 36.70 

~~ 36:60 Viscous 3 2 1 ^ 2 0 B 

^ o s — * 

~~ 36.50 
/ ^ 2 5 B 

/ 
— 36J40 

/ 

~~~ 36.30 

1 
/ Molecular Plow 

/ Ratios Zero 
Depletion 

P b 2 0 6 / P b 2 0 4 

16.60 16̂ .70 

Diagram 2.7. Experimentally Observed Lead Isotope 
Fractionation at Low Pressures:II. 
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Grignard reaction and analysed under viscous conditions 

( A . J . S inc la ir - personal communication). The average of 

these two samples i s used as the reference point (Viscous 

Plow Ratios). Also shown are the expected i n i t i a l (no 

depletion) Molecular Flow Ratios, and the curve that would 

result i f the sample were progressively depleted under 

molecular flow conditions. The small samples l i e closely 

along this curve. 

A l l of the small samples (324, 325, 326, and 320) 

were prepared by the micro-lead technique. Sample 324 

was f i r s t analysed at high pressure and low sensit ivi ty 

(A analysis) then purif ied and run at a low pressure (B 

analysis) . Since the sample was depleted s ignif icantly 

the B analysis should, and does, l i e above the expected 

molecular flow ratios of 324A. Samples 325 and 326 were 

not run in the viscous region so the expected molecular 

flow ratios cannot be computed. These samples do, how­

ever, f i t the molecular model In that the ratios of the 

B runs have increased (greater depletion) relative to 

those of the A runs. .Sample 320 was analysed just in 

the viscous region. The 206/204 and 207/204 ratios do 

not vary s ignif icantly between the A and B runs, and the 

variation in the 208/204 ratio i s only s l ight ly larger 
"V 

than that normally observed (Table 2.1). 

It was thus concluded that the molecular flow model 

adequately describes the observed change of . lead Isotope 
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r a t i o s a s t h e s a m p l e i s d e p l e t e d , a n d t h a t n o c h a n g e 

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

t h a t , p a r t i c u l a r i l y w h e n a n a l y s i n g s m a l l s a m p l e s , t h e 

s a m p l e l i n e p r e s s u r e s m u s t n o t f a l l b e l o w a b o u t 1 . 0 c m . 

Hg. I f t h e s a m p l e i s t o o s m a l l ( l e s s t h a n a p p r o x i m a t e l y 

5 0 0 m i c r o g r a m s ) a c a r r i e r o f some s o r t s h o u l d b e a d d e d 

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

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

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

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

2 . 1 . 4 D e t e r m i n a t i o n o f L e a k C h a r a c t e r i s t i c s 

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

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

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

( 1 9 5 6 ) who m e a s u r e d t h e r a t e o f f l o w i n t o a k n o w n v o l u m e . 

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

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

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

pumped o u t t h r o u g h t h e l e a k ) . T h e e x p e c t e d p r e s s u r e v s . 

t i m e r e l a t i o n s h i p c a n be r e a d i l y d e r i v e d ( A p p e n d i x A . l ) 

f o r t h e t w o t y p e s o f l e a k s . F o r a m o l e c u l a r l e a k , 

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

l n fPol = Cmt 
L P . V 

w h e r e : P = p r e s s u r e a t t i m e t , i n s a m p l e l i n e . 

P Q = i n i t i a l s a m p l e l i n e p r e s s u r e . 
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V - v o l u m e o f s a m p l e l i n e , c o n s t a n t . 

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

Cm = l / 2 7 r k T ' D 3 

6j m Q L 

w h e r e : D = d i a m e t e r o f a c i r c u l a r p i p e 

L = l e n g t h o f p i p e 

T = t e m p e r a t u r e , °K 

k = B o l t z m a n n ' s c o n s t a n t . 

m Q = m a s s o f g a s m o l e c u l e 

F o r a v i s c o u s l e a k , a n d l o n g c i r c u l a r p i p e : 

1 = C v t + .1 
T X ( 2 . 8 ) 

w h e r e P C v / 2 - v i s c o u s c o n d u c t a n c e C 

a n d C v = i r D ^ 
128nL 

n = v i s c o s i t y o f g a s f l o w i n g t h r o u g h t h e l e a k . 

W i t h i n t h e v a l i d i t y o f t h e s e m o d e l s f o r t e t r a m e t h y l l e a d 

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

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

e q u a t i o n s ( 2 . 7 ) a n d ( 2 . 8 ) . The r e s u l t s f o r o n e o f t h e 

p r e s e n t m a s s s p e c t r o m e t e r l e a k s a r e s h o w n i n D i a g r a m s 

( 2 . 8 ) a n d ( 2 . 9 ) . 

F o r p r e s s u r e g r e a t e r t h a n a b o u t 1.0 c m . Hg ( e . g . 

t i m e s l e s s t h a n 6 h o u r s ) t h e r e s u l t s i n d i c a t e v i s c o u s 

f l o w ; t h a t i s , t h e y b e s t f i t a s t r a i g h t l i n e o n t h e 1 / P 

v s . t p l o t . B e l o w 0 . 8 c m . H g ( t i m e s g r e a t e r t h a n 7 h o u r s ) 

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

T h e s e r e s u l t s a g r e e , i n t h e m a i n , w i t h t h o s e o f t h e p r e ­

c e d i n g s e c t i o n . 
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2.1.5 I n t e r e o m p a r i s o n o f S a m p l e s 

The p r e s e n t w o r k o n f r a c t i o n a t i o n a l s o r a i s e s a n 

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

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

c o m p a r i s o n o f a s t a n d a r d ( B r o k e n H i l l # l ) t o t h e s a m p l e , a n d 

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

t h e a s s i g n e d r a t i o s o f t h e s t a n d a r d ( O s t i c , 1963)• H e n c e 

i f we l e t 

( R t ) i = t c u e i s o t o p e r a t i o a / b , ( e g . p a r t i a l 

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

s a m p l e i , 

( R v ) i - m e a s u r e d i s o t o p e r a t i o ( v i s c o u s l e a k ) o f 

s a m p l e i , 

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

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

( RV ) A " ( R v ) B 

S i n c e we r e a l l y w a n t t h e t r u e r a t i o d i f f e r e n c e 

( R t ) A " ( R t ) B 

a n d s i n c e 

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

( R t ) A " ( R t ) B - / S ( R v ) A " ( r

v ) B 

a l t h o u g h t h i s c o r r e s p o n d s t o a 0.4$ s y s t e m a t i c e r r o r i t 

d o e s n o t seem t o o i m p o r t a n t a t t h e p r e s e n t t i m e . 
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2.2 A s y m m e t r i c a l P r e s s u r e S c a t t e r i n g C o r r e c t i o n 

2.2.1 E m p i r i c a l C o r r e c t i o n 

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

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

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

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

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

A p o r t i o n o f t h e i o n s i n t h e i o n beam a r e t h u s s c a t t e r e d 

f r o m t h e c e n t r a l b e a m ; t h i s i s t h e m a i n c a u s e o f " t a i l i n g " 

i n t h e m a s s s p e c t r u m ( D i a g r a m 2.10). H e n c e m e a s u r e m e n t s , 

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

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

p e a k s . The s i z e o f t h e t a i l i n g s w i l l d e p e n d m a i n l y u p o n 

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

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

O v e r t h e p a s t s e v e r a l y e a r s i n v e s t i g a t o r s i n t h e 

U . B . C . G e o p h y s i c a l l a b o r a t o r y h a v e d e v e l o p e d a n e m p i r i c a l 

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

t h e m e a s u r e d p e a k h e i g h t s ( K o l l a r , I960; O s t i c , 1 9 6 3 ) . 

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

(1) t h e t a i l i n g s w e r e s y m m e t r i c a l ; e . g . , e q u a l a t 

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

(2) t h e t a i l i n g was o b s e r v e d o n l y u p t o t w o m a s s 

u n i t s away f r o m t h e p e a k . 
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A 

-Base-Line 

(a) Idealized Spectral Peaks,No 
Scattering 

(b) Spectral Peaks Assuming 
Asymmetrical Pressure Scattering 

Diagram 2.10.The Effect of Pressure Scattering on 
Idealized Spectral Peaks 
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Some discrepancies in the computations appeared so that 

the assumptions were not s t r i c t l y adhered to, and the 

method of measurement of the t a i l i n g coefficients was 

adjusted to give the best results . This correction was 

found to be quite satisfactory for the larger column-

purif ied samples analysed at pressures i n the order of 

1 - 2 x 10~ mnu Hg. Since the present writer had to 

carry out the analyses with small and re lat ive ly impure 

samples at pressures of 1 - 5 x 10~° mm. Hg, a greater 

understanding of the scattering had to be obtained. 

2.2.2 Experimental Ta i l ing Characteristics In the 250 Mass  

Range 

The basic study of t a i l i n g characteristics was 

carried out using B i C C ^ ) ^ since i t s spectrum i s re lat ive ly 

simple, and i s In the same mass range as Pb(CH3)3+. 
Twenty-one Bi^H^)^* spectrum were obtained and the t a i l i n g 

values (distance from base l ine to spec tru»= a, i n Diagram 

2.10) were measured and averaged. "Tailing coefficients" 

(or "pressure scattering coefficients") were then calculated: 

t a i l i n g coefficient = t a i l i n g value = _§_ 
peak height A 

The t a i l i n g coefficients - for different mass units away 

from the main peak (A=l) are i l lus trated in Diagram (2.11). 

Thus Id represents the t a i l i n g coefficient one mass unit 

away, down mass and l u , one mass unit up mass, etc. 

The t a i l i n g i s d i s t inc t ly asymmetrical dropping 
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essentially to zero at three mass units up mass of the 

peak hut extending and leveling out several mass units 

below. This lat ter feature explains the upward shift 

of the base l ine below mass 248 in the .PbfCH^)^ spectra 

(Ostic, 1 9 6 3 ) . On the basis of the present work i t i s 

apparent that this increase i s the result of superimposing 

the down mass t a i l s of masses 251, 252, and 253. 

2.2.3 Asymmetrical Pressure Scattering Correction for  

Trimethyllead Spectrum. 

The asymmetrical t a i l i n g coefficients are derived 

from the Pb^CR^)^ spectra (Diagram 2.12) in the manner 

discussed in Appendix A.2. One large sample was analysed 

at a number of different pressures and the corresponding 

t a i l i n g coefficients calculated. The results are i l lus trated 

i n Diagram 2.13. Although the ratios of the coefficients 

remain the same within a few percent, the coefficients 

themselves vary non-linearly with the vacuum gauge pressure. 

The cause of the non-linearity Is not known but i t may be 

due to non-l inearit ies i n the operation of the vacuum (ion) 

gauge. 

The spectral peak heights must be corrected for the 

t a i l i n g of adjacent peaks. This correction i s applied 

as follows. If A denotes the measured peak height and A 0 

that corrected for t a i l i n g , then: 

A24q = A 2 4 9 + (0.-5u) A 2 4 9 
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254 

251 249 
252 n 

253 

If vj 

250 

T=Base 
Line 

Diagram 2.12. Normal Amplitude Trimethyllead Spectrum 



Q.'4 0.8 1.2 1.6 2l0 2 > 2'.8 3.2 3.6 
Vacuum Gauge Pressure (X 10~bmm. Hg) 

4.0 

Diagram 2.13. Pressure Scattering Coefficients from the Trimethyllead 
Spectrum 
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A 0 

• A250 
A 0 

= A251 " (Id) A 2 5 2 - (2d) A 2 5 3 

A° 
•252 

= A252 " (lu) A 2 5 1 - (M) A ^ - (2d) A 2 5 4 

%3 = A 2 5 3 - (lu) A 2 5 2 - (2u) A 2 5 i - (Id) A 2 5 4 
A254 = A 2 5 4 • 

The contributions from some of the smaller peaks (249, 250, 

and 254) are negligible in some of the corrections. 

Masses 250 and 254 are measured from the curved base l ine 

and no correction need be ;applied. In measuring the A249 

the lowest points on either side were averaged and the 

peak height determined using this average as the base l ine . 

Measurements showed that this average corresponded to 

measuring the base l ine one-half a mass unit up mass 

( ta i l ing coefficient = 0.5u). This meant that the 249 

peak measurement was too small by this factor and the 

correction had to be added. 

A comparison between the asymmetrical and empirical 

types of correction was obtained by analysing one sample 

at two different pressures. The t a i l i n g coefficients 

were calculated from the spectra and the corrections 

applied; the results are i l lus trated in Diagram (2.14) and 

(2.15). On the P b 2 0 7 / P b 2 0 4 vs. Pb206/P b204 p l o t t he un­

corrected ratios for the two pressures differed by about 

0.5$. When corrected the ratios were essentially identical 

(0.05$). The.asymmetrical correction gave a greater re­

duction i n the difference between the analyses at different 
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— 1 5 . 7 0 

Pressure of Analyses 

O - 2.4 x lo-^nm. H g 
/ \ - 1.2 x 10-5mm. Hg 

Type of Correction 

None, Raw Data 

| | Empirical 

Asymmetric 

p b
2 0 7 / P „ 2 0 4 

- 1 5 . 6 0 

— 1 5 . 5 0 

P b 2 0 6 / P b 2 0 4 

1 6 . 2 0 1 6 . 3 0 1 6 . 4 0 

Diagram 2.14. Comparison of Pressure Scattering Corrections 
I 
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Pressure of Analyses 
0 - 2.4 x 10-gmm. Hg 

/ \ - 1.2 x 10-bmm. Hg 

Type of Correction 

None, Raw Data 

| j Empirical 

"36.30 H Asymmetric 

p b 208/ p b204 

• 
-36.20 

—36.10 
O 

P b 2 0 6 / P b 2 0 4 

-36.00 
16.20 16.30 16.40 

Diagram 2.15.Comparison of Pressure Scattering Corrections 
II 
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p r e s s u r e s o n t h e P b 2 o 8 / P b 2 0 4 v s . P b 2 o 6 / P b 2 0 4 p l o t , t h a n t h e 

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

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

To a p p l y t h e a s y m m e t r i c a l c o r r e c t i o n t o t h e s m a l l e r 

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

c o e f f i c i e n t s g r a p h i c a l l y ( f r o m Diagram-2.13) s i n c e t h e 

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

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

i s n o t c l e a r l y u n d e r s t o o d . I t a p p e a r s t o b e p a r t i a l l y due 

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

2.3 P r e c i s i o n a n d R e p r o d u c i b i l i t y 

2.3.1 P r e c i s i o n 

L e a d i s o t o p e r a t i o s a r e c o m p u t e d f r o m s i x o f t h e 

s p e c t r a l p e a k s o f t r i m e t h y l l e a d ( D i a g r a m 2.16 a n d 2.12). 

T h o s e o f m a s s e s 249, 251s 252, a n d 253 a r e m o s t i m p o r t a n t ; 

p e a k s o f m a s s n u m b e r 250 a n d 254 a r e u s e d m a i n l y t o c a l c u ­

l a t e t h e H+ l o s s , a n d C - ^ / C 1 2 , f a c t o r s . 

T h e p r e c i s i o n o f m e a s u r e m e n t r e f e r s t o 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 mean o f a s e t o f m e a s u r e m e n t s o f p e a k 

h e i g h t s ( e x t r a p o l a t e d t o z e r o t i m e ) due t o o n e m a s s . ( S i n c e 

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

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

p e a k s a r e e x t r a p o l a t e d b a c k t o z e r o t i m e ) . T h u s , i f a 

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



Diagram 2.16. Micro-Lead Mass Spectrum 
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t o t h e f i r s t , t h e r e i s a 2 / 3 p r o b a b i l i t y t h a t t h e m e a n , 

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

w i t h i n t h e r a n g e d e f i n e d b y t h e m e a n , ± s t a n d a r d d e v i a t i o n , 

o f t h e f i r s t . T h i s m u s t n o t be c o n f u s e d w i t h t h e r e p r o d u c ­

i b i l i t y o f t h e same s a m p l e r u n a t d i f f e r e n t t i m e s . C h a n g e s 

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

c h a n g e s i n t h e mean i s o t o p e r a t i o s l a r g e r t h a n t h o s e 

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

r e l a t i v e t o t h e P b 2 ^ 4 a b u n d a n c e w a s a l w a y s b e t t e r t h a n 0 . 4 $ 

f o r s a m p l e s o f 3 0 - 6 0 m i c r o g r a m s o f l e a d . T h i s c o m p a r e s t o 

0 . 0 4 $ p r e c i s i o n f o r s a m p l e s o f 5 0 0 m i c r o g r a m s o r l a r g e r 

( T a b l e 2 . 3 ) . T h i s d e c r e a s e i n p r e c i s i o n i s t h e r e s u l t o f 

a d e c r e a s e i n s i g n a l a m p l i t u d e , s i n c e 3 0 0 - 5 0 0 m i c r o g r a m s 

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

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

2 . 3 . 2 R e p r o d u c i b i l i t y 

F o r s a m p l e s o f 5 0 0 m i c r o g r a m s o r l a r g e r i t a p p e a r s 

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

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

F o r a d i s c u s s i o n o f t h i s t e c h n i q u e one i s r e f e r r e d t o 

O s t i c ( 1 9 6 3 ) . A t t h e l e v e l s o f s i g n a l a m p l i t u d e a n d 

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

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

a n d w e r e n o t u s e d . 
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T a b l e 2.3. M i c r o - L e a d P r e c i s i o n 

T r i m e t h y l l e a d 
M a s s Number 249 251 252 253 

L e a d I s o t o p e 204 206 207 208 

S t d . D e v . a t 0.35$ 0.02$ 0.02$ 0.02$ 
a p p r o x i m a t e l y 
30 m i c r o g r a m s 
l e a d 

S t d . D e v . a t 0.037$ 0.015$ 0.015$ 0.007$ 
g r e a t e r t h a n 
500 m i c r o g r a m s 
l e a d 

T a b l e 2.4. E s t i m a t i o n o f M i c r o - L e a d R e p r o d u c i b i l i t y .  
S a m p l e s f r o m S u l l i v a n M i n e , K i m b e r l y . B . C . 

S a m p l e P b
2 o 6 / P b 2 0 4 P b 207 / P B 204 p b 208 / P B 204 

320 16.640±0.005* 15.646+0.005* 36.638+.O.OI* 

321 16.632±0.005 15.643±0.005 36.599±0.01 
323 16.633+.0.005 15.633±0.005 36.555*0.01 
324A 16.66±0.05 15.67±0.05 36.58±0.10 

* E s t i m a t e d s t a n d a r d d e v i a t i o n s . 
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The r e p r o d u c i b i l i t y was e s t i m a t e d b y c o m p a r i n g 

t h e a n a l y s e s o f s a m p l e s f r o m t h e S u l l i v a n M i n e , K i m b e r l y , 

B . C . T h e i s o t o p e r a t i o s o f m i c r o - l e a d s a m p l e s 320 a n d 

324A w e r e c o m p a r e d t o t w o l a r g e G ; r i g n a r d - p r e p a r e d s a m p l e s 

321 a n d 323 ( A . J . S i n c l a i r , p e r s o n a l c o m m u n i c a t i o n ) f r o m 

t h e same d e p o s i t . S a m p l e 320 ( a g a l e n a ) w a s o f s u f f i c i e n t 

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

c o m p a r e d t o t h e B r o k e n H i l l #1 s t a n d a r d , a s w e r e 321 a n d 

323. 324A, a p y r r h o t i t e , w a s a n a l y s e d a t l o w s i g n a l 

a m p l i t u d e ( D i a g r a m 2.16). The S u l l i v a n d e p o s i t a p p e a r s 

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

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

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

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

l e a d a n a l y s e s a r e r e p r o d u c i b l e t o w i t h i n 0.4$ f o r t h e 

s m a l l e s t s a m p l e s , 0 . 0 4 $ f o r t h o s e o f n o r m a l s i g n a l a m p l i t u d e 

( T a b l e 2.4). 

2.4 Summary 

The p r e s e n t w r i t e r h a s o b s e r v e d t h e f i r s t r e p o r t e d 

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

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

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

f l o w . T h i s u n e x p e c t e d l y l i m i t s s m a l l s a m p l e a n a l y s e s t o 

s a m p l e l i n e p r e s s u r e s o f n o t l e s s t h a n a b o u t 1.0 c m . Hg 

w i t h t h e p r e s e n t f a c i l i t i e s . 
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Thus small samples (<500 micrograms of lead) can­

not be analysed as pure tetramethyllead; i f they are 

I n i t i a l l y purif ied a carrier must be added to bring the 

pressure up above the molecular range. The pressure 

scattering under these conditions i s d i s t inc t ly asymmetrical, 

with the spectral peaks 'exhibiting an extreme down mass 

t a i l i n g . A correction for this scattering has been de­

vised and i s shown to result in more reproducible analyses. 

The sample reproducibil i ty appears to be within the 

precision of measurement. 
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C h a p t e r 3- I S O T O P I C R E S U L T S AND S A M P L E D E S C R I P T I O N S 

" I n some w a y , o u r j o u r n e y , may b e s a i d , t o e n d . " 
R . L . S t e v e n s o n i n A n I n l a n d V o y a g e 

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

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

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

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

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

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

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

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

T h e s e c o n d s e c t i o n l i s t s t h e I s o t o p e r a t i o s o f a 

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

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

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

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

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

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

r e s u l t o f t w o o r m o r e t e c t o n i c e v e n t s . 

3.1 M i c r o - L e a d S a m p l e s 

T a b l e 3.1 l i s t s t h e l e a d i s o t o p e r e s u l t s . 

1. S u l l i v a n M i n e , K i m b e r l y , B . C . 

T h e s e s a m p l e s w e r e d o n a t e d b y R . M . T h o m p s o n , 

D e p a r t m e n t o f G e o l o g y , U n i v e r s i t y o f B r i t i s h C o l u m b i a . 
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T a b l e 3 . 1 L e a d I s o t o p e D a t a f o r S a m p l e s P r e p a r e d u s i n g  
t h e M i c r o - l e a d T e c h n i q u e . 

S a m p l e , L o c a t i o n p p m . v 206 2 0 7 208 M a x i m u m 
( e s t i m a t e d ) 204 2 0 4 204 S t d . D e v . * * 

320, S u l l i v a n M i n e G a l e n a 1 6 . 6 4 0 15.646 36.638 0 . 0 4 $ 
K i m b e r l y , B . C . 

3 2 4 A S u l l i v a n M i n e 1 0 0 16,66 15.67 36.58 0.4$ 
K i m b e r l y , B . C ; 

4 7 1 , H o p e , B . C . 1 17.8±0.5 15.3±P.5 37.8+1.0 2$ 

465, S t i l l w a t e r 10 16.36 15-79 36.71 0.4$ 
C o m p l e x , M o n t a n a 

466, S t i l l w a t e r 10 15.89 15.83 36.31 0.4$ 
C o m p l e x , M o n t a n a 

4 6 0 , M t . I s a 1 0 16.44 15.69 36.22 0.4$ 
A u s t r a l i a 

463, M t . i s a 15 16.49 15.67 36.36 0...4 
A u s t r a l i a 

* A s s u m e s a 60$ y i e l d ( S e c t i o n 1.3.4) , 
F o r t h e r e l a t i v e P b 2 0 4 a b u n d a n c e . T h o s e f o r P b 2 0 " , P b 2 ° 7 , 

a n d P b 2 0 ° r e l a t i v e a b u n d a n c e s a r e a b o u t 1/5 t o 1 / 1 0 t h i s 
v a l u e i 
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# 3 2 0 - Cummings suite. Mixed galena and sphalerite. 

Micro-lead preparation M L - 1 1 0 . 

# 3 2 4 A - Jewett suite. Pyrrhotite. Micro-lead 

preparation M L - 1 1 1 , 

2 . Hope, B.C. 

Several samples were obtained with the permission 

of Giant Mascot Mines Ltd. 

Located about 7 miles north of the town of Hope, 

the ore occurs as s t o c k - l i k e bodies e n t i r e l y within an 

i r r e g u l a r northerly plunging mass of u l t r a b a s i c rock 

(approximately two square miles i n area). The u l t r a -

basic i n t r u s i v e consists of a core of o l i v i n e pyroxenite 

or peridot, surrounded by pyroxenite (Aho, 1 9 5 6 ) . 

# 4 7 1 - Obtained from a f a u l t zone i n Brunswick # 7 

orebody, 3 2 5 3 d r i f t . Host mineral.primarily 

chalcopyrite i n t a l c s c h i s t . Micro-lead 

preparation M L - 1 0 2 . 

3 . S t i l l w a t e r Complex, Montana. 

H.H. Hess donated these samples, which had been 

c o l l e c t e d e a r l i e r by Peoples ( 1 9 3 2 ) . The specimens 

are from small prospects of massive s u l f i d e s along the 

base of the complex. 

# 4 6 5 - Host mineral mainly py r r h o t i t e . Peoples' 

number 4 6 3 - J - X 6 6 . Micro-lead preparation M L - 1 0 1 . 
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#466 - Host mineral mainly, chalcopyrite with some 

pyrrh o t i t e . Peoples' number 463-J-3- Micro-

lead preparation ML-99. 

4. Mt. Isa, A u s t r a l i a . 

These samples were obtained from Mount Isa Mines 

Limited by J.R. Richards. 

#460 - Host mineral predominantly chalcopyrite. 

Mine coordinates: 4325N, 1728E, l e v e l 10, 

500 orebody. Micro-lead preparation ML-104. 

#463 - Host mineral predominantly chalcopyrite i n 

s i l i c o u s dolomite. Mine coordinates: 6674N, 

1542E, l e v e l 13*-500 orebody. Micro-lead 

preparation ML-106. 

3 .2 Grlgnard - Prepared Galenas. 

Table 3 .2 l i s t s the lead isotope r a t i o s . A l l the 

samples were converted to tetramethyllead by Grlgnard 

reaction, and the spectra interpreted i n a manner sim i l a r 

to that of Diebler and Mohler (1951), C o l l i n s , Freeman 

and Wilson (1951), or C o l l i n s , Farquhar and Russell (1954). 

Each sample has been intercompared to Broken H i l l #1. In 

a l l the analyses, the standard deviations were l e s s than 

0. 05$. 

1. Broken H i l l , A u s t r a l i a . 

#1 - From the main lode. This Sample and the isotope 
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Table 3 . 2 Lead Isotope Data for Grignard-Prepared Galenas 

Sample Location P b 2 0 6 P b 2 0 7 p b 2 0 8 

p b 2 0 4 P b 2 0 4 P b 2 0 4 

1 Broken . H i l l , Austral ia * 16.116 1 5 . 5 4 2 36.068 

264 Ivigtut, Greenland 1 4 . 6 8 2 1 4 . 8 1 0 34.899 

1 2 4 KankaapSS, Finland 15.605 15.431 35.562 

125 Vi i tasaar i , Finland 15.674 
15.671 

15.419 
1 5 . 4 2 9 

3 5 . 5 0 4 
3 5 . 5 4 2 

126 Pithipudas, Finland 15.633 15.325 35.381 

127 Aija la , Finland 15.764 15.470 35.607 

128 KorsnSs, Finland 15.808 15.471 35.654 

129 Pernaja, Finland 15.738 
15.723 

15.413 
15.415 

35.567 
35.530 

130 Attu, Finland 15.797 15.476 35.635 

131 Orl jarv i , Finland 15.817 15*496 35.674 

132 Pakila, Finland 15.759 15.485 35.634 

* Kollar et a l ( i 9 6 0 ) . University of B r i t i s h Columbia 

Geophysical Laboratory standard. 
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ratios l i s t ed are used as the University of 

B r i t i s h Columbia Geophysical Laboratory standard. 

2. Ivigtut, Greenland. 

#264 - A galena with chalcopyrite, cryol i te , and 

weathered s iderite . Analysed in cooperation 

with E.R. Kanasewich. 

3 . Southern Finland. 

A l l of these samples were sent by 0 . Kouvo, Gutokumpa 

Company, Gutokumpa, Finland. Two of the samples were 

analysed twice (#125 and #129). The f i r s t set of ratios 

shown in Table 3 . 2 , were obtained i n May, 1962; the second 

in Feburary, 1964. 

#124 - VertuunjSrvi, KankaapMS. 

#125 - From a garnet-bearing mica gneiss near KSrnM 

school, V i i tasaar i parish. According to Kouvo 

and Kulp (3.961 - sample 15) this non-economic 

deposit has to be considered epigenetic. The 

mineralization belongs to the western border 

i 
of the Savo-Schist zone. 

#126 - Ritovuori region south of Pithipudas Church. 

According to Kouvo and Kulp ( 1 9 6 l - sample 16) 

the mineralized zone cuts volcanic schists and 

i s r ich In quartz veins and tourmaline breccia. 

#127 - Ai ja la sulfide deposit, Kisko. 

#128 - KorsnSs Mine, KorsnSs. 
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#129 - Prom some sulfide veins, Koskenkyll, Pernaja 

(Pb-235, Kouvo and Kulp, 1 9 6 l ) . 

#130 - Prom a small sulfide mineralization i n Attu, 

(Pb-233, Kouvo and Kulp, 1961) . 

#131 - Ori jarv i sulfide deposit, Kisko. (A-67, 

Kouvo and Kulp, 1961). 

#132 - Prom a small galena mineralization found 

at Pakila near Hels inki . (Pb-175> Kouvo and 

Kulp, 1961) . 
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C h a p t e r 4: I N T E R P R E T A T I O N 

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

- H e r m a n K a h n i n 
T h i n k i n g A b o u t t h e U n t h i n k a b l e 
(P.142) 

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

T h e m a i n a i m o f t h i s c h a p t e r i s t o i n t e r p r e t t h e 

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

l i s t e d i n C h a p t e r 3). The p r e s e n t w r i t e r was d i r e c t l y 

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

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

i n o b t a i n i n g e v i d e n c e w h i c h c o u l d be u s e d t o d e f i n e more 

c l e a r l y t h e c h a r a c t e r i s t i c s o f p r i m a r y l e a d s . H o w e v e r , 

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

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

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

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

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

m o d e l s . On t h e b a s i s o f s u c h m o d e l s i t i s p o s s i b l e t o 

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

C o m p l e x s u l f i d e s , t h e g a l e n a s a n d c h a l c o p y r i t e s o f M t . 

I s a , a n d t h e g a l e n a s o f s o u t h e r n F i n l a n d . 

A p r e l i m i n a r y s t u d y i s a l s o made o n l e a d i s o t o p e 

f r a c t i o n a t i o n i n n a t u r e , a n d t h e p o s s i b l e e f f e c t s o f ' 

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

4 . 1 Lead Isotope Fractionation in Nature 

Since the present writer has been able to show 

that lead isotopes can be readily fractionated in the 

laboratory, the question naturally arises as to the 

poss ib i l i ty of similar fractionation in nature. Very 

l i t t l e work has been directed to this end, and since 

the expected Effects are f a i r l y small much of the published 

lead data i s of l i t t l e use. Some studies of fractionation 

of the l ighter elements might, however, provide a guide. 

4 . 1 . 1 Diffusion 

Senftle and Bracken (1955) have discussed this problem 

theoretical ly. These authors consider solid-state d i f ­

fusion, the diffusion of atoms through a crystal la t t i ce , 

along grain boundries or over surfaces, to be of minor 

importance i n isotopic fractionation. In particular, they 

note that "to obtain significant changes i n the Isotopic 

abundance ratio for a given element a re lat ive ly large 

fract ion of this element must have diffused out of the 

or ig inal crystal leaving a small remaining fraction 

enriched in the heavy isotopes". The diffusion of molecules, 

ions, or atoms in static f l u i d solutions held intergranulary 

in saturated rocks i s l i k e l y to be more effective than 

sol id diffusion. However, again i t appears that l i t t l e 

isotopic fractionation can be expected u n t i l the concentra­

tion of the diffusing material drops to less than 0 . 1 of the 
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c o n c e n t r a t i o n o f t h e s o u r c e m a t e r i a l ; e . g . i t w i l l o n l y 

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

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

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

" i m p r o b a b l e t h a t a l a r g e b o d y e x i s t s i n w h i c h a m a j o r 

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

p r o c e s s e s . " 

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

S i l v e r m a n (1951) h a d s u g g e s t e d t h a t O ^ / O 1 ^ m e a s u r e m e n t s 

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

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

h o w e v e r , C l a y t o n a n d E p s t e i n (1958) l a t e r p o i n t e d o u t 

t h a t t h e o b s e r v e d v a r i a t i o n was m o r e l i k e l y due t o 

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

F r i e d m a n (1953) h a d s u g g e s t e d h y d r o g e n d i f f u s i o n a s a n 

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

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

O t h e r w r i t e r s ( A u l t a n d K u l p , i 9 6 0 ) h a v e q u e s t i o n e d t h e 

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

w e r e o b t a i n e d b y A u l t a n d K u l p ( i 9 6 0 ) f o r s a m p l e s f r o m a 

Z n S h a l o a r o u n d a n o r e b o d y . T h i s p a r t i c u l a r e x a m p l e 

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

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

t h e h a l o w e r e l e s s t h a n 10~3 o f t h a t i n t h e o r e b o d y , a n d 

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

w h i c h w o u l d h a v e p r o d u c e d e l e v a t e d t e m p e r a t u r e s f o r a 
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c o n s i d e r a b l e l e n g t h o f t i m e . No e v i d e n c e o f f r a c t i o n a t i o n 

w a s o b s e r v e d . The same a u t h o r s n o t e d a l s o t h a t t h e r e 

e x i s t e d c o n s i d e r a b l e i r r e g u l a r v a r i a t i o n s (1$) i n t h e 

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

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

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

S l a w s o n (1961). W a n l e s s e t a l ( i960) h a v e s t u d i e d g o l d -

q u a r t z d e p o s i t s o f t h e Y e l l o w k n i f e D i s t r i c t a n d s u g g e s t e d 

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

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

w e r e c o n s i d e r a b l y h e a v i e r i n 
S 3 4 

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

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

d i f f u s i o n o f S ^ 2 a s t h e p r o b a b l e a n s w e r . I t w o u l d seem 

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

n e i g h b o u r i n g r o c k b y t h e o r e ( e n r i c h e d i n S-^ 4 ) i s a n 

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

b e t w e e n o r e s a n d c o u n t r y r o c k i s q u i t e s m a l l ( 0 . 1 4 $ ) w h e n 

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

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

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

t h e m a s s e s : 

J 3 V 3 2 ' 7 208 / 204 ' y 2 0 7 / 204 ' V 206/204' 

1.031 1.010 1.006 1.004 

H e n c e i f t h e f r a c t i o n a t i o n o f t h e s u l f u r i s o t o p e s i s x $ , 

t h a t f o r t h e 2 0 8 / 2 0 4 = x $ / 3 , 2 0 7 / 204=x $ / 5 , a n d 2 0 6 / 2 0 4 = x $ / 8 . 

I f t h e a b o v e m e n t i o n e d a v e r a g e v a r i a t i o n o f 0 . 1 4 $ i s due 
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to diffusion, the corresponding variation for the lead 

isotopes would be below the l imits of detection (±0.05$). 
i 

It i s thus concluded that lead isotope fractionation 

due to diffusive processes i n nature, i s not l i k e l y to be 

greater than the present level of precis ion. 

4.1.2 Weathering 

Ault and Kulp (1959) have looked for sulfur .isotope 

fractionation due to oxidation during surface weathering. 

They conclude that the process i s "essentially a quant­

i tat ive one which does not allow isotopic fractionation." 

4.1.3 Crysta l l izat ion 

If an element i s carried in solution in one chemical 

form, then deposited in another form, fractionation can 

occur (Ault and Kulp, i960; Jensen, 1959; Tudge and Thode, 

1950; Dechow, i960); for example, the exchange process 

S 3 2 0 | + Pbs34 = s34o4= + P b S 3 2 

can result i n a difference of 7$ at 25 °C, under e q u i l i ­

brium conditions, between the sulfur isotope ratios of 

the PbS and the sulfate. The effect on the lead isotope 

ratios w i l l be considerably less. Adamson (quoted i n 

Russell and Farquhar, i960) has calculated the expected 

equilibrium constants for reactions envolving lead isotopes, 

and his results suggest that even at low temperatures the 

lead isotope fractionation w i l l be less than 0.05$. 
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4 . 1 . 4 B i o l o g i c a l P r o c e s s e s 

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

s i g n i f i c a n t s u l f u r i s o t o p e f r a c t i o n a t i o n c a n t a k e p l a c e 

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

t o H 2 S . I f t h i s H 2 S i s r e s p o n s i b l e f o r t h e d e p o s i t i o n 

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

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

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

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

HgS p r o d u c t i o n , e t c . T h e s e v a r i a t i o n s a r e c h a r a c t e r i s t i c 

o f b a c t e r i a l r e d u c t i o n a n d c a n r a n g e u p t o 2$ f o r s a m p l e s 

o f n a t i v e s u l f u r ( H a r r i s o n a n d T h o d e , 1958) a n d 1$ f o r 

s e d i m e n t a r y p y r i t e s f r o m a c o r e ( T h o d e e t a l , i 9 6 0 ) . 

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

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

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

( T a t s u m o t o a n d P a t t e r s o n , 1963). I f we a s s u m e t h e r e l a t i o n s 

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

e a r l i e r , s e a w a t e r l e a d s m i g h t b e e x p e c t e d t o show 

v a r i a t i o n s o f a b o u t : 

A ( 2 0 8 / 2 0 4 ) = +0.05 t o ±.0.10 

A ( 2 0 7 / 2 0 4 ) = ±0.02 t o ±0.03 

Z \ ( 2 0 6 / 2 0 4 ) = ±0.01 t o ±0.02 

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

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

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

i n t e r e s t i n g p o s s i b i l i t y . 
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4.2 S i n g l e Stage Lead Models 

The models d i s c u s s e d i n t h i s s e c t i o n c o n s i s t of s e t s 

of e quations which are developed, a c c o r d i n g t o c e r t a i n 

assumptions, t o r e l a t e the changes I n l e a d i s o t o p e r a t i o s 

to the time and the r e l a t i v e p r o p o r t i o n s o f l e a d , uranium, 

and thorium. The p r e s e n t a t i o n i s e s s e n t i a l l y p i c t o r i a l and 

the mathematical d e r i v a t i o n s w i l l be l e f t t o appendix A . 3 . 

Diagram (4.1) i l l u s t r a t e s the b a s i s of our models. We 
i 

assume t h a t at the be g i n n i n g of g e o l o g i c time, t Q y e a r s 

ago, a l l l e a d had a unique composition ( p r i m o r d i a l l e a d ) : 

a 0 = ( P b 2 0 6 / P b 2 0 4 ) t o 

b G = ( P b 2 0 ? / P b 2 0 4 ) t o (4.1) 

c Q = ( P b 2 0 8 / P b 2 0 4 ) t o 

Assuming t h a t the r a d i o a c t i v e decay law a p p l i e s , and t h a t 

the changes i n l e a d composition are due o n l y to the decay 

of uranium and thorium 

T J 2 3 5 207 .. 4 
9 2 = 8 2 p b +-.3-HeV energy 

g 2 U 2 3 8 = g 2 p b 2 0 6 + gHe*+ energy (4.2) 

9 0Th 232 = 3 2Pb 208 + 6 H e 4 + energy 

then one can d e r i v e the v a r i a t i o n s of Pb 206/p b204^ e t c . , 

w i t h time. The Pb 204 abundance i s c o n s i d e r e d c o n s t a n t . 

The r e s u l t i n g r e l a t i o n s h i p s between p b206/p b204 a n ( j 
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p b 2 0 7 / p b 2 0 4 

a r e s h o w n i n d i a g r a m (4.1). T h e i s o t o p e r a t i o s 

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

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

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

h a v e b e e n p r o p o s e d . 

4 .2.1 I s o c h r o n Model . 

G e r l i n g ( 1 9 4 2 ) , H o l m e s (1946) a n d H o u t e r m a n s (1946) 

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

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

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

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

t h o s e s h o w n i n D i a g r a m (4.1). I f t h e l e a d s w e r e e x t r a c t e d 

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

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

r e l a t e d a n d l i e a l o n g t h e t-^ " p r i m a r y i s o c h r o n " . 

4 . 2 . 2 P r i m a r y L e a d M o d e l a n d P o s s i b l e P r i m a r y L e a d  

C h a r a c t e r i s t i c s . 

C o l l i n s , R u s s e l l a n d F a r q u h a r (1953) p o s t u l a t e d t h a t 

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

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

t h o r i u m - l e a d r a t i o s . T h i s s y s t e m w a s a s s u m e d t o b e 

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

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

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

( l ) T h e y s h o u l d h a v e l e a d i s o t o p e r a t i o s w h i c h l i e 
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closely along a single, unique growth curve in the 

P b 2 ° 6 / P b 2 0 4 vs. P b 2 G 7 / P b 2 0 4 p lot . This w i l l reflect their 

identical uranium-lead ratios at any given time. 

(2) Since the primary lead system i s postulated to 

be deep in the earth, reducing conditions are l ike ly 

to exist , and uranium and thorium w i l l geochemically be 

s imilar. One might thus expect that primary leads w i l l 

f i t a unique growth curve in the P b 2 G 6 / P b 2 0 4 vs. P b 2 o 8 / P b 2 0 4 

plot . 

(3) Primary leads, to the extent they are unconta-

minated on their passage from depth, should be isotopical ly 

uniform throughout a deposit or even throughout a d i s t r i c t . 

This assumes that they are emplaced at the same time and 

separated from uranium and thorium. 

(4) If the primary lead i s uncontaminated the sulfur 

isotope ratios should be f a i r l y constant and close to the 

meteoritic value. This assumes that the primary lead 

system has the meteoritic sulfur isotope ratios, and that 

the temperatures of deposition are high enough to prevent 

significant fractionation. It i s also necessary to postulate 

the same lead and sulfur source. The va l id i ty of these 

assumptions i s indicated in analyses of ultrabasic deposits, 

which are generally assumed to have come from considerable 

depth. The average of 15 samples from the magmatic sulfide 

ores of Sudbury, the Stil lwater Complex, and the Insizwa 
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S i l l i s S 3 2 / S 3 4 = 22.21 ± 0 . 0 5 a n d T h o d e e t a l (1961) 

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

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

a s s o c i a t e d w i t h u l t r a b a s i c r o c k s , a n d m e t e o r i t e s " ( m e t e o r ­

i t i c v a l u e S 3 2 / S 3 4 = 22.225 i 0 . 0 0 5 ) . I t m u s t be n o t e d , 

h o w e v e r , t h a t t h e v a r i a t i o n s o f t h e s u l f u r i s o t o p e r a t i o s 

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

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

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

i n m a g m a t i c p r o c e s s e s ( T h o d e e t a l , 1962) . 

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

h a v e h a d c o n t a c t w i t h t h e s e a , s i n c e s i g n i f i c a n t m i x i n g 

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

The p r i m a r y l e a d m o d e l s eems t o b e t h e m o s t a d e q u a t e 

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

l e a d s , a n d t h e r e a p p e a r s t o be n o g o o d e v i d e n c e t h a t 

p r i m a r y i s o c h r o n s e x i s t . T h i s p o i n t w i l l be more f u l l y 

d e v e l o p e d i n t h e f o l l o w i n g s e c t i o n . 

4 . 3 S i n g l e - s t a g e L e a d s . 

4 . 3 . 1 T h e E l u s i v e I s o c h r o n 

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

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

t w o s i n g l e s t a g e l e a d m o d e l s b y e x p e r i m e n t a t i o n . R a t h e r , 

one m u s t s t u d y a l a r g e n u m b e r o f a n a l y s e s a n d l o o k f o r 

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

t o t h e p o i n t w h e r e i t c a n be s a i d t h a t one t h e o r y i s 

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

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

t h a n d o e s t h e o t h e r . 

W h a t , t h e n , i s t h 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 

p r i m a r y i s o c h r o n s ? A l t h o u g h t h e r e was t h e d i f f i c u l t 

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

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

t i m e i n v o l v e d ( B u r l i n g s , 1 9 5 2 ) , s e v e r a l s e t s o f p u b l i s h e d 

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

T h e s e i n c l u d e d g a l e n a s f r o m S o u t h w e s t e r n F i n l a n d , I v i g t u t 
i 

G r e e n l a n d , B l u e b e l l B . C . , a n d S t . M a g l o i r e Q u e . H o w e v e r , 

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

m e a s u r i n g t h e r e l a t i v e P b 2 ^ 4 a b u n d a n c e ; s u c h e r r o r s w o u l d 

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

i s o c h r o n m o d e l ("204 E r r o r L i n e s " , D i a g r a m 4 . 1 ) . T h e s e 

P b 2 < - ^ e r r o r s a r e a t t r i b u t e d t o i n t e r l a b o r a t o r y d i f f e r e n c e s , 

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

a n d p r e s s u r e s c a t t e r i n g . E . R . K a n a s e w i e h a n d t h e p r e s e n t 

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

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

t h e s e i s o c h r o n s a r e e i t h e r v e r y s h o r t o r e l s e n o n - e x i s t a n t 

( K a n a s e w i e h , 1962a; W h i t t l e s , 1962) . 

1. I v i g t u t , G r e e n l a n d . 

D i a g r a m ( 4 . 2 ) c o m p a r e s t h e r e s u l t s o f t h e I v i g t u t 
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X U.B.C.Kanasewieh and whittles (Kanasewieh,1962a) 
+ U.B.C. Kanasewieh (1962a) 
A Columbia Univ.(Mohler,I960;Russell and Farquhar, i960) 
• Oxford Univ. (Moorbath and Pauly,1962) 
QUniv . of Toronto (Russell and Farquhar,i960) 
Au . S . Natl .Bur.Std. (Mohler,i960) 
"<TUniv. of Minnesota (Russell and.Farquhar,i960) 
•lOak Ridge Laboratories (Mohler,i960) 
•^California Institute of Technology (Mohler,i960) 
•3U.S. Geological Survey (Mohler,I960) 

p b 2 0 V P b 2 0 4 

-15.00 

-14.80 

pb204 Error 
/ L i n e 

-f 
/ 

A 

o A 
/ 

P 
M/ A 

A 
m — 

f — l 4 i 6 0 # ^ 

14.60 

P b 2 0 6 / Pb 2 0 2 * 

14.80 15,. 00 

Diagram 4.2.Analyses of Ivigtut Galenas 
(Kanasewieh and Slawson,1964) 
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a n a l y s e s t o t h o s e o f o t h e r l a b o r a t o r i e s . T h e v a r i a t i o n s 

a r e c l e a r l y a l o n g a P b 2 0 4 e r r o r l i n e a n d h a v e b e e n r e d u c e d 

t o t h e s m a l l c l u s t e r a t t h e c e n t e r o f t h e g r o u p . The 

same r e s u l t i s s e e n o n t h e p b

2 o 8 / p b 2 0 4 v s . P b 2 ° 6 / P b 2 0 4 p l o t , 

2. S o u t h w e s t e r n F i n l a n d 

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

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

m o d e l ( S c h u t z e , 1962); i n f a c t , t h i s a r e a a p p a r e n t l y 

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

H o w e v e r , t h e p r e s e n t w r i t e r ' s a n a l y s e s now show t h a t m o s t 

o f t h e p r e v i o u s l y o b s e r v e d v a r i a t i o n s w e r e due t o P b 2 0 4 

e r r o r s . D i a g r a m (4.3) i l l u s t r a t e s f i v e o f t h e n i n e 

F i n n i s h g a l e n a s a n a l y s e d b y t h e p r e s e n t w r i t e r . The 

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

e x p l a i n e d o n t h e b a s i s o f m u l t i - s t a g e g r o w t h , a n d w i l l be 

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

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

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

s u p p o r t o n t h e p b

2 o 8 / p b 2 0 4 v s . P b 2 o 6 / P b 2 0 4 p l o t ( D i a g r a m 4.4). 

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

a n a l y s e s ( V a a s j o k i a n d K o u v o , 1959J K o u v o a n d K u l p , 1961) 

o f s a m p l e s o f t h e same d e p o s i t s . T h e s 3 2 / s 3 4 r a t i o s 

r a n g e f r o m 22.17 t o 22.27, a v e r a g i n g 22.226. T h i s c o m p a r e s 

f a v o r a b l y w i t h t h e m e t e o r i t i c a v e r a g e o f 22.225 ±0.005 

( T h o d e e t a l , 1961). F i n a l l y , a s s h o w n l a t e r i n D i a g r a m s 

(4.5) a n d (4.6), t h e s e new a n a l y s e s l i e d i r e c t l y ' o n t h e 

p r i m a r y g r o w t h c u r v e s ( a s d e f i n e d i n t h e f o l l o w i n g s e c t i o n ) 
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on both of the lead Isotope plots . 

It i s apparent that the primary lead model much 

more adequately describes these samples than does the 

isochron model. 

3 . Other Areas 

Analyses of samples from Bluebell , B .C . and St. 

Magloire, Que. (Kanasewich, 1962a) have shown that the 

previously reported variations were also due to errors 
20 4 

in estimating the relative Pb abundances. 

In summarizing the available data, one can say that 

no good examples of primary isochrons exist, and that 

the isochron model does not adequately describe the 

observed lead isotope rat ios . 

4 . 3 . 2 Possible Types of Primary Lead. 

According to R .L . Stanton the leads of two types 

of deposits were expected to f i t most closely the primary 

lead model (Stanton and Russell, 1959). 

(1) Orthomagmatic deposits in mafic rocks derived 

from beneath the continental crust. 

(2) The sedimentary (conformable) deposits derived 

from depth by basalt-andesite volcanism along or at some 

distance from the continental margins, and quickly isolated 

in volcanic sediments. 



1 1 4 

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

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

s i g n i f i c a n t r a d i o g e n i c c o n t a m i n a t i o n . O s t i c (1963) 

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

m a s s i v e l e a d - z i n c d e p o s i t s a n d s h o w e d t h a t many o f t h e s e 

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

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

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

w h i c h t h e r e a r e v e r y n a r r o w l i m i t s o f ± 0.6$ a n d ± 0.8$ 

v a r i a t i o n i n t h e U 2 3 8 / p b 2 0 4 a n d T h / U r a t i o s . The c u r v e s 

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

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

(4.5) a n d ( 4 . 6 ) . Some o f t h e c o n f o r m a b l e d e p o s i t s a r e 

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

o f S o u t h - w e s t e r n F i n l a n d a n d S u l l i v a n M i n e , K i m b e r l y , B . C . 

P a r t o f t h e p r e s e n t w r i t e r ' s r e s e a r c h p r o g r a m i n v o l v e d 

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

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

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

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

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

l e a d - z i n c d e p o s i t s , a n d d o n o t a p p e a r t o b e p r i m a r y . I t 

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

p r i m a r y . S a m p l e s f r o m t h e S t i l l w a t e r C o m p l e x do n o t h a v e 

t h e p r o p o s e d c h a r a c t e r i s t i c s o f p r i m ' a r y l e a d s , a n d t h e 

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



Southwestern Sull ivan 

Diagram 4.5.Proposed Primary Growth Curve ( Ostic, 1963 ) 
(aQ = 9 . 5 6 , b c = 10 .42 , t G = 4 .55x lO^yrs.,U?PbZ04=g.2) 
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Pb206/ p b 2 0 4 

Diagram 4 . 6 . Proposed Primary Growth durVe (0stic,1963) 
(a 0 - 9 . 5 6 , c 0 = 2 9 . 7 1 , t = 4 . 5 5 x 1 0 9 y r s . , U 2 3 a / P b 2 ° 4 -

9 . 2 , Th/U = 4 . 1 
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l e a s t t w o e r u s t a l s y s t e m s . The M t . I s a a n d S t i l l w a t e r 

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

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

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

u l t r a b a s i c d e p o s i t 7 m i l e s n o r t h o f H o p e , B . C . The l e a d 

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

o n l y one s a m p l e w a s a n a l y s e d (#471). The r e s u l t s , r e p o r t e d 

i n C h a p t e r 3, a r e r a t h e r i m p r e c i s e a n d c a n b e u s e d o n l y a s 

a n a p p r o x i m a t e g u i d e ; h o w e v e r , t h e y do a g r e e r o u g h l y w i t h 

t h e s u p p o s e d g e o l o g i c age ( a p p r o x i m a t e l y C r e t a c e o u s : s e e 

A h o , 1956). T h e l e a d i n t h i s d e p o s i t may b e p r i m a r y . A 

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

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

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

I t s h o u l d be n o t e d t h a t o t h e r l e a d s may b e p r i m a r y 

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

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

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

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

S u l l i v a n M i n e , K i m b e r l y , B . C . may a l s o b e p r i m a r y . The 

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

c u r v e s i n t h e P b 2 0 7 / P b 2 0 4 v s . . P b 2 0 6 / P b 2 0 4 a n d P b 2 0 8 / P b 2 0 4 

v s . . P b 2 0 ^ / P b 2 0 4 p l o t s . The s a m p l e i s o t o p e r a t i o s a r e 

i d e n t i c a l t o w i t h i n t h e p r e c i s i o n o f m e a s u r e m e n t . No 

s u l f u r i s o t o p e d a t a a r e a v a i l a b l e f o r t h e S u l l i v a n s a m p l e s . 
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4.4 M u l t i - s t a g e L e a d M o d e l s . 

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

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

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

(1962a, 1962b) p r o p o s e d t h a t t h e s e r a t i o s w o u l d c h a n g e 

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

c o n s t a n t u n t i l t h e n e x t e v e n t . I n t h i s w a y , t h e l e a d s 

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

i s c a l l e d " m u l t i - s t a g e " g r o w t h . 

The f o l l o w i n g p r e s e n t a t i o n i s , a s b e f o r e , e s s e n t i a l l y 

p i c t o r i a l ; t h e i n t e r e s t e d r e a d e r i s r e f e r r e d t o A p p e n d i x 

A . 3 f o r t h e m a t h e m a t i c a l d e r i v a t i o n s . 

4 . 4 . 1 P r i m a r y L e a d M i x t u r e s 

The p r i m a r y l e a d m i x t u r e i s , a s t h e name i m p l i e s , 

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

a t t w o d i f f e r e n t t i m e s . I n t h i s s e n s e , i t c a n be c a l l e d 

a s p e c i a l " t w o s t a g e " l e a d m o d e l . R e f e r r i n g t o D i a g r a m 

(4 .7) we s u p p o s e t h a t l e a d was e x t r a c t e d f r o m t h e p r i m a r y 

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

o f u r a n i u m a n d t h o r i u m . When a s e c o n d p e r i o d o f t e c t o n i c 

a c t i v i t y ( t 2 ) o c c u r s m o r e p r i m a r y l e a d i s e x t r a c t e d , some 

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

i s o t o p e r a t i o s w i l l l i e a l o n g a l i n e j o i n i n g t-^ a n d t 2 o n 

t h e g r o w t h c u r v e . T h e s e l e a d s , w i l l h a v e t h r e e f e a t u r e s 

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



Diagram 4.7. Development of Primary Lead Mixtures : I . 



1 2 0 

( 1 ) The primary lead mixtures w i l l l i e along a l ine 

on the P b 2 ° 7 / P b 2 0 4 vs. P b 2 0 6 / P B 2 0 4 
plot, joining t i and 

tg, but not extending beyond t 2 . 

( 2 ) The leads w i l l l i e along a similar l ine (Diagram 

4 . 8 ) i n the P b 2 o 8 / P b 2 0 4 vs. P b 2 G 6 / P b 2 G 4 plot as well . 

(3) The sulfur isotope ratios should be close to 

the meteoritic value for a l l the samples. General two 

stage leads are l i k e l y to have considerable sulfur isotope 

variations. 

Primary lead mixtures could be expected along the 

boundaries of two geological provinces. 

4 . 4 . 2 General Two Stage Lead Model 

The f i r s t step represents the growth in the primary 

system, with the lead being extracted at some time t]_. 

This lead i s , however, then placed in erustal systems 

having varying uranium-lead and thorium-lead rat ios . 

If these leads are then removed during a second event 

at t 2 , they w i l l have Isotope ratios which l i e along a 

l ine from t i and passing through t 2 (Diagram 4 . 9 ) . Some 

of the resulting ratios are l i k e l y to l i e on the l ine 

extending beyond t 2 , since erustal systems often have a 

higher uranium-lead ratio than the primary one. The 

p B 2 0 8 / p B 2 0 4 r a t i o s do not y ie ld an independent equation 

of the times t i and tg> and the leads from the various 
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•Primary Lead 

OPrimary Lead Mixtures 

Diagram 4.8. Development of Primary Lead Mixtures:II. 





1 2 3 

e r u s t a l s y s t e m s m a y , o r may n o t , b e l i n e a r l y r e l a t e d o n 

t h e P b 2 0 8 / p b 2 0 4 v s . P b 2 0 6 / p b 2 0 4 p i 0 t . T h e p r i m a r y g r o w t h 

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

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

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

s i m i l a r ( b o t h i n t h e t e t r a v a l e n t s t a t e ) i n t h e p r i m a r y 

s y s t e m . I n a e r u s t a l e n v i r o n m e n t some o f t h e u r a n i u m 

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

r e m a i n s i n t h e t e t r a v a l e n t s t a t e ; h e n c e , t h e r e may be 

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

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

l a t e r s t a g e s . 

4 . 4 . 3 S e a W a t e r L e a d M o d e l 

N u m e r o u s p r e s e n t d a y s e a w a t e r l e a d i s o t o p e a n a l y s e s 

h a v e b e e n p u b l i s h e d (Chow a n d P a t t e r s o n , 1959, 1962; 

Chow a n d J o h n s t o n e , 1963). W a m p l e r (1963) h a s c o m p l e t e d 

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

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

t h e s e r e s u l t s . F o r s e a w a t e r l e a d s t h e t-j_ w i l l b e i n ­

t e r p r e t e d a s a b o v e w i t h t 2 b e i n g t h e t i m e o f e x t r a c t i o n , 

due t o w e a t h e r i n g p r o c e s s e s , a n d t r a n s p o r t a t i o n t o t h e 

s e a . T h e l e a d i s t h e n p r e c i p i t a t e d a s a t r a c e e l e m e n t i n 

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

R . D . R u s s e l l a n d W . F . S l a w s o n h a v e s u g g e s t e d a 

s l i g h t l y d i f f e r e n t a p p r o a c h . I n t h i s m o d e l t 2 i s h e l d 
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t o b e t h e same f o r a l l t h e s e a w a t e r l e a d s ( t h e a v e r a g e 

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

1 m i l l i o n y e a r s a c c o r d i n g t o Chow a n d P a t t e r s o n , 1959) 

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

c o n s t a n t f o r t h e r o c k s o f one a r e a . I f we t h e n l e a c h 

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

v a r y t-^) t h e r e s u l t i n g l e a d i s o t o p e r a t i o s w i l l l i e a l o n g 

a c u r v e ( D i a g r a m 4 . 1 0 ) . We w i l l c a l l t h i s t h e " s e a 

w a t e r l e a d m o d e l " . A s n o t e d a b o v e , i f l e a d s d e v e l o p i n 

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

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

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

a l o n g a c u r v e A B C D i f t h e u r a n i u m - l e a d r a t i o i n t h e 

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

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

t h e c u r v e A B ' C ' D ' , b e l o w t h e p r i m a r y g r o w t h c u r v e . 

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

( c r u s t a l s y s t e m ) i s u s e d . 

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

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

w h i c h a r e d i f f e r e n t i n b o t h t± a n d t h e u r a n i u m - l e a d r a t i o . 

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

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

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

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

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



Diagram 4 . 1 0 . Development of Sea Water Lead Model 
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but of different ages. 

4.4.4 Three Stage Lead Model 

If more than two events have occurred the lead 

isotope relationships are not l i k e l y to be simple unless 

extreme homogenization took place. It i s possible, 

however, to predict certain processes that could be 

involved in the third stage. One of these could be 

the mixing of primary lead of age t^ with two stage 

leads lying along the two stage l ine (Diagram 4.11). 

A family of mixing l ines could thus result . This might 

give r i se , in a special case, to a l ine with a negative 

slope, a poss ib i l i ty that has not been reported pre­

viously. If this actually occurs, a l ine should also 

appear on the P b 2 ° 8 / p b 2 ° 4 vs. pb 206/ P b204 p i 0 t , passing 

through the t 3 position on the primary curve, regardless 

of the position of the second stage point on this plot 

(Diagram 4.12). The Stil lwater comples analyses f i t 

this model remarkably well . 

A second process could Involve the mixing of second 

stage leads with radiogenic lead developed between tg 

and t 3 . This would result in a family of l ines para l l e l 

to that joining t 2 and t 3 on the growth curve on the 

p b 2 0 7 / p b 2 0 4 vs. P b 2 0 6 / P b 2 ° 4 plot (Diagram 4.13). In 

this case, no l inear relationship i s expected on the 

p b 208/ P b 204 v s < P b 2 0 6 / P b

2 G 4

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



D i a g r a m 4 . 1 1 . T h i r d S t a g e L e a d s a s a M i x t u r e o f S e c o n d S t a g e L e a d s a n d P r i m a r y L e a d 
o f Age ty.I 
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^ Primary Lead 

O Two Stage Lead 

O Three Stage Leads 

P b 2 0 6 / P b 2 G 4 

Diagram 4.12. Third Stage Leads as a Mixture of 
Second Stage Lead and Primary Lead of Age t^'.II 

1 



D i a g r a m 4.13. T h i r d S t a g e L e a d s a s a M i x t u r e o f S e c o n d S t a g e L e a d s a n d R a d i o g e n i c 
L e a d G e n e r a t e d B e t w e e n T i m e s t 2 a n d t 3 
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t h o r i u m d i f f e r g e o c h e m i c a l l y i n a c r u s t a l e n v i r o n m e n t . 

I f t h e l i n e s due t o t h e s e t w o p r o c e s s e s do e x i s t t h e y 

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

l o c a l i z e d a r e a s ; o v e r a l a r g e r r e g i o n , t h e r e s u l t s c o u l d 

l i e a n y w h e r e i n t h e 3rd s t a g e a r e a s h o w n i n D i a g r a m ( 4 . 1 £ ) . 

I t m i g h t be n o t e d t h a t i f a l i n e i s o b t a i n e d o n 

t h e P b 2 0 7 / P b 2 G 4 v s . P b 2 o 6 / P b 2 0 4 p l o t a s t h e r e s u l t o f 

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

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

e x i s t s ) w o u l d r e p r e s e n t a m i n i m u m t i m e f o r t-^. 

4 , 5 E x a m p l e s o f M u l t i - S t a g e L e a d s 

4 . 5 . 1 S t i l l w a t e r U l t r a b a s i c C o m p l e x , M o n t a n a 

A g e o l o g i c a l map o f t h i s a r e a i s g i v e n i n D i a g r a m 

(4.15) s h o w i n g t h e r e l a t i o n o f t h e S t i l l w a t e r C o m p l e x 

t o t h e B e a r t o o t h M o u n t a i n s . T h e p r o b a b l e h i s t o r y o f 

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

a n d P o l d e r v a a r t (1957), C a t a n z a r o (1961), a n d K u l p e t 

a l (1963b). 

(1) D e p o s i t i o n o f A r c h e a n s e d i m e n t s ( s o u r c e r o c k s 

g r e a t e r t h a n 3140 m y . ) . 

(2) F o l d i n g , m a f i c a n d u l t r a - b a s i c p l u g s , d y k e s 

a n d s h e e t s . 

(3) M e t a m o r p h i s m a n d g r a n i t i z a t i o n (2700 m y . ) . 

(4) U p l i f t . 

(5) P e n e p l a n a t i o n 



Diagram 4 . 1 4 . P o s s i b l e L o c a t i o n o f Three Stage Leads on the P b 2 0 " / P b 2 0 4 v s . the 

p b 2 0 7 / P b
2 ° 4 p l o t \ 



132 

0 5 

Miles 

Diagram 4.15.Geological Map:Beartooth Mountains and 
the Sti l lwater Complex ( Harris J r . , 1 9 5 9 ) 
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(6) Deposition of Paleozoic and younger sediments. 

(7) U p l i f t i n g , thrusting, emplacement of f e l s i c 

porphyry dykes ( 1 2 0 my.?). 

Hess ( I 9 6 0 ) , Bucher et a l (1934) and Foose et a l (1961) 

have also discussed the geology. The 2 7 0 0 my. event i s 

well documented by Rb-Sr, and K-A analyses (Gast et a l , 

1 9 5 8 ) . It i s believed that the S t i l l w a t e r Complex was 

emplaced before t h i s event. 

Catanzaro (1961) analysed a number of zircons from 

t h i s area and found that the re s u l t s could best be explained 

by episodic lead l o s s . By t h i s hypothesis the- zircons 

are greater than 3 1 4 0 my. old; during the 2 7 0 0 my. event 

they l o s t varying amounts of radiogenic lead and younger 

zir c o n material (overgrowth) was formed. A l l the samples 

were then thought to have l o s t some radiogenic lead at 

1 2 0 my. when the Laramide porphyries were formed. Catan­

zaro suggested that "the 1 2 0 my. episodic l o s s i n the 

L i t t l e Belt and Beartooth mountains might have been due to 

leaching of radiogenic lead from the zircons by alkaline 

ground water solutions which were heated and given 

increased c i r c u l a t i o n during the Laramide Revolution". 

The present writer's analyses of lead i n s u l f i d e s 

associated with the S t i l l w a t e r Complex, f i t n i c e l y 

into the suggested sequence of events. These leads 

can be explained r e a d i l y as three stage leads, with the 

f i r s t event at tx >3000 my. At t h i s time primary lead 

was extracted from depth and emplaced i n a eru s t a l system. 
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A t t h e t2=2700 m y . e v e n t t w o p o s s i b i l i t i e s a r i s e . F i r s t l y , 

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

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

d u r i n g t h e L a r a m i d e R e v o l u t i o n ( t ^ ) a n d i s o l a t e d i n t h e 

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

" T h i r d S t a g e L e a d M o d e l I I " l i n e i n D i a g r a m ( 4 . 1 6 ) . O r , 

a l t e r n a t e l y , t h e l e a d s c o u l d be e x t r a c t e d a t t g , a n d 

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

h a v e m i x e d w i t h p r i m a r y l e a d o f age t ^ ( T h i r d S t a g e L e a d 

M o d e l I , D i a g r a m 4 . 1 6 ) . T h i s l a t t e r p o s s i b i l i t y i s g i v e n 

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

D i a g r a m ( 4 . 1 7 ) . A s n o t e d e a r l i e r t h e m i x i n g m o d e l r e q u i r e s 

j u s t s u c h a r e l a t i o n s h i p i n b o t h o f t h e s e p l o t s . S i n c e 

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

a m o d e l , a d d i t i o n a l a n a l y s e s f r o m t h e S t i l l w a t e r C o m p l e x 

c o u l d be o f c o n s i d e r a b l e i n t e r e s t . 

4 . 5 . 2 M t . I s a A r e a , A u s t r a l i a 

1. G e o l o g i c a l C o n s i d e r a t i o n s 

The o r e s o f M t . I s a h a v e w e l l d e v e l o p e d b a n d i n g 

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

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

u n i t o f t h e s e d i m e n t s . A c c o r d i n g t o J . R i c h a r d s ( p e r s o n a l 

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

b a y a t t h e t i m e o f f o r m a t i o n o f t h e s e d i m e n t s . The mode 

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



Diagonal Lines Through 
Samples Represent Std.Dev 

Second Stage_ 
Lead Line 

1 6 . 0 0 

P b 2 0 ? / Pb 

Third Stage Lead 
Model I 

=120my. 

— 1 5 . 0 0 

"14.00 

i r d Stage 
Lead Model 

II 

Models 
I. Mixture of Two Stage 

Leads and Primary Lead 
of Age t o . 

I I . Mixture of Two Stage 
Lead and Radiogenic Lead 
Generated Between t 0 and 
t 3 . 

P b 2 0 6 / P b 2 0 4 

15.00 16.00 17.00 18.00 19.00 

Diagram 4 . 1 6 . S t i l l w a t e r Complex S u l f i d e s : ! 
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Diagonal Lines Through 
Samples Represent Std.Dev. 

Diagram 4.17. Sti l lwater Complex Sulf ides:II . 
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c o n t r o v e r s y . 

G r o n d i j s a n d S c h o u t e n (1937), B l a n c h a r d a n d H a l l 

( 1 9 4 2 ) m a i n t a i n e d t h a t t h e o r e b o d i e s a r e p r i m a r i l y 

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

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

f i r s t g e n e r a t i o n p y r i t e may b e o f s y n g e n e t i c o r i g i n ; 

i n f a c t , L o v e a n d Z i m m e r m a n (1961) h a v e g i v e n s t r o n g 

e v i d e n c e o f t h i s b e i n g s o . L o v e (1962) l a t e r n o t e d , 

h o w e v e r , t h a t i t was " n o t a r g u e d t h a t t h e o t h e r o r e 

b o d i e s now f o r m e d w e r e i n t h e o r i g i n a l s e d i m e n t . " D a v i d ­

s o n (1962) h a s p a r t i c u l a r i l y s t r e s s e d t h e l o w c o n c e n t r a t i o n 

o f c o p p e r i n s e a w a t e r s , t o o l o w t o seem a n a c c e p t a b l e 

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

S t a n t o n ( i 9 6 0 , 1955) h a s f o r c e f u l l y a r g u e d i n f a v o r 

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

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

The a s s o c i a t i o n o f t h e s e d e p o s i t s w i t h b a s i c v o l c a n i c t u f f s , 

t u f f a c e o u s s h a l e s , e t c . i s w e l l k n o w n . W i l l i a m s ( i960) a n d 

Dunham (1964) h a v e s u g g e s t e d t h a t t h e c o n f o r m a b l e d e p o s i t s 

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

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

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

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

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

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

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

d e p o s i t s l i k e M t . I s a . 

2. L e a d a n d S u l f u r I s o t o p e R a t i o s 

A n a l y s e s b y K o l l a r ( i 9 6 0 ) , O s t i c (1963), a n d b y 

J . R i c h a r d s ( p e r s o n a l c o m m u m i c a t i o n ) h a v e s h o w n t h a t t h e 

M t . I s a l e a d - z i n c o r e b o d i e s h a v e a u n i f o r m l e a d i s o t o p e 

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

a g a l e n a f r o m a n e i g h b o u r i n g r e g i o n w e r e f o u n d t o be d i f f e r e n t . 

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

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

d e p o s i t i o n . S e a w a t e r l e a d s a r e q u i t e v a r i a b l e i n i s o ­

t o p i c r a t i o s a n d t e n d t o a p p e a r y o u n g e r ( i s o t o p i c a l l y ) 

t h a n t h e e n c l o s i n g s e d i m e n t s (Chow a n d P a t t e r s o n , l £ 6 2 ; 

W a m p l e r , 1963) . I f t h e l e a d w e r e r e m o b i l i z e d s e a w a t e r 

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

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

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

( L o v e a n d Z i m m e r m a n , 1961). 

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

a b a y a n d c o n t r i b u t e d a h i g h c o n c e n t r a t i o n o f l e a d ( a t 

: a g i v e n s t a g e ) a n d s u l f u r , one w o u l d e x p e c t a c o n s i d e r a b l e , 

b a c t e r i a l s u l f u r i s o t o p e f r a c t i o n a t i o n , a n d much l e s s 

o r n o l e a d I s o t o p e f r a c t i o n a t i o n . B e c a u s e o f t h e h y d r o -

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

be e n r i c h e d i n S 3 2 o v e r t h a t o f s e a w a t e r s u l f a t e s a n d 
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t e n d t o w a r d t h e m e t e o r i t i c v a l u e . The l e a d w o u l d be 

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

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

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

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

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

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

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

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

d i f f e r e n t l e a d i s o t o p e r a t i o s . I n a d d i t i o n , s i n c e c o p p e r 

i s " n o t o r i o u s l y l e t h a l t o l i f e " ( D a v i d s o n , 1962) we 

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

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

T h i s s u g g e s t e d s e q u e n c e o f e v e n t s s eems t o a g r e e w i t h 

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

p o r t e d i n L o v e a n d Z immerman (1961). T h e p y r i t e s b e l i e v e d 

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

r a t i o s o f 21.77^-32/34 « 21.97; t h e a v e r a g e was 21 .88. 

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

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

r a n g i n g f r o m 21.77 t o 22.16 w i t h t h e a v e r a g e b e i n g 2 2 . 0 5 . 

No s u l f u r a n a l y s e s a r e a v a i l a b l e f o r t h e c h a l e o p y r i t e s . 

The l e a d i s o t o p e d a t a i s g i v e n i n D i a g r a m s (4.18) 

a n d ( 4 . 1 9 ) . A v a r i a t i o n o f t h e l e a d i s o t o p e r a t i o s o f 

t h e m a i n l e a d - z i n c d e p o s i t s o f M t . I s a d o e s e x i s t a n d i s o f 

t h e o r d e r e s t i m a t e d f o r b i o l o g i c a l f r a c t i o n a t i o n ; h o w e v e r , 
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• Mt.Isa Galenas (Kol lar . i960,Ost ic ,1963) 
x Mt.Isa Galenas (Richards) ! 

• Si lver Valley Galenas (Richards) 
OMt.Isa Chalcopyrite (Whittles) . 

Diagonal Lines Represent Approximate Std. Dev. 
Other Samples Have Approximately 1/10 of that 
Shown for the Chalcopyrite. 

— 1 5 . 9 0 

P b 2 0 ? / P b 2 0 4 

— 1 5 . 5 0 

P b 2 0 6 / Pb 2 0 4 

16.20 16.40 

Diagram 4 . l 8 . M t . I s a Area Leads : I . 
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•Mt.lsa Galenas (Kollar, I 9 6 0 ;Ostic, 1 9 6 3 ) 
XMt.Isa Galenas (Richards) 
• S i l v e r V a l l e y Galena (Richards) 
OMt.Isa Chalcopyrites (Whittles) 
Diagonal Lines Represent Std. Dev. Other 

16.20 16.30 16.40 16.50 16.60 

_ l I I J | _ 
Diagram 4 . 1 9 . Mt. Isa Area Leads : I I . 
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t h i s may b e due t o m e a s u r e m e n t e r r o r s . A g a l e n a s a m p l e 

f r o m S i l v e r V a l l e y (7 m i . N . E . o f M t . I s a ) i s s i g n i f i c a n t l y 

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

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

s e q u e n c e . The c h a l c o p y r i t e s a m p l e s f r o m M t . I s a c o n t a i n e d 

o n l y s m a l l a m o u n t s o f l e a d ( = 1 0 p p m . ) a n d t h e l e a d i s o t o p e 

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

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

D i a g r a m ( 4 . 2 0 ) . S e v e r a l s e a w a t e r l e a d c u r v e s a r e s h o w n 
n238 

f o r d i f f e r e n t t g , tlf a n d A p b 2 0 4 v a l u e s . A c u r v e 

w h i c h a s s u m e s t h e m a i n c l u s t e r t o b e p r i m a r y ( e . g . t p = 
,11238 d 

1 6 0 0 m i l l i o n y e a r s ) a n d L £b2o4= 1, seems t o f i t r e a s o n a b l y 

w e l l . T h i s m o d e l s u g g e s t s t h a t t h e u 2 3 8 / p b 2 0 4 r a t i o o f 

t h e s o u r c e r o c k s was a b o u t 1 0 . 2 , c o m p a r e d ' t o t h e p r i m a r y 

s o u r c e r a t i o o f 9 . 2 . The age (t-^) o f t h e s o u r c e r o c k s 

c o u l d v a r y u p t o 2800 m i l l i o n y e a r s . T h i s s eems s o m e ­

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

(2000-2200 m i l l i o n y e a r s ) b y R i c h a r d s ( p r i v a t e c o m m u n i ­

c a t i o n . ) T h e s e v a l u e s a r e b y n o m e a n s u n i q u e s i n c e t g , 

A Pb~204 ' a n d ^ c a n b e v a r i e d i n s e v e r a l w a y s t o g i v e a 

g o o d f i t t o t h e d a t a . 

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

i s n o t u n l i k e l y . The d e p o s i t i o n o f t h e l e a d , w h o l l y o r 

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

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

4 . 5 . 3 S o u t h e r n F i n l a n d 

On t h e b a s i s o f t h e p r e s e n t w r i t e r ' s p r e c i s e a n a l y s e s 



• M t . I s a G a l e n a s ( K o l l a r , 1 9 6 0 ; O s t i c , 1 9 6 3 ) 
* M t . I s a G a l e n a s ( R i c h a r d s ) 
© S i l v e r V a l l e y G a l e n a s ( R i c h a r d s ) 
O M t . I s a C h a l c o p y r i t e s ( W h i t t l e s ) 

_ 1 5 . 9 0 

P b 2 0 7 / P b 2 0 4 

"1-5.70 

t = l650ray. 

•15 .50 

l 6 0 0 my 

16.20 

t 2 = l650my. 

A (u 2 38./ P b 2 0 4 ) = 2 > Q 

1 6 , 4 0 

2 = l600my. 

A (U238/ „ 2 0 

t g = l600my. 

7 Pb 2 o 4 )= i . o 

Pb"" 4 ^ 2.0 

b w t h C u r v e 

U 2 3 8 / P b 2 0 4 = 9 . 2 

P b 2 0 6 / P b 2 0 4 

16.60 16^80 

D i a g r a m 4 . 2 0 . M T . I s a A r e a L e a d s I n t e r p r e t e d a s P r i m a r y L e a d - S e a W a t e r L e a d 
M i x t u r e s 
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o f n i n e g a l e n a s f r o m F i n l a n d i t i s p o s s i b l e t o r e - e v a l u a t e 

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

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

1. G e o l o g i c a l C o n s i d e r a t i o n s 

T h e g e o l o g y o f S . W . F i n l a n d i s i l l u s t r a t e d i n 

D i a g r a m ( 4 . 2 1 ) . D e t a i l e d r e f e r e n c e s may b e f o u n d i n t h e 

r e p o r t s o f V a a s j o k i a n d K o u v o (1959), K o u v o a n d K u l p 

(1961), W e t h e r i l l e t a l (1962) a n d W a m p l e r (1963). F o u r 

m a j o r u n i t s a r e o f i n t e r e s t . 

(1) P r e - K a r e l i a n ( S a a m i a n ) g r a n i t e g n e i s s b a s e m e n t . 

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

d a t e f r o m 2600 t o 2800 m y . I n c o n t r a s t t h e b i o t i t e 

a g e s g i v e a b o u t 1800 m y . b y e i t h e r K - A o r Rb-*Sr m e t h o d s , 

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

o r o g e n y . 
1 

(2) K a r e l i a n b e l t o f m e t a s e d i m e n t s a n d p l u t o n i c r o c k s 

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

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

a g e s o f 2100 m y . , b u t t h e s i n g l e s t a g e m o d e l u s e d a p p a r e n t l y 

i s n o t v a l i d f o r t h e s e l e a d s . M o r e o v e r , i t now a p p e a r s 

t h a t t h e K a r e l i a n p l u t o n i c r o c k s a r e c o n t e m p o r a n e o u s w i t h 

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

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

1800 my; a g o . The g e o l o g i c a l d i f f e r e n c e s o f t h e s e t w o 

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



S o t i 

P r e - R a r e 1 1 a n G r a n i t e 
( S a a m i a n ) B a s e m e n t 

S v e c o f e n n i a n S c h i s t B e l t 

K a r e l i a n S c h i s t B e l t 

R a p a k i v i G r a n i t e s 

9 5p ipo 150km. 

D i a g r a m 4 . 2 1 . G e o l o g i c Map o f S o u t h e r n F i n l a n d 
( S i m o n e n , i 9 6 0 ) 



146 

Karelian but not the Svecofennian rocks) were probably-

determined by their location with respect to the Saamian 
j 

basement. 

(3) Svecofennian belt of metasediments and plutonic 

rocks. l800 my. ages have been obtained with a l l of 

the various dating methods. 

(4) Rapakivi granites intruded about 1600 to 1650 myi ago. 

(5) Later events. Although no younger ages have been 

reported'for rocks i n S.W.Finland, a later event must 

Have occurred since sulfide veins are found cutting into 

the Rapakivi granites. Vaasjoki and Kouvo state that 

"the mineralization (e.g. the veins) as related to their 
i 

Rapakivi host are undoubtedly epigenetic i n character", 

and also that "according to the f i e l d evidence these ores 

occur as fissure f i l l i n g and obviously are much younger 

than the Rapakivi host." Just when this event happened 

i s not clear and the lead data available i s not suff iciently 

accurate for a precise answer. The present writer has 

shown that the results are at least consistant with two 

events: the f i r s t , representing the end of the Rapakivi 

intrusion; the second, corresponding to the 900 to 1100 

my. age values reported for Southern Sweden and Norway 

(Kulp et a l , 1963). 
2. Primary Leads 

A l l of the new Finnish analyses obtained by the present 



14? 

writer are plotted on Diagrams (4.22) and ( 4 . 2 3 ) , and 

compared to previous analyses. Five of the samples appear 

to be examples of primary lead, and although they come 

from widely separated regions, they have p r a c t i c a l l y 

i d e n t i c a l isotope r a t i o s . The remaining samples appear 

to represent primary lead mixtures, and three stage leads. 

It i s possible to interpret the Pithipudas, Pernaja, 

and primary samples as l y i n g along an isochron i n the 

p b206/p D204 v g ^ p b
2°7/p b204 plot; however, there i s good 

evidence that t h i s Is only accidental. Pithipudas l i e s 

close to V i i t a s a a r i (which does not f i t t h i s isochron) 

and both are several hundreds of kilometers from the 

other samples. They are also g e o l o g i c a l l y d i f f e r e n t 

and l i e close to the boundaries of the Saamian basement, 

Karelian Schist Belt and Sveeofennian Schist B e l t . Pernaja 

Is over 400 km. from Pithipudas and l i e s close to a large 

exposure of Rapakivi granite. There i s strong evidence 

that a s i m i l a r l y located sample (Hopeavuori) was affected 

by the Rapakivi event and i t seems reasonable to assume 

that the Pernaja sample was also. Although more analyses 

are needed before a d e f i n i t e answer can be given, the 

evidence suggests that the samples i n question (Pithipudas, 

Pernaja, and V i i t a s a a r i ) are 3rd stage leads. The present 

writer has assumed t h i s to be so. 

3 . Primary Lead Mixtures 

The present writer's primary le&d analyses can be 



148 

• Kouvo and Kulp ( l 9 6 l ) 
OWhittles 

At - Attu 
Ai - Ai ja la 
Ka - Kankaanpaa 
Ko - KorsnSs 
Or - • O r i j & r v i , Refer to 
Pa - Pakila Diagram 4.21 
Pe - Pernaja 
P i - Pithipudas 
V i - Vi i tasaar i 
Y l - Ylfljarvi 

/ 
/ 

• J 

— 1 5 . 6 0 
/ 

/ 

/ 

P b 2 0 7 / P b 2 0 4 

/ 
/ ^0 

Primary^ 
/ 

Or £Pe Curve 
— 1 5 . 5 0 Pa J>^^ 

/ Or 

15.40 : 

^ O c y i Pe / 
9/ 15.40 : 
/ 

Pi y 

—15 .30 , 
mi / 

A* P b 2 0 4 Error Line 

— 1 5 . 2 0 p — 1 5 . 2 0 p 

/ P b 2 0 6 / Pb204 
/ 

/ 1 5 . 5 0 15.60 15.70 15.80 
1 1 

15.90 
1 

16.00 

Diagram 4 . 2 2 . .Finnish Sveeofennian Galenas:!. 
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# .Kouvo and Kulp (1961) 

OWhittles 

15.60 15.70 15.80 15.90 16.00 

Diagram 4.23. Finnish Svecofennian Galenas:II. 



150 

( 

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

a n d K u l p (1961). T h e s e a n a l y s e s w e r e a v e r a g e d w h e r e v e r 

t h e v a r i a t i o n s i n d i c a t e d P b 2 0 4 e r r o r s ; t h e a v e r a g e S v e c o ­

f e n n i a n a n a l y s e s w e r e t h e n " a s s i g n e d " i s o t o p e v a l u e s t h e 

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

w o r k . T h e o t h e r v a l u e s o f K o u v o a n d K u l p c o u l d t h e n be 

" c o r r e c t e d " a c c o r d i n g t o t h e i r d i f f e r e n c e w i t h S v e c o f e n n i a n 

a v e r a g e t o r e m o v e t h e i n t e r - l a b o r a t o r y d i f f e r e n c e s ( D i a g r a m s 

4.24 a n d 4 . 2 5 ) . 

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

o f 2800 m y . w i t h o n e o f 1800 m y . f i t s t h e a n a l y s e s q u i t e 

w e l l . K o u v o a n d K u l p n o t e i n p a r t i c u l a r t h a t t h e " N u n n a n -

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

t h e 2800 m y . b a s e m e n t r o c k s t h a t , a t t h i s l o c a l i t y , may 

b e a t a v e r y s h a l l o w d e p t h . " A l l o f t h e 6 K a r e l i a n v e i n 

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

b e t w e e n t h e K a r e l i a n r o c k s a n d a n c i e n t S a a m i a n b a s e m e n t 

b r a n i t e . 10 o f t h e 12 K a r e l i a n o r e b o d y s a m p l e s w e r e 

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

w i t h i n 75 k m . N u n n a n l a h t i , V a r p a i s j a r v i , a n d H u h u s l i e 

o n , o r w i t h i n 25 k m . o f t h e b o r d e r . S i n c e n o n e o f t h e 

a n a l y s e s l i e a l o n g a n e x t e n s i o n o f t h i s l i n e b e y o n d t h e 

1800 m y . p o i n t ( D i a g r a m 4 .26) i t a p p e a r s t h a t a m i x i n g 

m o d e l i s more a d e q u a t e t h a n t h e g e n e r a l t w o s t a g e m o d e l . 

The P b 2 0 8 / P b 2 0 4 v s . P b 2 o 6 / P b 2 0 4 s u p p o r t t h i s c o n c l u s i o n 

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



# Kouvo and Kulp (1961) 

O Whittles 

Karelian Veins 
(6 Samples) 

P b 2 0 ? / P b 2 0 4 

14.00 14.50 15.00 15.50 

Diagram 4.24. Primary Lead Mixtures i n Southern F i n l a n d : ! . 



r - 3 6 . GO 

@Kouvo and Kulp(1961) 
OWhittles 

P b 2 0 8 / P b 2 0 4 

- 3 5 . 0 0 

Varpaisj^rv:! 
h-34.00 

Nunnanlahti 

E800my.= t± 

Primary Lead^ 
Mixture Line 

iuhus 

Average of KorsnSs,OrijSrvi , 
Paki la ,Attu and Aijalc 

Karelian Veins 
(6 Samples) 

KaO ^ecre 

Primary Growth 
Curve 

Karelian Ore Bodies 
(12 Samples) 

14.50 

P b 2 0 6 / P b 2 0 4 

1 5 . 0 0 1 5 . 5 0 

Diagram 4 . 2 5 . Primary Lead Mixtures in Southern Finland : I I . 



Diagram 4.26. Two Stage Leads : Southern Finland. 
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o n b o t h p l o t s , w h e r e a s a g e n e r a l t w o s t a g e l e a d i s n o t 

l i k e l y t o p r e s e n t t h i s same r e l a t i o n s h i p . The s u l f u r 

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

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

4. Two S t a g e L e a d s . 

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

t h e a n a l y s e s o f K o u v o a n d K u l p (1961). A l t h o u g h o n l y 4 

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

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

s h o w n t h a t t h e s e a n a l y s e s a r e c o n s i s t a n t w i t h t h e age 

r e l a t i o n s o f t h e a r e a s . The 3 R a p a k i v i v e i n s a m p l e s 

( Z o n e A , D i a g r a m 4.21) l i e a l o n g a Pb 2 04 e r r o r l i n e . 

T h e y w e r e a v e r a g e d a n d a d j u s t e d a c c o r d i n g t o t h e p r e c e d i n g 

s t a n d a r d ( D i a g r a m 4.26). The r e s u l t i s c o n s i s t a n t w i t h 

g r o w t h f r o m a p r i m a r y l e a d o f 1800 m y . i n h i g h u r a n i u m -

l e a d v a l u e ( c r u s t a l ) s y s t e m s u n t i l t h e c l o s e o f t h e R a p a k i v i 

e v e n t (1600-1500 m y . ) . The l e a d was t h e n e x t r a c t e d a t 

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

T h e s u l f u r i s o t o p e r a t i o s r a n g e i n a g r o u p f r o m 21.40 

t o 21.60, t h e l o w e s t o f t h o s e r e p o r t e d . 

T h e H o p e a v u o r i s a m p l e c a n n o t b e e x p l a i n e d i n t e r m s 

o f Pb 2 04 e r r o r s . T h i s s a m p l e was l o c a t e d i n a s m a l l 

m i n e r a l i z a t i o n a b o u t 1/2 k m . f r o m t h e c o n t a c t o f t h e 

R a p a k i v i . I t s s u l f u r i s o t o p e r a t i o (s32/s34=21.93) i s 

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

w i t h i t s f o r m a t i o n a t t h e same t i m e a s t h e R a p a k i v i v e i n s . 

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

t h a t t h e l a s t s a m p l e ( S o t t u n g a . ) i s n o t p a r t o f t h e a b o v e 

g r o u p . I n a d d i t i o n , a P b 2 0 8 / P b 2 0 6 v s . P b 2 0 7 / P b 2 ° 6 p l o t 

s h o w s t h a t a P b 2 0 4 e r r o r d o e s n o t e x p l a i n i t s d i f f e r e n c e 

f r o m t h e Z o n e A R a p a k i v i v e i n s a m p l e s . T h e s u l f u r i s o t o p e 

r a t i o i s 2 2 . 6 0 , t h e s e c o n d h i g h e s t o f t h o s e r e p o r t e d . 

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

f r o m p r i m a r y l e a d o f 1800 m y . , a n d r a d i o g e n i c l e a d f o r m e d 

b e t w e e n 1800 m y . a n d 1000 m y . ( D i a g r a m 4 . 2 6 ) . S i n c e 

S o t t u n g a l i e s o f f t h e c o a s t , m i d w a y b e t w e e n F i n l a n d a n d 

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

R a p a k i v i g r a n i t e ) may r e p r e s e n t t h e e f f e c t s o f t h e 900-

1100 m y . e v e n t i n t h e G o t h i c b e l t i n s o u t h e r n N o r w a y 

a n d S w e d e n . 

5 . T h r e e S t a g e L e a d s . 

T h r e e o f t h e s a m p l e s ( P e r n a j a , P i t h i p u d a s , V i i t a s a a r i ) 

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

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

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

a t h r e e s t a g e d e v e l o p m e n t , ( D i a g r a m 4 . 2 7 ) . On t h e b a s i s 

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

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

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



# K 6 W ' 0 > and. EuOip- (196tL) 

OMh'i t t les ' . 

"16.00 
Second! S t a g e L i n e 
t 2 = 1500my., t-j.= l800my~ 

P b 2 0 7 / Pb 

' 15.80 

"15.6o 

"15.40 

t 1 = 2800ray. 

15.00 

H o p e a v u 

P o s s i b l e T h i r d S t a g e 
L e a d L i n e s , P a r a l l e l 
t o t h a t T h r o u g h t 2 

a n d t ^ . 

P r i m a r y L e a d 
- M i x t u r e L i n e 

7 
R a p a k i v i 
Z o n e A 
(3 S a m p l e s ) 

a r y L e a d 
G r o w t h C u r v e 

T h r e e E v e n t s 

t - i = 2800my. P r i m a r y L e a d 

t ^ l800my. P r i m a r y L e a d 
M i x i n g w i t h 2800my. 
P r i m a r y L e a d 

t 0 ( = 1500my. E n d o f t h e 
R a p a k i v i E v e n t 

P h 2 0 6 . „ 204 P b / P b 

16.00 17.00 1 18.00 19100 

D i a g r a m 4 . 2 7 . P o s s i b l e D e v e l o p m e n t o f F i n n i s h T h r e e S t a g e L e a d s . 
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c l o s e o f t h e R a p a k i v i e v e n t a n d i s o l a t e d f r o m t h e r a d i o ­

a c t i v e p a r e n t s . A l t e r n a t e l y , t h e y may r e p r e s e n t r e m o b i l i z e d 

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

( g e n e r a t e d b e t w e e n X,^ a n d t ^ ) a t t-^1500 m y . S u c h l e a d s 

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

t g a n d t ^ o n t h e g r o w t h c u r v e . T h e s e r e s u l t s s u g g e s t 

t h a t t h e R a p a k i v i e v e n t was n o t l i m i t e d t o t h e s o u t h ­

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

r e g i o n s . 

4.6 Summary 

L e a d I s o t o p e f r a c t i o n a t i o n i n n a t u r e i s l i k e l y t o 

b e r a r e , a n d a t p r e s e n t t h e r e i s n o g o o d e v i d e n c e t h a t 

i t o c c u r s a t a l l . 

The p r i m a r y l e a d m o d e l more a d e q u a t e l y d e s c r i b e s 

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

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

e x i s t a n t . H o w e v e r , t h e p r i m a r y l e a d m o d e l d o e s n o t e x p l a i n 

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

d e p o s i t s o f M t . I s a , n o r t h o s e o f t h e s u l f i d e s f r o m t h e 

S t i l l w a t e r C o m p l e x . T h e s e , a n d t h e a n a l y s e s o f some 

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

m u l t i - s t a g e m o d e l s d e v e l o p e d f r o m t h e p r i m a r y l e a d m o d e l . 
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CONCLUSIONS 

"Science i s a series of sucessive approximations, 
each of which must be val id , but none of which w i l l 
ever be true." 

-W .0. Davis in Analog, May, 1962 

The present research contributes to a l l three 

phases of lead isotope analyses - the preparation of 

the tetramethyllead from a sample, the mass spectrometric 

analysis, and the interpretation of the results . The 

uniting thread of the thesis has been the attempt to 

prepare, analyse, and Interpret samples containing only 

microgram quantities of lead. Analyses of galenas, using 

standard techniques, have also been completed to sup­

plement the micro-lead analyses, and to just i fy and 

i l lus trate the lead models used in the interpretation. 

A new technique has been devised based on the free 

radical technique reported earl ier by Ulrych (1962). 

The success of the present writer's technique lay mainly 

in discovering that sample lead can be lost through Its 

reaction with the quartz in the apparatus and the forma­

tion of the s i l i cate xPbO'SiQg. Other losses can occur 

in the purif icat ion of the tetramethyllead. It i s now 

possible to produce tetramethyllead from samples con­

taining one to two orders less lead than the minimum 

500-1000 micrograms reported ear l i er . Unfortunately, 

the f u l l extent of the method cannot be u t i l i z e d since 

i t has been discovered that the present mass spectro­

meter sensit ivi ty l imits the most precise analyses to 
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s a m p l e s o f a b o u t 500 m i c r o g r a m s l e a d . T h i s means t h a t 

o n l y f a i r p r e c i s i o n (0 .4$) c a n b e o b t a i n e d w i t h s a m p l e s 

o f 10 p p m . l e a d . T h i s r e s e a r c h d o e s , h o w e v e r , i n d i c a t e 

t h a t g a s s o u r c e m a s s s p e c t r o m e t r y may b e a b l e t o c o m p e t e 

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

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

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

a r e m o r e r e p r o d u c i b l e ( U l r y c h , 1962) i f i n t e r e o m p a r i s o n 

t e c h n i q u e s c a n b e u s e d . T h i s d e v e l o p m e n t w o u l d o f f e r some 

i n t e r e s t i n g p o s s i b i l i t i e s i n d e e d . 

The p r e s e n t w r i t e r h a s a l s o e x p l o r e d t h e m a s s 

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

s a m p l e s , a t o p i c a b o u t w h i c h l i t t l e was k n o w n . A m o s t 

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

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

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

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

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

l i m i t s s m a l l s a m p l e a n a l y s e s . t o a s a m p l e l i n e p r e s s u r e 

o f n o t l e s s t h a n a b o u t 1.0 c m . H g , w h i c h i s j u s t b e l o w 

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

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

s m a l l e r s a m p l e s ( < 500 m i c r o g r a m s l e a d ) c a n n o t b e a n a l y s e d 

a s p u r e t e t r a m e t h y l l e a d ; i f t h e y a r e i n i t i a l l y p u r i f i e d 

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

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

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

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

i n t e r m s o f l e a d i s o t o p e m o d e l s . T h e p r e s e n t w r i t e r ' s 

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

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

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

One o t h e r a s p e c t o f m a s s s p e c t r o m e t r y h a s a l s o b e e n 

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

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

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

a s y m m e t r i c a l i n c h a r a c t e r . The s p e c t r a l p e a k s e x h i b i t 

a p r e v i o u s l y u n s u s p e c t e d e x t r e m e down m a s s t a i l i n g . A 

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

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

The c o n t r i b u t i o n o f t h i s t h e s i s t o i n t e r p r e t a t i o n 

o f l e a d I s o t o p e a b u n d a n c e s h a s b e e n f o u r - f o l d . F i r s t l y , 

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

s o u t h w e s t e r n F i n l a n d show t h a t t h e p r e v i o u s l y r e p o r t e d 

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

t o e r r o r s i n m e a s u r i n g t h e l e a d 204 a b u n d a n c e . T h i s i s 

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

R u s s e l l ( 1 9 5 6 ) . S e c o n d l y , I t h a s b e e n s h o w n t h a t t h e 

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

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

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

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

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

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

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

v a l u e . 

T h e new a n a l y s e s f o r s o u t h e r n F i n l a n d c a n b e u s e d t o 

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

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

b a s e d o n o t h e r m e t h o d s . T h e f i r s t e v e n t o c c u r r e d 2800 

m i l l i o n y e a r s ago when p r i m a r y l e a d w a s e m p l a c e d i n t h e 

a n c i e n t S a a m i a n b a s e m e n t r o c k s . A t 1800 m i l l i o n y e a r s a 

s e c o n d o r o g e n y , t h e K a r e l i a n - S v e c o f e n n i a n e v e n t , i n t r o ­

d u c e d more p r i m a r y l e a d , some o f w h i c h m i x e d w i t h t h e 

o l d e r p r i m a r y l e a d . The p r e v i o u s l y r e p o r t e d 2100 m i l l i o n 

y e a r age o f t h e K a r e l i a n e v e n t i s i n c o r r e c t s i n c e i t f a i l s 

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

o c c u r r e d a t 1 5 O O - I 6 5 O m i l l i o n y e a r s , t h e t i m e o f i n t r u s i o n 

o f t h e R a p a k i v i g r a n i t e s . One o f t h e e a r l i e r r e p o r t e d 

a n a l y s e s f o r S o t t u n g a ( m i d w a y b e t w e e n s o u t h e r n F i n l a n d 

a n d S w e d e n ) a p p e a r s t o r e f l e c t t h e e f f e c t s o f a f o u r t h 

p e r i o d , t h e 1 0 0 0 m i l l i o n y e a r G o t h i c B e l t e v e n t o f 

s o u t h e r n N o r w a y a n d S w e d e n . 

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

c h a l c o p y r i t e b o d i e s o f M t . I s a i s q u i t e d i f f e r e n t f r o m 

t h a t i n t h e p r i m a r y m a s s i v e l e a d - z i n c b o d i e s . T h e s e 
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deposits could have been the result of metal-bearing 

solutions entering an enclosed bay. Remobilized sea 

water leads and/or epigenetic replacement seem to be 

less l i k e l y poss ib i l i t i e s when both the lead' and sulfur 

isotope data are considered. 

Samples of sulfide obtained from the ultrabasic 

Stil lwater Complex, Montana, appear to contain multi­

stage lead. The events of this growth are i n accord 

with those suggested earl ier by Catanzaro (1961) on the 

basis of his study of discordant zircons: >3000 mi l l ion 

years, 2700 mi l l ion years, and approximately 120 mi l l ion 

years. On the other harid, a sample from the ultrabasic 

deposit near Hope, B . C . could be of primary or ig in . 

More careful sampling, and an increase i n gas source 

mass spectrometer sensit ivi ty i s required before the 

Stanton and Russell (1959) primary lead hypothesis can 

be adequately tested in terms of ultrabasic sulfides. 
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APPENDICES 

"-the book of nature i s written i n the mathematical 
language,...without i t s help i t Is impossible to compre­
hend a single word of i t . " 

-Gali leo G a l i l e i as quoted by 
A. Koestler i n The Sleepwalkers. 

Appendix A . l . Isotopic Fractionation and Molecular and  

Viscous Flow. 

A.1 . 1 General Definitions 

Most of the basic definitions were found i n the 

review by Loevihger (1949) . 

(1) The Conductance and Flow 

The conductance C of a pipe through which gas i s 

flowing may be defined by: 

c _ Q (A.1-1) 
P - P 2 

where P = p r e s s u r e at entrance of p i p e 

F̂ = p r e s s u r e at e x i t of p i p e . 

Q i s p r o p o r t i o n a l the number of molecules p a s s i n g a p lane 

i n the p i p e i n a g i v e n t i m e , and i s d e f i n e d by: 
dV 

where ^ 
9 " P i 

= volume of gas flowing per unit 
time across any plane 2 In the pipe. 

Pz = pressure in that plane. 

(2) Flow through Circular Pipes: General 

If the density i n a flow system increases beyond 

a point given approximately by the Reynolds' number: 

R<= (A.1-2) 
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where D = diameter of pipe 

V = velocity of gas 

o= density of gas 

Ŷ= viscosity of gas. 

the flow may change from laminar (viscous) to turbulent. 

This transit ion i s defined roughly by: 

R t> 2,200- turbulent flow 

R c < 1,200- viscous flow. 

The type of flow in the intermediate region depends upon 

conditions at in let and outlet of the pipe. 

With viscous flow only the molecules near the pipe 

walls actually col l ide with the walls; most of the co l l i s ions 

are intermolecular. Hence the shape and size of the pipe 

have a greater effect than surface conditions. If the 

pressure i s lowered suff ic iently the flow w i l l change from 

viscous to molecular. The flow i s described as molecular 

when few inter-gas molecule co l l i s ions occur and wall 

effects predominate. 

The transit ion between molecular and viscous flow 

depends upon the pressure. For a ir at 2 0 ° C , the flow i s 

viscous i f (Loevinger, 1949): 

Y <1 D / i o o 
and molecular i f : 

* > B / 3 

where D = diameter of pipe i n cm. 

Y= mean free path length in cm. 



165 

In the intermediate range the flow w i l l change from viscous 

to molecular as the gas passes down the pipe. In such 

a case the flow i s cal led "mixed viscous and molecular flow". 

(3) Viscous Flow through Circular Pipes 

Loevinger (1949) quotes Kundsen's semi-empirical 

conductance formula for mixed viscous and molecular 

flow (c.g.s . units): 

C = T T D * P + 

1 T O 
f2rrKT D 

YY\e 

, W D P 
(A.1-3) 

where L = length of pipe 

k= Boltzman's constant 

T = °K 

Tfl0= mass of molecule of gas 

P= average pressure in the pipe. 

This formula appears to be correct within a few percent 

(Adzumi, 1937; Halsted and Nier, 1950) . 

For high pressures this becomes the viscous conductance: 

c = 
TT p 

or 

Hence c v P -— Q _ Pf 
P-P2 P- P, dt 

(A.1-4) 

(A.1-5) 

(A.1-6) 

If P 2 « P , and the volume rate of flow i s measured from 

the sample l ine 

- at (A.1-7) 
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(4) Molecular Plow through C i r c u l a r Pipes 

For low pressures equation (A.1-3) becomes the expres­

sion f o r molecular conductance: 

c = i / 2 ^ I i : = c - ( A- 1- 8 ) 

Cm i s a constant f o r a given pipe and gas at a constant 

temperature. From equation (A.1-1) and (A.1-2) we f i n d : 
C * = (A.l-9) 

where the volume rate of flow i s measured from the sample 

l i n e . 

A.1.2 Derivation of Pressure vs. Time Models. 

(l ) Viscous Model 

The rate of change of mass m of the gas i n the sample 
l i n e , f o r a constant volume V, i s 

1m - J J r L l dV 
clt " 1 V J T t 

at the sample l i n e pressure P, that defines dV/dt. By 

equation (A.1-7): 

.eta ~ tf\ clV ~ r p 
dt - y dt ~ v u r 

Since the pressure i n the mass spectrometer i s much lower 

(approximately 10~ 4 to 10"*^ mm. Hg) than that i n the sample 

l i n e (approximately 1 cm. Hg) the average pressure 

P = _ P + P, 
2 ~ Z 

thus 

dm ^ — yy\ Cy P 
a t ~ 2V 
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A s s u m i n g P i s p r o p o r t i o n a l t o m, o v e r t h e p r e s s u r e r a n g e 

c o n s i d e r e d , t h e n ; 

dP ( A . 1 - 1 0 ) 

o r 

t h u s : 

AL ^ - P m C ¥ P ^ - C P 2 -

e l f w Z V 2V 

d P ^ - C v d t 
I n t e g r a t i n g : 

- p - Tv" + T T ( A - 1 - 1 1 ) 

s i n c e a t t = 0, P = P Q . T h i s e q u a t i o n s h o w s t h a t f o r a 

v i s c o u s l e a k t h e r e l a t i o n 1 /P v s . t w i l l b e a s t r a i g h t l i n e . 

(2) M o l e c u l a r m o d e l 

I n t h i s c a s e , a g a i n : 

dt ~~ V It 
s o b y a p p l y i n g e q u a t i o n s ( A . 1 - 9 ) a n d ( A . 1 - 1 0 ) one o b t a i n s : 

1 ^ _ c wat 
p _ v 

I n t e g r a t i n g w i t h I n P = l n P 0 a t t = 0 , t h e n 

In ( A . 1 - 1 2 ) 
V 

A . 1 . 3 I s o t o p i c F r a c t i o n a t i o n due t o V i s c o u s a n d M o l e c u l a r 

F l o w 

(1) F r a c t i o n a t i o n a n d V i s c o u s F l o w 

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

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

i n d e p e n d e n t l y f o r t h e i n d i v i d u a l i s o t o p i c s p e c i e s ( D r . J.$. 

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

move i n d e p e n d e n t l y o f e a c h o t h e r . 

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

o c c u r s i n t h e p r e s e n t s y s t e m w i t h v i s c o u s f l o w . ( S e c t i o n 2 . 1 ) . 

(2) F r a c t i o n a t i o n a n d M o l e c u l a r F l o w 

T h e m o l e c u l a r f l o w e q u a t i o n ( A . 1 - 1 2 ) may b e r e w r i t t e n 

A c c o r d i n g t o H a l s t e d a n d N i e r (1950), f o r m o l e c u l a r f l o w 

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

a r e : 

,—' 

H e n c e 

S i n c e f o r i s o t o p e i ( . e q u a t i o n A . 1-8) 

(r V = (CONSTANT) —!—, 

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

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

w h e r e Mj_ = m o l e c u l a r w e i g h t o f i s o t o p i c s p e c i e s i , 

t h e n 
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or R — R 0 

(CA t 
(A.1-14) 

If one considers this in terms of the fraction P]_ (of the 

tota l mass m-̂  of the f i r s t isotopic species i n the sample 

l ine) that has been depleted: 

JtoC -(c„U/v 
Then 

or 

(Q,t/V 

t 
(C4 (A.1-15) 

This equation gives the time t at which the depletion w i l l 

be P, • T . By substituting (A.1-15) into (A. l-14) one finds 

R = R. p I-F; 
therefore 

R = P„ -F; (A.1-16) 

For small changes in R we can replace F].. = F , where F i s 

the fract ional depletion of the whole sample (e.g. based 

on the tota l , rather than the p a r t i a l , pressure decrease). 

Thus 

R = R £ 

F 
(A. l-17) 
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f o r s m a l l c h a n g e s i n R . T h i s e q u a t i o n , a s i t i s a p p l i e d 

i n s e c t i o n 2 .1 , a g r e e s c l o s e l y w i t h t h e o b s e r v e d r e s u l t s . 

E q u a t i o n ( A . 1 - 1 7 ) a p p e a r s t o be a t l e a s t a n a l o g o u s 

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

1896) . 

A p p e n d i x A . 2 A s y m m e t r i c a l P r e s s u r e S c a t t e r i n g 

A . 2 . 1 G e n e r a l A s p e c t s 

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

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

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

(1) T h e d e n s i t y a t t h e c o l l e c t o r o f t h e s c a t t e r e d 

i o n s s h o u l d be p r o p o r t i o n a l t o t h e p r e s s u r e . T h i s s h o u l d 

be t r u e t o t h e e x t e n t t h a t t h e p r e s s u r e i s t h e same t h r o u g h 

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

(2) I f a n a s y m m e t r i c a l e x i s t s b e t w e e n t h e d e n s i t y 

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

o f t h e p r e s s u r e . T h i s was c o r r e c t w i t h i n a f e w p e r c e n t . 

(3) The B o r n a p p r o x i m a t i o n f o r t h e s c a t t e r i n g 

a m p l i t u d e o f a s c r e e n e d c o u l o m b p o t e n t i a l . ( M a n d l , 1957) 

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

c o u n t e r e d . 

(4) The p r e s e n c e o f a m a g n e t i c f i e l d c a n c a u s e 

a s y m m e t r i c s c a t t e r i n g . C a l c u l a t i o n s f o r s c a t t e r e d i o n 
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d e n s i t i e s i n a l80° i n s t r u m e n t s h o w e d t h a t a s y m m e t r i e s 

o c c u r i n t h e f i r s t 9 0 8 o f t h e f i e l d ; w h i c h c a n c e l t h o s e i n 

t h e s e c o n d . 

(5) A g r a p h i c a l s t u d y o f s c a t t e r i n g i n a 90° 

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

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

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

s p e c t r o m e t e r . 

A . 2 . 2 E x p e r i m e n t A s p e c t s 

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

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

a n a l y s e d o n t h e m a s s s p e c t r o m e t e r . T w e n t y - o n e s p e c t r a 

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

c a l c u l a t e d a n d a v e r a g e d ( T a b l e A . 2 - 1 ) ; f o r e x a m p l e : 

(0.5u) = 

" A v e r a g e d measurement from b a s e l i n e to 
spectruN\0.5 mass uni t s up mass from 
the main peak  (A .2 . 1 ) 

A v e r a g e m a i n p e a k h e i g h t f r o m b a s e l i n e . 

= 5-39 x 10"3 ( a t P = 4 . 0 x 1 0 " 6 mm. H g ) 

The r e s u l t s w e r e p l o t t e d e a r l i e r ( D i a g r a m 2 .11) . 

2. C o e f f i c i e n t A v e r a g i n g P r o c e d u r e 

A n a v e r a g i n g p r o c e s s was u s e d t o m i n i m i z e t h e e r r o r s 

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

T h e a v e r a g e d ( n o s u b s c r i p t ) c o e f f i c i e n t was b a s e d o n t h e 

m e a s u r e d ( s u b s c r i p t m) c o e f f i c i e n t p l u s : a s y m m e t r i c f a c t o r s 
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Table (A.2-1) Ta i l ing Coefficients (x 1Q-3) f o r a P r e s s u r e 

of 4 . 0 x 1 0 " 6 mm. Hg (250 Mass Range). 

0 , 5 u lu 2u 3u Q.5d Id 2d 3d 

5.39 1.61 0.29 0 . 0 0 7.69 2.86 1.26 0.75 

Table (A.2-2) Asymmetry Factors, Relating the Various 

Tai l ing Coefficients. (250 Hass Range). 

Numerator 0 . 5 u lu 2u 0 .5d Id 2d 3d 4d 5d 

Denominator 

0 . 5 u 

lu 

2u 

0 . 5 d 

Id 

2d 

3d 

4d 

5d 

1.00 0.30 0.06 0.53 0.23 0.14 

1.00 0.20 O.78 0.47 

1.00 

0.70 0.21 0.04 1.00 0.37 0.16 0.10 

1.89 0.56 0.10 1.00 0.44 0 .26 0.19 0.15 

0.23 1.00 0 .60 0.42 

1.00 

1.00 

1.00 

Example: lu 
Id = 0 . 5 6 
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o b t a i n e d from Table (A.2-2) times the l a r g e r measured 

c o e f f i c i e n t s 

(Id) = (ld)m 

(2d) = (2d)m -fr (0.44)(ld)m + (0.78)(lu)m \ (A.2-2) 

3 

(lu) = (lu)m + (0.56) (ld)m 
2 

e t c . Table (A.2-3) i l l u s t r a t e s the r e s u l t o f t h i s p r o c e s s . 

The f i r s t row of v a l u e s are the t a i l i n g c o e f f i c i e n t s 

o b t a i n e d o n l y from t r i a l I I of the 21 bismuth s p e c t r a . 

These should correspond t o the v a l u e s i n the second row, 

the c o e f f i c i e n t s o b t a i n e d by aver a g i n g the r e s u l t s of the 

21 s p e c t r a . A c o n s i d e r a b l e d i f f e r e n c e i s e v i d e n t . I f 

the measured c o e f f i c i e n t s of the f i r s t row are r e c a l c u l a ­

t e d a c c o r d i n g t o averaging p r o c e s s e s (A.2-2) a much b e t t e r 

agreement i s p o s s i b l e ( t h i r d row, Table A.2-3). 

3. Asymmetric T a i l i n g C o e f f i c i e n t s f o r T r i m e t h y l l e a d 

F o r t r i m e t h y l l e a d the t a i l i n g c o e f f i c i e n t s were 

based on the measurements i l l u s t r a t e d i n Diagram (A.2-1). 

The lower case l e t t e r s (ag, e t c , ) were measured at the 

c e n t e r of the c o r r e s p o n d i n g peaks from the curved base 

l i n e s sketched under the peaks, t o the base l i n e determined 

by t h a t at mass 256, p l u s d r i f t . The upper case l e t t e r s 

A-̂ , A2> and A^ were the peak h e i g h t s measured wi t h r e s p e c t 

to the 256 base l e r a e l i . A9, A Q, and, A4 are measured wi t h 

r e s p e c t to the curved base l i n e s as shown. As noted i n 

s e c t i o n 2.2.3 the base l i n e below mass 248 i s h i g h e r than 
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Table A . 2 - 3 : Example of Averaged Pressure Scattering 

Coefficients (x 10~3) for a P r e s s u r e of  

4 . 0 x 10-6 mm. Hg. (Bi(CH ?)o+ 250 Kass 

Range.) 

0 . 5 u lu 2u . 0 . 5 d Id 2d ' 3d 

Measured 5.16 1.45 0.31 8 . 0 3 3 . 0 0 1.45 0.95 
(Tr ia l 11) 

Ave. 21 
Spectra 

5.39 1.61 0.29 7.69 2.86 1.26 0.75 

Averaged 5 .38 1.59 0.31 1 

(Tr ia l 11) 
2.90 1.28 0.79 
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Shunt 2 

254 

252 
251 

25r3 

Shunt 4 

Shunt 5 

249 

1" 
Base 
Line 

a 0 a 9 a 8 

Diagram A.2-1. Pressure Scattering Measurements from 
the Trimethyllead Spectrum 
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that at 256, and dependent upon the pressure of the sample 

(Diagram A . 2 - 2 ) . Below mass 248 i t levels off, and extends 

at least 8 mass units down to the dimethyllead spectrum. 

This i s mainly the result of the extreme down mass t a i l i n g 

of masses 251, 252, and 253. The base l ine at mass 256 i s 

not affected by the presence of a sample and so represents 

the true base l eve l . 

The lower case letters represent the t a i l i n g values 

6f the various peaks; e.g. (tteglecting A Q and A 4 ) : 

a Q = ( ld)A 9 + (3^)^ + (4d)A 2 + (5<i)A3 

The known asymmetries between these coefficients can be 

obtained from Table (A.2-2). (These are assumed to be 

the same for both Pb(CH3) 3

+ and BiCCH^Jg"1".) 

a Q = ( ld)A 9 + (0.26)Ax + (0.19)A 2 + (0,15)A 3 

the t a i l i n g coefficient i s thus 

( l d ) m l = a 8 / [ A 9 + (0.29)Ai + (0.19)A 2 + (0.15)Ao] 

S imi lar i ly (again neglecting some of the small peaks) 

( l d ) m 2 = a Q / [(0.5,6)A 9 + A X + (0.44 )A 2 + (0 .26^3] 

(2d) m = a 9 / ^ + (0 .6G)A 2 + (0 .42)A 3] 

(2u) m = 3 5 / [[5.00)A4+: A 3 ] 

The value of (lu) was not calculated from measured 

values since I t i s .very d i f f i c u l t to draw a consistant 

base l ine beneath the mass 254 peak. The f i n a l coef­

f ic ients were calculated by applying the averaging 

process described above: 

(Id) = ,( ld) m i + ( l d ) m 2 

2 
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(2d) = ( :2d) m + ( 0 . 4 4 ) ( ld ) m + ( 0 . 7 8 ) ( l u ) m 

3 

(lu) = ( 0 . 5 6 )(Id) m 

(2u) = (2u) + ( 0 . 2 0 ) ( l u ) m + ( 0 . 1 0 ) ( l d L + ( 0 . 2 3 ) ( 2 d ) 
m 

(0.5u) = ( l . 8 9 ) ( l d ) m 

The formulae used to obtain the corrected peak height may 

be found i n section 2 . 2 . 3 . 

4 . The Presence of Bismuth 

If bismuth i s present i n the sample i t w i l l appear 

as trimethyl bismuth mixed with the separated tetramethyl­

lead. In t h i s case, when the isotope r a t i o s of lead are 

calculated, a value of (C^/C^ 2) must be substituted 

(0.03174 i n the present case) and the 254 peak height 

ignored. The 253 peak must also be corrected f o r the 

K (j n (H + loss) f a c t o r of the bismuth peak: 

( A 3>corr. = A 3 " Kdn [ A S " Kup A3_ 

The values refer to those which have been corrected 

f o r pressure scattering. The K d n f a c t o r of trimethyl 

bismuth appears to be the same as that f o r the trimethyl­

lead ion. 

5 . Example of Asymmetrical Pressure Scattering Correction: 

Mt. Isa #460 

This sample of chalcopyrite was prepared with the 
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micro-lead technique and analysed at high pressure and 

low sensi t iv i ty . The data was processed i n the usual 

way butwithout applying any corrections. The average 

peak heights of 12 pairs were so obtained: 

Aq A Q A1 A 2 A 3 A4 

1.2874 G.I678 21.5247 21.4373 47.6339 7.9500 

with K^n = 0.00593, = O.O3174 Given. 

The t a i l i n g or pressure scattering coefficients were ob­

tained from Diagram 2.14, for a pressure of 3.8 x 10"^ mm. 

Hg (the response of the pressure gauge to acetone, the 

main impurity in these small samples, appears to correspond 

to that of tetramethyllead): 

(0.5u)= 5.40 x 10*3 (lu) = 1.65 x 1 0 - 3 

(Id) = 2.80 x 10"3 (2u) = 0.30 x 1 0 - 3 

(2d) = 1.25 x 10~3 

The correction formula of section 2.2.3 were used to 

obtain the true peak heights. 

A0, = 1.2874 + 1.2874 (5.40 x 10"3) 

= 1.2944 

Ag = O.I678 

A£ = 21.5247 - (0.00280)(21.4373) - (0.00125)(47.6339) 

= 21.4052 

A° = 21.4373 - (0.00165)(21.5247) - (0.00280)(47.6339) 
- (0.00125)(7.9500) 

= 21.2585 
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A§ = 47.6339 - (0.00165)(21.4373) - ( 0 . 0 0 0 3 0 ) ( 2 1 . 5 2 4 7 ) 
0 - ( 0 . 0 0 2 8 ) ( 7 . 9 5 0 0 ) 

= 47.5689 

A° = 7.9500 

The bismuth correction was also computed 

( A § ) c o r r . = 4 7 - 5 6 8 7 - (0 .00593)[7 .9500 -(0.03174)(47.5689)] 

= 47.5305 

The corrected peak heights were then used to recalculate 

the isotope rat ios . 

For the larger, normal sensi t iv i ty samples, the 

t a i l i n g coefficients may be calculated direct ly from the 

spectra. 

A . 3 Lead Isotope Models 

A . 3 . 1 Basic equations 

The mathematical models discussed in this section 

consist of sets of equations which are developed, 

according to certain assumptions, to relate the changes 

in the lead isotope ratios to the time and the relative 

proportions of lead, uranium and thorium. The three 

heavier lead isotopes are the end products of the three 

radioactive series: 

9 2 U 2 3 5 = g 2 p b 207 + 7Me4"+ energy 

9 2 U 2 3 8 = g 2 P b 2 G 6 + ?He 4+energy (A.3-1) 

9 G T h 2 3 2 = QgPb 2 0 ® + 6He 4+ energy 
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T h e a b u n d a n c e o f l e a d 204 h a s r e m a i n e d u n c h a n g e d s i n c e 

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

( 1 ) a t t h e b e g i n n i n g o f g e o l o g i c t i m e ( t Q y e a r s 

a g o ) a l l l e a d w a s o f a u n i q u e c o m p o s i t i o n ( p r i m o r d i a l 

l e a d ) ; 

( 2 ) e q u a t i o n s ( A . 2 - 1 ) a r e t h e o n l y c a u s e s o f c h a n g e 

i n t h e i s o t o p i c a b u n d a n c e s ; a n d , 

(3) t h e r a d i o a c t i v e d e c a y l a w a p p l i e s ; t h e n t h e 

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

t h e i n t e g r a l e q u a t i o n s : 

"(A.3-2) 

p r y p r = x V q 0 f ^ ^ t 

Pb 2 07Pi> 2 0 4 ^ ^ c ^ J w r t 1 1 

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

i n v o l v e d a r e g i v e n i n T a b l e ( A . 3 - 1 ) . a Q , b 0 , c Q a r e t h e 

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

t Q w a s a l s o o b t a i n e d f r o m m e t e o r i t i c d a t a . 

E q u a t i o n s ( A . 3 - 2 ) a r e q u i t e g e n e r a l s i n c e V a n d W 

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

l e a d i s o t o p e m o d e l s h a v e b e e n d e v e l o p e d b y a p p l y i n g d i f ­

f e r e n t a s s u m p t i o n s t o t h e s e b a s i c e q u a t i o n s . 

A . 3 . 2 S i n g l e - s t a g e M o d e l s 

1. I s o c h r o n M o d e l * 

G e r l i n g (1942), H o l m e s (1946), a n d H o u t e r m a n s (1946) 
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Table (A.3-1) Symbols and Constants Used i n Age Determination 

1. Symbols 

Isotope At Present At Time At Time 
Ratio t = 0 ?;;:Xyt . to 

p b 206 / p b 204 a a o 
P b207/ P b204 b y b o 
P b 208/ P b204 c c o 
u238 / P b204 <*V cvV Jw.pU-fc) 

U235/ P b204 v 
T n232/ P b204 w 

2. Constant Values 

Constant Parent atom Value Reference 

A U 2 3 8 0 . 1 5 3 7 . 1 , 2 , 3 . 

?! U 2 3 5 0 . 9 7 2 2 1 0 " 9 y r - 1 4 , 2 , 3 . 

T h 2 3 2 0.0499 5 , 2 , 3 . 

Cx! 137.8 6 , 4 , 7 -

a 0 9.56 8 

b o 1 0 . 4 2 8 

c o 29.71 8 

t 0 4.55±.°-03by 8 

References: 

1. Kovarik et a l (1955) 
2. A l d r i c h and Wetherill (1958) 
3. Russell and Farquhar (i960). 
4. Fleming et a l (1952) 
5. P i c c i o t t o and Wilgain (1956) 
6. Inghram (1947) 
7. Senftle et a l (1957) 
8. Murthy and Patterson (1962) 
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c o n s t r u c t e d t h e f i r s t s i n g l e s t a g e m o d e l b y a s s u m i n g 

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

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

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

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

e q u a t i o n s ( A . 3-2 ) become 

( A . 3-3 ) 

2 = c0+ W(c" > M t o-C ) 1 , t) 
w h e r e V a n d W w i l l d e p e n d u p o n t h e l o c a l s y s t e m a b u n d a n c e s . 

I f V i s e l i m i n a t e d f r o m t h e f i r s t t w o e q u a t i o n s t h e r e s u l t 

i s t h e H o u t e r m a n s 1 " i s o c h r o n e q u a t i o n " : 

T h i s s h o w s t h a t l e a d s , w h i c h a r e e x t r a c t e d f r o m t h e v a r i o u s 

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

t h e x , y p l o t , e . g . t h e y w i l l l i e a l o n g a " p r i m a r y i s o c h r o n " 

( S e e D i a g r a m 4 . 1 ) . 

2. P r i m a r y L e a d M o d e l 

The e q u a t i o n s f o r t h i s m o d e l a r e t h e same a s t h o s e 

o f t h e p r e c e d i n g s e c t i o n ( A . 3 - 3 ) * t h e d i f f e r e n c e b e i n g 

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

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

a r e t h e same t h r o u g h o u t t h e s y s t e m . 
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A.3 « 3 M u l t i - s t a g e L e a d s 

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

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

t i m e a n d p l a c e ' . K a n a s e w i c h (1962a, 1962b) a s s u m e d t h a t 

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

a n d r e m a i n c o n s t a n t u n t i l t h e n e x t e v e n t . T h u s we h a v e 

V-^ a n d W-L f r o m t Q t o t-^, V g a n d Wg f r o m t]_ t o tg> e t c . , 

a n d e q u a t i o n s ( A . 3 - 2 ) b e c o m e : 

x CL o + ocv, ( ^ t o - + ^ le* '- eatz)+• • • : 

(A ' 3 - S ) y = b . + vy t-^)fV i(e l t Lc^)^^ 
• • • 

S t a g e 1 r e p r e s e n t s t h e g r o w t h i n t h e p r i m a r y s y s t e m , 

(V]_, W]_), t]_ t h e i n i t i a l m i n e r a l i z a t i o n t i m e . A t t h i s 

t i m e a l l t h e l e a d s h a v e t h e same i s o t o p i c c o m p o s i t i o n 

( x ^ . y 1 , z-^) b u t t h e y a r e p l a c e d i n t o s y s t e m s o f d i f f e r e n t 

V g a n d W g . U n d e r t h e s e c o n d i t i o n s , a t a n y t i m e t g , t ^ < t g , 

t h e l e a d I s o t o p e r a t i o s ( x , y ) w i l l be l i n e a r l y r e l a t e d : 

T \± >-b s ( A . 3 - 6 ) 

T h e l i n e t h r o u g h t h e v a r i o u s p o i n t s ( x , y ) h a s a s l o p e 

g i v e n b y ( A . 3 - 6 ) a n d i n t e r c e p t s t h e p r i m a r y g r o w t h c u r v e 

a t t i m e s t-^ a n d t g ( D i a g r a m 4 . 9 ) . I f t h e s e l e a d s a r e e x ­

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

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

m e n t ) , t h e r e s u l t s w i l l n o l o n g e r b e s i m p l e u n l e s s e x t e n ­

s i v e h o m o g e n i z a t i o n o c c u r s . T h i s p o i n t h a s b e e n d i s c u s s e d 
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i n section 4 . 4 . 4 

A . 3 . 4 Sea Water Leads 

Chow and Patterson ( 1 9 5 9 , 1 9 6 2 ) , and Chow and 

Johnstone ( 1 9 6 3 ) , have published numerous sea water 

lead isotope analyses. Wampler ( 1 9 6 3 ) has completed 

a study of leads in sedimentary pyrites . Generally 

speaking a two stage model: 

vj = b. + v, (e V t-*-e V t"> + ( e ^ J - e v t l ) 
(A.3-8) 

has been f a i r l y successful in predicting the observed 

results . This model assumes that lead i s extracted from 

the primary system at some average time t-̂ , and emplaced 

in a erustal environment of V The process of weathering 

w i l l cause the lead to be extracted at some time tg and be 

carried into solution in the seas. The lead may then be 

precipitated as a trace element in pyrites, manganese 

nodules, and clays. The time interval represented by t 

(the average time of leaching and deposition) i s l i k e l y 
1 1 

to be less than one mi l l ion years. Equations ( A . 3 - 8 ) 

show that leads of the same and tg but different V 2 

l i e along a straight l ine . 

R.D. Russell and W.P. Slawson have suggested (personal 

communication) a s l ight ly different approach. One can 
i assume that the time of leaching and deposition (tg) i s 
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the same, and that V 2 i s f a i r l y constant for rocks of 

one area. If wethen leach lead from source rocks of 

different ages varies) the resulting isotope ratios 

w i l l l i e along a curve: 

2. M A . 3 - 9 ) 

where x 2 i s the rat io , in the primary system, at the time' 

of deposition tg. Similarity: 

\j = vjt' + AV (e^1 - C X ' t L ) (A.3-10) 

The difference between this model and -the simple 

two stage model concerns the relative variation postulated 

In V£ and t 1 # Diagram (4.10) i l lus trates this for sea 

water leads deposited at time t 2 . i f the rocks being 

leached have a similar age (t-jj, but have variations i n V 

( V i , etc.) then the model i s two stage and the resulting 

leads l i e along a straight l ine . If the variations in V 

are not significant, but the ages of the source rocks vary 

the leads could l i e along the curve A-B-C-D. Theoretically, 

i f AV i s negative there i s no reason why the leads cannot 

also l i e along the ref lect ion of this curve, below the 

primary growth curve. However, i t i s to be expected that 

AV w i l l be mostly positive since the crustal rocks generally 

appear to have larger V ratios than the primary system. 
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Sea water leads would be expected to exhibit a con­

siderable lead isotope ratio variation comparable to that 

found with present day samples (Chow and Patterson, 1962) . 
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